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The consumption of illicit drugs has increased exponentially in
recent years and has become a problem that worries both
governments and international institutions. The rapid emer-
gence of new compounds, their easy access, the low levels at
which these substances are able to produce an effect, and
their short time of permanence in the organism make it neces-

1. Introduction

The use of novel illicit drugs and the constant appearance of
new psychoactive substances have rapidly grown in the last
years, and reports of the availability and manufacture of such
substances have increased." lllicit drugs are those for which
nonmedical use has been prohibited by international control
treaties because they are believed to present unacceptable
risks of addiction to users. According to the FDA, these com-
pounds can also be defined as “drugs of abuse”, substances
that are used in a manner or amount inconsistent with the le-
gitimate medical use.” The problematic use of these illicit
drugs is associated with considerable mortality and morbidity.
During the last 30 years, international control has been extend-
ed from plant-based drugs (e.g. heroin, cocaine, and cannabis)
to synthetic drugs (e.g. amphetamines, 3,4-methylenedioxyme-
thamphetamine, etc.) and pharmaceutical drugs (e.g. bupre-
norphine, methadone, benzodiazepines, etc.). Specifically, syn-
thetic drugs are proliferating at an unprecedented rate and are
posing significant public health challenges. The majority of
these addictive substances, directly or indirectly, attack the
brain’s reward system, mainly serotonin and dopamine recep-
tors, which regulate movement, emotion, motivation, and,
above all, the feelings of pleasure and euphoria associated
with the consumption of narcotics. Nowadays, amidst all illicit/
abuse substances, cannabis is the most consumed drug world-
wide with 183 million euro incautions, followed by ampheta-
mines and derivatives (37 million euro), opioids (35 million
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sary to develop highly rapid, easy, sensitive, and selective
methods for their detection. Currently, the most widely used
methods for drug detection are based on techniques that re-
quire large measurement times, the use of sophisticated equip-
ment, and qualified personnel. Chromo- and fluorogenic meth-
ods are an alternative to those classical procedures.

euro), ecstasy (22 million euro), opiates (18 million euro), and
cocaine (17 million euro). According to their pharmacologic be-
havior, drugs can be divided into depressants, stimulants, hal-
lucinogenic, and opioids.

Because of their harmfulness to health, the ability to detect
and quantify “drugs of abuse” in a fast, easy, and reliable way
is crucial. The United Nations Office on Drugs and Crime
(UNODC) established 28 million years of healthy life lost world-
wide in 2015 because of premature death and disability
caused by drug use.” Apart from the health problems generat-
ed by illicit drug consumption, UNODC exposes the existence
of continue evolving organized crime/terrorism related with
drug market. The European homologue, European Monitoring
Centre for Drugs and Drug Addiction (EMCDDA), assumes
there exists an important internet market dedicated to the sale
of illicit substances protected by anonymization services.” Last
annual informs of both the UNODCS and EMCDDA emphasized
the necessity to control the production and distribution of
new psychoactive substances (NPSs), as there are no assuran-
ces to the consumers of the compounds contained, and the
need to reinforce the development of new detection systems
with the aim to decrease and eliminate the abuse of traditional
and synthetic emerging drugs.”! The development of reliable
methods for their detection and quantification is timely and ur-
gently required.

Nowadays, illicit drug detection is performed mostly through
chromatographic techniques, as can be seen by the large
number of research articles published in this field, because of
the excellent features of chromatographic techniques, which
include great versatility, robustness, and sensibility.” Several
electrochemical,” infrared,”” Raman spectroscopy,”” and mag-
netic resonance!”’ methods also exist for the detection of sever-
al drugs, and these techniques show excellent results in terms
of selectivity and sensibility. However, they present some short-
comings such as high cost, the use of trained personnel, tedi-
ous sample pretreatment, and so on. As an alternative to these
traditional techniques, the design of molecular probes for the
undemanding chromo- and fluorogenic detection of illicit
drugs can be of importance. Both chromogenic and fluorogen-
ic probes provide several advantages over other traditional an-
alytical techniques, such as their chemical simplicity, ease of
use, rapid response suitable for real-time on-site detection,
easy detection to the naked eye, and so on."” Despite these
remarkable features, the development of chromo- and fluoro-
genic sensors for the selective and sensitive detection of cer-
tain illicit drugs is still poorly explored. In this review, a thor-
ough overview of chromogenic and fluorogenic sensing sys-
tems for the detection of most consumed drugs is provided.

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The review is organized by the description of probes for differ-
ent drugs classified according to their pharmacologic behavior,
that is, depressants, stimulants, hallucinogenic, and opioids.
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Table 1 contains a summary of the different strategies for
the chromo- and fluorogenic detection of illicit drugs used in
the examples described below.
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Table 1. Summary of the different chromo- and fluorogenic methods for illicit drugs detection.”

