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Abstract Detection and quantification of cocaine is a key tool
in fields such as police apprehensions and the fight against
drug trafficking. Thus, a simple, fast and inexpensive electro-
analytical methodology for the determination of cocaine in
seized street samples has been developed, employing linear
sweep voltammetry. The method is based on the use of a
glassy carbon (GC) electrode modified by a combination of
multi-walled carbon nanotubes (MWCNT) with β-
cyclodextrin (β-CD) incorporated in a polyaniline film. The
proposed method shows high reproducibility, repeatability
and specificity. Under optimal conditions, the β-CD/
MWCNT-modified GC electrode gives a detection limit of
1.02 μM cocaine. The results obtained are in good agreement
with those obtained by the high-performance liquid chroma-
tography reference method. The new methodology proposed
has excellent potential as the basis of a portable analytical
sensor for on-site screening of cocaine in seized street
samples.
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Introduction

Drug abuse is a problem that affects all countries around the
globe. It is estimated that almost a quarter of a billion people,
or one out of 20 people between the ages of 15 and 64 years,
used an illicit drug in 2013 [1]. The magnitude of the world
drug problem becomes more apparent when considering that
more than one out of ten drug users is a problem drug user,
suffering from drug-use disorders or drug dependence [1].
This places a heavy burden on public health systems in terms
of the prevention, treatment and care of drug-use disorders and
their health consequences.

Cocaine remains the primary drug of concern in Latin
America and the Caribbean, and its use remains high in
Western and Central Europe (around 1.0 % of the global adult
population aged 15–64) [1]. Based on seizure data, cocaine
continues to be the third most trafficked drug in Europe [1].
Cocaine is usually trafficked northwards from the Andean
countries of South America to North America and across the
Atlantic to Europe via the Caribbean or Africa [1]. Portugal
emerges as one of the most important European points of entry
of cocaine. The huge seizures made by the authorities in
Portugal are mainly linked to the rising importance of West
Africa, including some of the Portuguese-speaking countries,
for smuggling cocaine from the Andean region.

Cocaine (Scheme 1) is a highly addictive stimulant that
occurs naturally as an alkaloid of the coca plant
(Erythroxylon coca or Erythroxylon novogranatense). Due
to its high potential for abuse, with its use potentially leading
to severe psychological or physical dependence, coca leaf and
cocaine are classified as schedule II medication under the
Controlled Substances Act in the USA. The drug can be
smoked, snorted and injected intravenously, subcutaneously
or intramuscularly. The consequences of using cocaine vary
among its users. Psychoses, violent behaviour, cardiovascular
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and nervous system events and altered pregnancy outcomes
have all been described in the literature [2]. Street forms of
cocaine contain diluents and adulterants such as sugar, baking
soda, anaesthetics such as lidocaine and other stimulants such
as caffeine, to dilute the drug, increasing the volume and sub-
sequent sales. Following administration, cocaine is metabo-
lized mainly by plasma and liver esterases, to the inactive
metabolites, benzoylecgonine (BE) and ecgonine methyl ester
(EME) (Scheme 1) [3, 4]. These metabolites are then excreted
in the urine and represent approximately 90 % of the original
cocaine dose, but a small remaining percentage is excreted as
the intact parent compound [4].

Quantification of cocaine is important in many areas, par-
ticularly in forensic sciences, pharmacy and therapy.
Furthermore, like other illegal drugs, detection of cocaine is
a key tool in fields such as police apprehensions and in the
fight against drug trafficking. Traditional methods for cocaine
analysis are mainly based on gas chromatography (GC) and
high-performance liquid chromatography (HPLC), coupled
with mass spectrometry (MS) [5–7]. These approaches are
powerful and sensitive for cocaine determination, but the high
cost and complicated operation limit their extensive
application.

The application of electrochemical techniques in the anal-
ysis of drugs and pharmaceuticals has increased greatly over
recent years. Currently, electrochemistry provides powerful
analytical techniques encompassing the advantages of instru-
mental simplicity, moderate cost and portability. A number of

strategies have been developed based on the use of
nanomaterial-based electrochemical sensors [8–10]. The
growing interest in the use of nanostructured conducting poly-
mers results from the advantage of having easy synthesis con-
trol over the properties of the exposed polymeric surface such
as structure, morphology and thickness. Polyaniline (PANI) is
one of the most promising conducting polymers for this pur-
pose due to its low cost, ease of preparation, chemical stability,
controllable electrical conductivity and excellent environmen-
tal stability [11]. Carbon-based nanomaterials, such as carbon
nanotubes (CNT), have been extensively explored due to their
promising sensor applications and diverse advantages, such as
a high surface-to-volume ratio, high electrical conductivity,
chemical stability, biocompatibility and robust mechanical
strength [12, 13]. Nanocomposites of β-cyclodextrin (β-CD)
and multi-walled CNT (MWCNT) have recently been suc-
cessfully used to study and quantify a variety of organic mol-
ecules owing to the synergistic effect of both materials
[14–17]. The usefulness of CDs is related to their unique
structures and to the fact that CDs retain their analyte-
recognizing and entrapping properties under a relatively broad
range of experimental conditions [18–22]. The interfacial ar-
chitecture and electrochemical activity of CNT-modified elec-
trodes after incorporating CDs and the resulting recognition
effects have already been reported [14, 15].

The purpose of the present study is to establish an
analytical methodology for the selective determination of
cocaine using a polyaniline-β-CD/MWCNT-modified
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glassy carbon electrode. The chemical recognition of co-
caine by β-CD is combined with the added advantage of
a faster electron transfer process due to functionalised
MWCNT (fMWCNT), dispersed in a conducting PANI
matrix. The new analytical methodology developed has
been employed for the determination of cocaine in seized
street samples by linear sweep voltammetry.

Experimental

Reagents

MWCNT were obtained from NanoLab (USA). Cocaine hy-
drochloride standard was kindly provided by Policia
Judiciária (Lisbon, Portugal). Aniline and β-CD were sup-
plied by Sigma–Aldrich Química (Sintra, Portugal). All other
chemicals and reagents (Sigma–Aldrich Química) employed
were of analytical grade and were used as received without
any further purification.

All aqueous solutions were prepared using Millipore–Q
water (18 MΩ cm). Phosphate buffer solutions employed for
voltammetric determinations were 0.1 mol L−1 in the pH range
5–8.

HPLC-grade acetonitrile was supplied by Carlo Erba. The
solvents were filtered through a 0.45-μm filter before use.

Apparatus

Voltammetric measurements were performed using an
Autolab PGSTAT 12 potentiostat/galvanostat (Metrohm-
Autolab, Netherlands) in a one-compartment glass electro-
chemical cell equipped with a three-electrode system arrange-
ment consisting of a platinum wire as auxiliary electrode, a
Ag/AgCl (saturated KCl) electrode as reference, and a bare or
a modified glassy carbon electrode (GCE, d = 2 mm) as work-
ing electrode. All measurements were carried out at room
temperature (25 ± 1 °C).

The pH measurements were performed using a Crison pH-
meter (Crison, Spain) equipped with a glass pH electrode.

HPLC analysis was performed using a Shimadzu LC-
20AD Prominence Liquid Chromatograph (Shimadzu,
Tokyo, Japan) with a diode array detector (SPD-M20A).
Separation was performed on a prepacked Nucleosil 100-5
C18, analytical column (250 mm × 4.6 mm, 5 μm,
Macherey–Nagel, Duren, Germany), and the mobile phase
was 0.02 M phosphate buffer (pH 6.5)—acetonitrile (65:35,
v/v). It was delivered isocratically at 1.0 mL min−1 at room
temperature [23, 24]. The chromatographic data was proc-
essed using the software package LabSolutions (Shimadzu,
Japan).