Analyte Recognition Solvent LOD Interferent Ref.
mechanism [mgmL®]
DEPRESSANT DRUGS

GBL BODIPY fluorescent sensor water and alcoholic 3 - [12]
drinks
GHB BODIPY fluorescent sensor beverages - - [14]

(alcoholic, nonalco-
holic, colored, and

colorless)
GHB colorimetric sensor water - GBL, 1,4-butanediol, propionic acid, butyric ~ [15]
acid, and common salts
GHB iridium(lll) chemosensor water, black tea, 0.15 - [16]
soda, orange juice,
red wine, whisky,
and milk
CPH spectrophotometric method water and pharma- 1.7x10%® - [17]
ceutical formula-
tions
ketamine hydrochloride  colorimetric test water and pharma- 5 - [18]
ceutical formula-
tions
ketamine colorimetric test water 100 AMP, MAMP, MDMA, cocaine, EPH, scopola-  [20,21]
mine, caffeine, acetaminophen, ibuprofen,
acetylsalicylic acid, starch, sugars, and MgSO,
drugs containing cyclic  fluorometric method pharmaceutical 3x102 to - [22]
a-methylene carbonyl preparations and 2x10%
groups biofluids
dextromethorphan spectrophotometric method pharmaceuticals 35x10® - [23]
preparations
morphine and codeine  AuNPs human serum, 4.85x10% and  cations, anions, ascorbic acid, glucose, urea, [24]
urine samples, and  2.69x 10%° cysteine, glutamic acid, asparagine, leucine,
pharmaceutical for- valine, proline, phenylalanine, tramadol, AMP,
mulations and MAMP
STIMULANT DRUGS
MA, EPH, and MeEPH formation of colored product urine 3.75%x 109, CaCl,, NaCl, MgCl, NaNO;, CH;COONa, Al", [26,27]
413%x10%,and  Fe", Ni', Co", NH,*, urea, uric acid, creatinine,
4.48%x10® and hippuric acid
AMP, MA, MDMA, and NPs basic buffered 2-5 cocaine, cannabinol, cannabidiol, THC, sco-  [28]
MDA aqueous polamine, EPH, and procaine
cocaine biomimetic material (AuNPs) absorbent pad - Benzoylecgonine, nicotine, cotinine, codeine, [29]
THC and MA
MA Simon’s reagent applied to application installed 1.10x10® to - [30,31]
mobile phone technology on a mobile phone 4.4x10®
MDMA bis-diarylurea-based probe ecstasy tablets 245x10® EPH, PEPH, AMP, MDA, and MDMA [32]
MA molecular recognition (thiophene vapor 1.9%10® and - [33]
heterocycles, fluorene, and 6.4x10®
polymer)
MA molecular recognition (perylene  vapor 55%x10% amines, organic solvents, water, apple [34]
bisimide fluorophore, and two pomace
cholesterol subunits)
MDMA NPs water 0.95 cocaine, heroin, methadone, and morphine [35]
MA molecular recognition (amine- THF 25%x10% pethidine and EPH [36]
functionalized polyfluorene)
MDMA NPs water - AMP, glucose, glycine, and sarcosine [37]
AMPH, METH, MDMA; molecular recognition H,O/MeOH (7:3, v/v, 7.4x% 10%, - [38]
and DA (macrocyclic) pH 7.4) 1.3%10%,
8.0x10%, and
6.7x10%®
MDMA and MDA colorimetric reaction sulfuric acid aque-  0.19 - [39,40]
ous (75%, w/v)
MA NPs toluene and vapor - o-toluidine, hexylamine, diethylamine, dibu-  [41]
tylamine, allylamine, trimethylamine, and
aniline
catecholamine molecular recognition water - biogenic amines, sugars, neurotransmitters,  [42]
and amino acids
phenothiazine drugs spectrophotometric method sulfuric acid - - [43]
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Table 1. (Continued)
STIMULANT DRUGS
PEA uv n-hexane 10® phenylethanolamine [44]
d- and | -a-phenylethyla- fluorescence chiral sensors MeCN - - [45]
mines
PEPH hydrochloride spectrofluorometric method PBS (pH 7.8) 0.5 additive or excipients present in the pharma- [46]
ceuticals formulations
cocaine, MDMA/MDA, spectral fluorescence signature water - - [47]
and heroine/morphine (SFS) measurements
MA aptasensor combined with AuNPs human urine 1.2x10® pethidine, triazolam, barbital, morphine, keta- [49]
(colorimetric assay) mine, and diazepam
MA aptasensor and oxidation reaction water 7.4x10% ketamine, norketamine, morphine, metha- [50]
of a fluorophore done, cocaine, mephedrone, cathinone,
methcathinone, 3-trifluromethylphenyl piper-
azine, 1-3-trifluromethylphenyl piperazine,
3,4-methylenedioxy pyrovalerona, MDA,
MDMA, EDDP, and mCPP
cocaine aptamer nanomachine (FRET pro- water 1.5%x10® - [51]
cess allowed or not depending
on the analyte)
cocaine aptamer nanomachine and ampli- water 3.0x10% for - [52]
fied aptamer nanomachine normal and
(quenching off/on process) 3.5x1097 for
amplified pro-
cess
cocaine aptamer nanomachine (quench-  water, saliva, serum, 1.7x10% - [53]
ing off/on process) and urine
cocaine aptasensor combined with CQDs  water 6.1x10% benzoylecgonine and ecgonine methyl ester  [54]
(quenching off/on process)
cocaine aptasensor combined with CQDs  water 1.5%x10® [55]
(quenching off/on process)
cocaine aptasensor combined with silica  water or serum 6.3x10% and chloramphenicol, propranolol, diazepam, and [56]
NPs and AuNPs (quenching off/on 8.9x10® morphine
process)
cocaine fluorophore quenched by apta- water, urine, and 6.1x10%, benzoylecgonine [57]
mer and recognition (quenching  saliva 1.4x10%, and
off/on process) 1.5%x10®
cocaine aptasensor combined with CQDs  buffered solution 42x109 benzoylecgonine, MA, 3-acetamidophenol, [58]
and NPs (quenching off/on pro- and codeine
cess)
cocaine aptameric molecular gate Tris solution 1.5%10® morphine and heroine [59,61]
(fluorogenic or SERS detection) (pH 7.5) and saliva
cocaine aptasensor (quenching off/on buffered solution 3.0x10® benzoylecgonine and ecgonine methyl ester  [62]
process)
cocaine aptasensor (quenching off/on serum 3.0x10% benzoylecgonine and ecgonine methyl ester  [63]
process)
cocaine aptasensor (molecular displace- buffered solution 6.1x10® benzoylecgonine and ecgonine methyl ester  [64]
ment of dye and increase in ab-
sorption band)
cocaine aptasensor (conformation buffered solution 1.5%10@ theophylline, caffeine, BSA, 1gG, arginine, [65]
changes after molecular recogni- phenylalanine, and aspartic acid
tion of analyte, high fluorescence
anisotropy)
cocaine aptasensor (conformation water 3.0x10® ecgonine, pethidine, and methadone [66]
changes after addition of analyte
in presence of CuNPs)
cocaine aptasensor combined with GO plasma and serum  3.0x10® pethidine and methadone [67,68]
and AuNPs (quenching off/on
process)
cocaine aptasensor combined with AuNPs water 6.1x10% - [69,70]
(changes in absorption band due
to aggregation of AuNPs)
cocaine aptasensor combined with AuNPs urine and serum 30.3 - [71]

(changes in absorption band due
to aggregation of AuNPs)

ChemistryOpen 2018, 7, 401 -428

www.chemistryopen.org

405

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim




\\’* ChemPubSoc

Open Access )
Chem:stryO PEN

\'V ik

et Europe Reviews

Table 1. (Continued)

STIMULANT DRUGS

cocaine aptasensor based on G-quadru-  serum 1.5x10¥ caffeine, morphine, and theophylline [72]
plex/ruthenium complex interac-
tion (decrease in fluorescence in
presence of analyte)

cocaine aptasensor grafted onto optical ~ serum 5.0x10% kanamycin, amikacin, and ibuprofen [73]
fiber (quenching off/on process)

cocaine aptasensor combined with AuNPs buffered solution 25%x10® ephedrine, codeine, ketamine, AMP, mor- [74]
(naked-eye detection system) phine, MA, benzoylecgonine, and ecgonine

methyl ester

cocaine aptasensor combined with AuNPs water 1.5x10® - [75]
(changes in absorption band due
to aggregation of AuNPs)

cocaine aptasensor combined with UCNPs saliva 3.0x10% benzoylecgonine and ecgonine methyl ester  [76]
and AuNPs (quenching off/on
process)

cocaine aptasensor combined with GO urine 5.8x10% adenosine, caffeine, theophylline, and mor-  [77]
and a fluorophore (quenching phine hydrochloride
off/on process)

cocaine aptasensor combined with CD serum 40x10%® MA, codeine, THC, nicotine, cotinine, and [78]
and QDs (quenching on/off benzoylecgonine
process)