Preparation of PANI-β-CD/fMWCNT modified GCE
sensor

The preparation and characterization of the PANI-β-CD/
fMWCNT modified GCE has been previously described
[15]. Briefly, two milligrams of (−COOH) fMWCNT was
dispersed by using ultrasonic agitation in 1 mL aqueous β-
CD solution (2 %) to give a 2 mg mL−1 black suspension.
Before surface modification, the bare GCE was carefully
polished to a mirror finish with an aqueous slurry of alumina
powder (15 nm particle size; BDH Chemicals, VWR, USA)
on a microcloth pad and then ultrasonically cleaned in ultra-
pure water and ethanol alternatively to remove traces of alu-
mina and possible contaminants. A polyaniline film was pre-
pared on the surface of the cleaned GC electrode by
electropolymerisation in a solution of aniline monomer
(0.011 mol L−1) in an aqueous sulphuric acid solution
(0.025 mol L−1), sweeping the potential between −0.1 and
1.0 V vs. Ag/AgCl at a scan rate of 50 mV s−1 for 50 cycles.
An aliquot of 6 μL (2mgmL−1) of theMWCNTor fMWCNT
dispersion was then drop cast onto the polyaniline-coated
GCE surface and dried in air at ambient temperature over-
night. Finally, the surface of the PANI-β-CD/MWCNT mod-
ified GCE was gently washed with water to remove the loose-
ly attached β-CD/MWCNT.

The PANI-β-CD/fMWCNT film coated GC sensor was
activated in 0.1 mol L−1 phosphate buffer solution (pH 6) by
cyclic voltammetric sweeps between +0.5 and +1.3 V vs Ag/
AgCl until stable cyclic voltammograms were obtained.

For the cleaning of the PANI-β-CD/fMWCNT film-coated
GC sensor, successive cyclic voltammetric sweeps in
0.1 mol L−1 phosphate buffer (pH 6) solution were performed
until unchanged cyclic voltammograms were obtained (six
cycles).

Analytical procedures

The electrochemical behaviour of cocaine was studied by cy-
clic voltammetry (CV), and the influence of the supporting
electrolyte pH on its voltammetric response was assessed.

The determination of cocaine was performed using linear
sweep voltammetry (LSV). The instrumental parameters were
optimized before the respective analytical curve was
established, using successive additions of aliquots of a cocaine
stock solution (10 mM), directly in the voltammetric cell. All
measurements were carried out in triplicate (n = 3) for each
concentration. Calibration curves were obtained by plotting
the peak current vs. cocaine concentration. The limit of detec-
tion (LOD) was calculated according to IUPAC recommenda-
tions, using a S/N ratio of three [25]. The precision of the
proposed method was verified from repeatability studies,
within day (n = 5) and between days (n = 5) for three different
concentrations.
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Street samples of cocaine, received as a white powder, were
tested. A suitable amount of each sample was weighed and
transferred to a volumetric flask and dissolved with deionized
water. The solution was subjected to sonication for 10min and
then the non-dissolved solids were filtered off. An aliquot of
this solution was directly added to the pH 6 0.10 mol L−1

phosphate buffer supporting electrolyte solution in the elec-
trochemical cell, and the voltammogram was recorded.
Quantification of the sample concentration was performed
by interpolation from the analytical curve. The accuracy of
the proposedmethodwas determined by comparing the results
with those obtained from a previously published HPLC meth-
od [24]. Additionally, the possible interference of some adul-
terants, commonly added to cocaine street samples to maxi-
mise profit, was evaluated.

Results and discussion

Electrochemical behaviour of cocaine

The electrochemical properties of cocaine on the bare GC
electrode, PANI/MWCNT and PANI-β-CD/fMWCNT elec-
trode were investigated using cyclic voltammetry. The applied
potential was scanned from +0.70 to +1.3 V vs Ag/AgCl in
0.1 mol L−1 phosphate buffer solution (pH 6), containing
40 μM of cocaine. The CV response obtained using a scan
rate of 20 mV s−1 at a bare GC electrode, at PANI/MWCNT
and at the PANI-β-CD/fMWCNT film is shown in Fig. 1. At
the bare GC electrode, a weak and broad oxidation peak is
obtained for cocaine, with peak potential at 1.14 V. When the

GC electrode was modified with the PANI/MWCNT film, the
oxidation of cocaine occurred at a less positive potential and
the peak current increased, showing the electrocatalytic effect
of the CNTs. At the PANI-β-CD/fMWCNTGC electrode, the
electrochemical current response increased significantly, the
peak potential occurring at a less positive potential of 0.92 V.
In all cases, there was no reduction peak in the reverse scan
suggesting that the electrochemical reaction is an irreversible
process.