cocaine and MA aptasensor combined with buffered solution 1.5x10% for co- ketamine, norketamine, morphine, cathinone, [79]
Au@AgNPs (changes in absorp- caine and 14.9  methacathinone, 3-trifluoromethyphenylpi-
tion band due to aggregation of for MA perazine, and MDA
NPs)

cocaine aptasensor based on G-quadru-  buffered solution 9.1x10¥ ATP, adenosine, warfarin, and suramin [80]
plex/iridium complex interaction
(switch-on luminescence)

cocaine aptasensor combined with MNPs  buffered solution 1.5x10@ ecgonine, pethidine, and methadone [81]

cocaine aptamer nanomachine combined serum 6.1x10% ecgonine and benzoylecgonine [82]
with AgNPs (changes in fluores-
cence band due to aggregation
of AgNPs)

cocaine aptasensor (conformation buffered solution 6.1x10% benzoylecgonine and ecgonine methyl ester  [83]
changes after molecular recogni-
tion of analyte, enhanced fluores-
cence intensity)

HALLUCINOGENIC DRUGS

LSD fluorescence water and NaOH 26x10® mg mescaline, DOM, psilocin, psilocybin, bufote-  [85]

nin, ibogaine, and phencyclidine

OPIODS

morphine, codeine, oxy- AuNPs water 5 mmol L% - [87]

codone, noroxycodone,

thebaine, tramadol, and

methadone

heroine, morphine, oxy- fluorescence water and urine 7% 10® for mor- — [88]

codone, and their main
metabolites

phine and
8.25x10% and
2.78x10% for
M3G and Nmor
in water
2.75x10%,
9.72%x10% and
7.13x10% for
morphine, M3G,
and Nmor in
urine

immunoglobulin G; BSA: bovine serum albumin.

[a] LOD: limit of detection; GBL: g-butyrolactone; GHB: g-hydroxybutyric acid; CPH: chlorpromazine hydrochloride; AMP: amphetamine; MA: methamphet-
amine; MDMA: 3,4-methylenedioxymetamphetamine; MDA: 3,4-methylenedioxyamphetamine; EPH: ephedrine; MeEPH: methylephedrine; THC: tetrahy-
drocannabinol; PEPH: pseudoephedrine; DOM: 2,5-dimethoxy-4-methylamphetamine; AMPH: (+)-amphetamine sulfate; METH: (+)-methamphetamine hy-
drochloride; DA: dopamine; PEA: 2-phenylethylamine; EDDP: 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine; mCPP: meta-chlorophenylpiperazine; IgG:
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2. Depressant Drugs

Depressant drugs slow down the nervous system and brain ac-
tivity and thus have a sedating effect”! Most depressants
affect one of the brain’s neurotransmitters, that is, g-aminobu-
tyric acid (GABA), which upon activation produces a sense of
calm and relaxation. GABA is the chief inhibitory neurotrans-
mitter in the mammalian central nervous system (CNS), and its
principal role is to reduce neuronal excitability. Depressant
drugs have the particularity that often leads to “drug toler-
ance”, which makes the organism ask for higher doses until de-
pendence or overdose arises. Coma, respiratory diseases, and
death are the potential consequences of their continuous con-
sumption. Depressant drugs comprise barbiturates, benzodia-
zepines, alcohol, and g-hydroxybutyrate.

In 2013, Chang and co-workers reported boron-dipyrrome-
thene (BODIPY) fluorescent sensor 3 for g-butyrolactone (GBL)
detection in water and in different alcoholic drinks
(Figure 1).'” GBL is a prodrug of g-hydroxybutyric acid (GHB),

o
[}0 HO\/\)J\OH
GBL GHB

Figure 1. Structures of probes 3 and 4 for the detection of GBL (1) and GHB
(2), respectively.

and its relevance is due to the strong regulation to which GBH
is subject, but this is not applicable to GBL. GBL overdose
causes irrational behavior, severe sickness, coma, and death.'?
Sensor 3 shows a marked absorption band centered at | =
569 nm in water. Besides, upon excitation at | =569 nm, a
small emission band at | = 582 nm (with a low quantum yield
of 0.05) is observed. The addition of GBL to an aqueous solu-
tion of 3 induces an emission enhancement at | =582 nm (
& 10-fold). A limit of detection for GBL by using 3 is reported
to be 3 mgmL®. The off-on emission response is related with
the hydrophobic character of the probe. The authors indicate
that probe 3 forms nonemissive aggregates in water that are
progressively broken upon coordination with GBL with a sub-
sequent enhancement in emission. In addition, probe 3 can be
used to detect GBL in drink samples after a simple extraction
process. The presence of GBL is simply assessed by irradiation
with a green laser pointer; this induces the appearance of
orange fluorescence, which is not observed in samples without
the drug.

The same authors also report on the preparation of BODIPY
probe 4 (Figure 1) for the fluorogenic detection of GHB."™ Eth-
anol/water (1:1, v/v) solutions of 4 show an absorption band at
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| =557 nm and emission at | = 574 nm. The addition of GHB
induces moderate emission quenching (2.2-fold in the pres-
ence of 10 mgmL® of the drug) of the band at | = 574 nm.
This behavior can be ascribed to the formation of a hydrogen
bond between the phenolic hydrogen atom of the probe and
the carboxylate moiety of the drug. As a consequence of the
coordination, a photoinduced electron-transfer (PET) process is
activated, which induces the observed emission quenching.
Moreover, the authors demonstrate that probe 4 can be used
to detect GHB easily in several beverages (alcoholics, nonalco-
holics, colored, and colorless). For this purpose, 4 is dissolved
in DMSO and then mixed with the beverages spiked with
known amounts of GHB (1:1, v/v, final solution). Irradiation of
the prepared samples with a hand-held lamp (I =365 nm)
allows differences in the fluorescence intensities of GHB-free
and GHB-spiked beverages to be observed clearly by the
naked eye.

Garcia and co-workers have developed a colorimetric sensor
array for the detection of GHB."® The array is composed of
three columns and six rows. The first column has six tricyclic
dyes (methylene blue, thionine, oxonine, pyronine, acridine
orange, and proflavine), the second column is formed by the
same dyes complexed with cucurbit[7]ril (CB[7]), and the third
column contains the dyes complexed with cucurbit[8]ril
(CB[8]). The addition of GBH (in the 0.1-10%®m range) to the
sensor array induces remarkable color changes in some plates
due to the dethreading of CB[7] and CB[8] complexes with the
dyes after coordination of the macrocycles with the drug. The
colors obtained are ascribed to the different stability constants
for the dye-CB complexes and to the ability of GBH to disrupt
the formed supramolecular ensembles. Moreover, the chromo-
genic response of the array to GHB is quite selective, and
other possible interferents, such as GBL, 1,4-butanediol, pro-
pionic acid, butyric acid, and common salts present in water,
are unable to induce color changes.

Ma and co-workers outline the synthesis of a long-lived iri-
dium(lll) chemosensor, the luminescence emission of which at
| =570 nm is quenched in the presence of GHB (Figure 2).%
Due to its long-lived luminescence, time-resolved emission
spectroscopy (TRES) allows the detection of GBH. A quenching
effect of 30% luminescence emission is observed 10 s after the
addition of a low concentration of GBH (0.15 mgmL®) to a so-
lution of the complex. This quenching is clearly seen by the
naked eye under UV illumination and is not pH dependent.
Real samples of water, black tea, soda, orange juice, red wine,

PFs

Figure 2. Chemical structure of iridium probe 5.

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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whisky, and milk previously spiked with GHB have been evalu-
ated, which assures the suitability of this procedure for GHB
drug detection over a wide range of real-life beverages.

Al-Kaffiji and co-workers have developed a spectrophoto-
metric method for the optical detection of chlorpromazine hy-
drochloride (CPH). CPH pertains to the family of drugs com-
monly known as neuroleptic tranquilizers (used as sedatives,
antihistamines, and anesthetics) but nowadays is commonly
mixed with narcotic drugs."” The method is based on the reac-
tion of p-aminoacetanilide (7) with CPH in the presence of an
oxidizing agent (i.e. ferric chloride hexahydrate). This reaction
yields an intense violet product (see structure 8 in Scheme 1)
with an intense absorption band at | = 590 nm. Probe 7 has
successfully been applied to the determination of CPH in aque-
ous solutions and pharmaceutical formulations with high accu-
racy and shows a linear range between 4 and 32 ppm with a
limit of detection of about 1.7 ppm.

LD
T,

| |
Chlorpromazine

6 8

Scheme 1. Oxidation reaction with p-aminocetanilide (7) and ferric chloride
for the detection of chlorpromazine drug 6.

Morris has developed a colorimetric test for ketamine hydro-
chloride on the basis of a typical cocaine detection assay by
using Co(SCN),."™ Ketamine is a medication mainly used for
starting and maintaining anesthesia, but it is also a drug for
recreational purposes. Unregulated use has side effects such as
high blood pressure, abnormal heart rhythms, vomiting,
double and tunnel vision, anaphylaxis, airway obstruction, and
dependence." The test consists of the basification of the sam-
ples (with sodium hydroxide) followed by the addition of
Co(SCN),. This two-step procedure results in the formation of a
lavender to purple precipitate in the presence of ketamine,
whereas a blue to green precipitate is obtained in the absence
of ketamine. Sensibility as high as 5 mgmL® can be achieved,
which is good enough for the detection of this drug in com-
mercial products for medical applications (contents ranging
from 50 to 100 mgmL®). Selectivity studies show that other
controlled substances and related chemicals yield a negative
response.

Herrdez-Herndndez and co-workers follow a similar reaction
for the colorimetric sensing of ketamine by immobilizing differ-
ent amounts of the Co(SCN), reagent onto a polydimethylsil-
oxane (PDMS) matrix.?” For the preparation of the materials,
the authors disperse Co(SCN), in an aqueous solution contain-
ing tetraethylorthosilicate (TEOS) and expose the resulting dis-
persion to PDMS to embed Co(SCN), in the polymer matrix.?"
Once the sensing material is prepared, pure ketamine detec-
tion can be performed by immersing the sensor in 0.1 m NaOH
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solutions of the drug. In the presence of ketamine, a purple
precipitate on the surface of the matrix polymer is formed.
However, after a few minutes, this precipitate disappears, and
the solid changes from brown to purple because of the diffu-
sion of ketamine inside the polymer and the formation of a
complex between Co(SCN), and the drug. The best response is
observed for a solid containing 0.3% Co(SCN), at | = 625 nm.
A limit of detection of 100 ngmL® for ketamine is reported.
Besides, no interference is observed if the sensing material is
exposed to amphetamine, methamphetamine, 3,4-methylene-
dioxymethamphetamine (MDMA), cocaine, ephedrine, scopola-
mine, caffeine, acetaminophen, ibuprofen, acetylsalicylic acid,
starch, saccharose, glucose, lactose, and magnesium sulfate.
The material has been tested in real samples with fine results.

Elokely and co-workers describe the design of a new fluoro-
metric method for the detection of drugs containing cyclic a-
methylene carbonyl groups in pharmaceuticals, preparations,
and biofluids by using N-methylnicotinamide chloride (NMNCI)
as a fluorogenic reagent (Scheme 2).%? In basic media, N-meth-

c OCHs 0 ocH, o
NHCH, ‘ ‘e=on N on
o) 6 2
HyCO N -
H3C

9 NMNCI
0
NH
dj\ 2 RCH,CORYOH [ ]
N OH H,0 N
CHs CHs Lox

12 13

(nonﬂuorescent) Fluorophore

Scheme 2. Chemical structures of drugs 9-11 containing cyclic a-methylene
carbonyl groups, and synthetic pathway for the preparation of fluorophore
15.

ylnicotinamide chloride forms neutral and highly reactive a-
carbinol compound 12, which reacts with drugs containing
cyclic a-methylene carbonyl groups (such as 9, 10, and 11) to
yield fluorescent derivative 15. The test is quite sensitive with
limits of detection in the 0.003-20 ngmL® range. The authors
also demonstrate the possible use of N-methylnicotinamide for
the detection of drugs 9, 10, and 11 in plasma samples with
nearly the same limits of detection obtained upon using water.

Elmosallamy and Amin have developed a new spectrophoto-
metric method for the detection of dextromethorphan (16)
(Figure 3) in pharmaceutical preparations.”® The spectrophoto-
metric protocol involves the reaction between dextromethor-
phan hydrobromide with eriochrome black T (17) in acetate
buffer (pH 2.8), which results in the formation of an ion-pair
complex with an absorption band at | = 520 nm. This method
for the detection of 16 is lineal in the 7.37-73.7x10%®m range
with a limit of detection of 1.29x 10® m

Mohseni and Bahram outline the use of melamine-coated
gold nanoparticles (AuNPs) for the detection of morphine and
codeine in human serum, urine samples, and pharmaceutical
formulations.” The presence of melamine molecules in the
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Figure 3. Chemical structures of the drug dextromethorphan (16) and erio-
chrome black T (17).

outer sphere of the AuNPs prevents aggregation, and aqueous
solutions of the nanoparticles present as a wine-red color (ab-
sorption band centered at | = 675 nm). In the presence of mor-
phine and codeine, a marked color change to blue is observed
(absorbance band at | = 690 nm) due to the aggregation of
the AuNPs induced by the formation of hydrogen bonds be-
tween melamine and the drugs. The proposed method exhib-
its lineal ranges of 0.07 to 3 mm for morphine and 0.03 to
0.8 mm for codeine with limits of detections of 17 and 9 nm, re-
spectively. Interference studies show that cations, anions, as-
corbic acid, glucose, urea, cysteine, glutamic acid, asparagine,
leucine, valine, proline, phenylalanine, tramadol, amphetamine,
and methamphetamine are unable to induce color modula-
tions. Besides, melamine-coated AuNPs have also been used
for the detection of morphine and codeine in biological fluids
and pharmaceutical formulations with fine results.

The probes described in this section are based on different
chemical reactions and the formation of complexes with de-
pressant drugs. Also, the analyte-induced aggregation of
AuNPs has been used to detect morphine and codeine. High
selectivity and low detection limits are achieved with most of
the probes exposed above, and thus, they are good alterna-
tives for traditional chromatographic methods. Naked-eye de-
tection, short analysis times, and no need for overqualified per-
sonnel for their daily use are some of the advantages of these
sensing probes. Besides, some probes have been tested in real
human body fluids, and thus, some of these reported exam-
ples could have potential applications for the development of
realistic systems for the detection of depressant drugs.

3. Stimulant Drugs

Stimulant drugs accelerate the activity of the central nervous
system. If high doses are taken, elevated blood-pressure levels
and increased heart and respiration rates may ensue, with the
potential risk for cardiovascular failure; however, these drugs
can also make consumers feel angry and/or paranoid.””
Normally, these drugs inhibit the reuptake of serotonin, nor-
epinephrine, and dopamine, which results in greater concen-
trations of these three neurotransmitters in the brain, and this
leads to multiple effects on the state of mind of the individual
user. There are a number of stimulant drugs, including those
that are legal and prescribed by doctors and those that are
considered illegal. In the group of legal drugs, caffeine and nic-
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otine are the most common. On the other hand, cocaine,
crack, amphetamine, and their derivatives are found among il-
legal stimulant drugs.

Sakai and Ohno describe a procedure for the sensitive and
selective detection of methamphetamine, ephedrine, and
methylephedrine in urine (Scheme 3).2*?”? The method consists
in the extraction of basified urine containing the drugs with
1,2-dichloroethane. Then, the organic phase, which contains

C,H;00C” ; C,H500C” ;
pegey T

Yellow Red
Ana= 410 nm Amax= 550-570nm

18 19

Scheme 3. Tetrabromophenolphthalein ethyl ester 18 transformation into
red-colored product 19 in the presence of methamphetamine, ephedrine,
and methylephedrine in urine.

the drugs, is added to a 1,2-dichloroethane solution of tetra-
bromophenolphthalein ethyl ester (18). After a few minutes,
colored product 19 is formed. The absorption maxima are
found at | =570 nm for methamphetamine, | =555 nm for
ephedrine, and | = 550 nm for methylephedrine. The proce-
dure described presents high selectivity, and calcium chloride,
sodium chloride, magnesium chloride, sodium nitrate, sodium
acetate, Al", Fe" Ni" Co", ammonium ions, urea, uric acid, crea-
tinine, and hippuric acid are all unable to induce any chromo-
genic response. In addition, the limits of detection are
3.75mgymL® for methamphetamine, 4.13 mymL@ for ephe-
drine, and 4.48 mymL@ for methylephedrine.
Herrdez-Hernandez and co-workers embed 1,2-naphthoqui-
none-4-sulfonate 20 (Figure 4) into polydimethylsiloxane/tet-
raethylorthosilicate/silicon dioxide
nanoparticles and use this mixture

to identify amphetamine (AMP), 0 o
methamphetamine (MAMP), 3,4- O‘
methylenedioxymethamphetamine

(MDMA), and 3,4-methylenediox- SOsNa

yamphetamine (MDA) chromogeni-

cally.”™ Basic buffered aqueous 20
suspensions of the nanoparticles
show a light yellow color due to
the presence of a broad absorp-
tion band at around | =460 nm.
Upon the addition of ampheta-
mines, clear color changes to
orange (for MAMP and MDMA,
which are secondary amines) or gray-brown (for AMP and
MDA, which are primary amines) are observed. Limits of detec-
tion in the 0.002-0.005 gmL® range are found. The prepared
sensing material displays better selectivity for amphetamines
than for other drugs such as cocaine, cannabinol, cannabidiol,
tetrahydrocannabinol (THC), scopolamine, ephedrine, and pro-

Figure 4. Chemical structure
of 1,2-napthoquinone-4-sulfo-
nate (20) used for the detec-
tion of amphetamine-based
drugs.
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caine. The only two drugs that interfere with amphetamine de-
tection are ephedrine and prococaine. The application of this
sensing system to real ecstasy samples allows the percentage
of amphetamine contained in the pills to be calculated. Com-
paring these results with those obtained by LC methods, no
significant differences are found.

Yagci and co-workers delineate a strategy involving the use
of a noncompetitive assay format by using a biomimetic mate-
rial, poly(phenylene)b-cyclodextrin poly(ethylene glycol) (PPP-
CD-g-PEG), to recognize cocaine due to the affinity of b-CD
toward this drug (Figure 5).%” The authors prepare test strips
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@y/ \>>P—(:itivc
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@< Anti-BE/AuNP
PPP-CD-g-PEG

S

Y  Anti-lgG antibody

Figure 5. Schematic representation of a test stripe functionalized with PPP-
CD-g-PEG and Anti-lgG antibodies for the detection of cocaine.

composed of a polyvinyl chloride (PVC) backing card, the
sample pad, the conjugate release pad, a nitrocellulose mem-
brane, and an absorbent pad. In the absorbent pad, there is a
conjugated pad [containing absorbed antibenzoylecgonine an-
tibody/AuNPs (Anti-BE/AuNPs)], a control line (containing ab-
sorbed Anti-lgG antibody), and a test line (containing absorbed
PPP-CD-g-PEG). Upon applying a liquid sample without cocaine
to the sample pad and upon reaching the conjugate pad, the
Anti-BE/AuNPs migrate forward together with the liquid
sample to give a red negative line. If cocaine is present in the
sample, cocaine molecules interact with the b-CD residues in
the test line and another red line appears in the test zone as a
result of the attachment of the Anti-BE/AuNPs to cocaine. The
test results can also be analyzed by using a mobile phone ap-
plication by photographing the strips and evaluating the color
group and color percentage in the image. A good linear trend
in the 0.01-1.0 mymL® range is observed. Moreover, the au-
thors find that the sensor is selective for cocaine in the pres-
ence of benzoylecgonine, nicotine, cotinine, codeine, tetrahy-
drocannabinol, and methamphetamine. Finally, the authors
demonstrate the validity of the test stripes by determining co-
caine in synthetic saliva with nearly the same accuracy as that
achieved by using chromatographic methods.

Simon's reagent (a mixture of sodium nitroprusside, sodium
carbonate, and acetaldehyde) is a chromogenic test used for
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the detection of alkaloids (containing secondary amines). The
amine moiety of the alkaloids reacts with acetaldehyde to
yield an enamine, which subsequently reacts with sodium ni-
troprusside to generate an immonium salt. Finally, this is hy-
drolyzed to a bright cobalt-blue product (known as the
Simon-Awe complex) that allows for the identification of
drugs containing secondary amines. Chooduma and co-work-
ers use this reagent to sense methamphetamine by using
mobile phone technology.”” In their study, the samples (con-
taining methamphetamine) are kept in an opaque black corru-
gated box and are treated with Simon’s reagent; the intensity
of the colored product inside the microtube is then detected
by using the ColorAssist app (FTLapps,Inc.) for an iPhone 4.0 in
the flash-off mode. The authors relate the RGB values obtained
to the concentration of methamphetamine and then compare
the data with the gas chromatography data. The authors note
that the correlation between both sets of data, in terms of
methamphetamine concentration, is remarkable. Besides, one
year later, the same authors report the entrapment of Simon's
reagent into a sol-gel matrix and include it in the corrugated
box." For sample analysis, the solid sensor is pierced and
methamphetamine is put inside to allow the reaction between
the analyte and the reagent. The samples are then directly an-
alyzed by using the same app by studying the RGB values.
Torroba and co-workers describe the synthesis of new bis-di-
arylurea-based probe 21 (Figure 6) for the detection of MDMA

21

Figure 6. Chemical structure of bis-diarylurea-based probe 21 for MDMA
detection.

from ecstasy tablets.® DMSO solutions of probe 21 show a
weak emission band centered at | = 517 nm upon excitation at
| = 288 nm. The addition of aqueous solutions of ephedrine,
pseudoephedrine, amphetamine, 3,4-methylenedioxyampheta-
mine, and 3,4-methylenedioxymethamphetamine induces a
marked emission enhancement at | =517 nm due to the for-
mation of a 1:1 stoichiometry complex of a charge-transfer
nature. In spite of the fact that the fluorogenic response of
probe 21 toward selected drugs is unselective, principal com-
ponent analysis (PCA) score plots allow their discrimination.
Besides, MDMA has been detected in a simulated tablet of ec-
stasy. No interference is observed in the presence of excipients
(e.g. sucrose, chalk, or caffeine) in ecstasy tablets.

Cheng and co-workers give details on the preparation of
molecular probe 22 containing thiophene heterocycles and a
fluorene moiety (Figure 7) and also polymer 23 containing the
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