The signal amplification observed can be attributed to the
higher available surface area provided by MWCNT and also
to the presence ofβ-CD in the PANI/fMWCNT film-modified
electrode, which can promote the formation of an inclusion
complex between β-CD and cocaine. The ability of β-CD to
form an inclusion complex with cocaine can lead to signal
enhancement due to the higher concentration of cocaine at
the PANI-β-CD/fMWCNT film electrode surface. The
cocaine-β-CD complex in the PANI-β-CD/fMWCNT film
would then dissociate and diffuse rapidly through the porous
layer of fMWCNT to the GC surface, promoting the electro-
chemical reaction of cocaine.

The effect of the pH of the supporting electrolyte on the
cocaine oxidation peak was then investigated. Cyclic voltam-
mograms of cocaine in different pH electrolytes were recorded
at the PANI-β-CD/fMWCNT electrode. Figure 2 shows the
effect of pH on the anodic peak potential,Epa, of cocaine at the
PANI-β-CD/fMWCNT electrode. The Epa vs pH plot shows
that the anodic peak potential is dependent on pH in the inter-
val investigated, from 5.3 to 8.1, shifting negatively as the pH
was increased indicating that protons participate in the elec-
trode reaction. The slope of the dotted line, ca. 60 mV per pH
unit, shows that the mechanism of this oxidation process in
aqueous media involves the same number of electrons and
protons. The voltammetric data suggest that the oxidation
mechanism involves the tertiary amine moiety present in the
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Fig. 1 Cyclic voltammograms of 40 μM solutions of cocaine at (●●●)
bare GC electrode, (▬ ▬) PANI/MWCNT/GCE and (▬) PANI-β-CD/
fMWCNT/GCE in pH 6 0.10 mol L−1 phosphate buffer electrolyte
solution. Scan rate 20 mV s−1
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Fig. 2 Plot of anodic peak potential, Epa (filled symbols) and anodic peak
current, Ipa (open symbols) vs. pH from cyclic voltammograms of 40 μM
solutions of cocaine at a PANI-β-CD/fMWCNT film electrode in
different buffer electrolytes as a function of pH. Scan rate: 20 mV s−1
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cocaine molecular structure. The mechanism postulated for
the oxidation of tertiary amines involves abstraction of an
electron from the amino–nitrogen, followed by a rapid proton
loss to form a neutral radical, which then loses an electron and
is hydrolysed to the products. The oxidation reaction leads to a
secondary amine, norcocaine (Scheme 2), and an aldehyde
[26–28].

The effect of electrolyte pH on the current response of
cocaine at the PANI-β-CD/fMWCNT electrode was also in-
vestigated. The results showed an increase of the anodic peak
current, Ipa, with increase in pH until pH 6, remaining almost
constant at higher pH values (Fig. 2). Thus, 0.1 mol L−1 phos-
phate buffer, pH 6, was selected for further experiments.

The effect of scan rate on the oxidation mechanism of co-
caine was examined by cyclic voltammetry. Cyclic voltammo-
grams of cocaine at different scan rates were recorded at the
PANI-β-CD/fMWCNTelectrode in pH 6 phosphate buffer so-
lution. As the scan rate increases, the oxidation peak potential
shifts to more positive values, confirming the irreversibility of
the oxidation process. A linear relationship was observed be-
tween the peak current and the square root of scan rate in the
range 10–100 mV s−1, revealing that the electrode oxidation
mechanism of cocaine is a diffusion-controlled process.

Analytical application

Cyclic voltammetry experiments, using the developed
PANI-β-CD/fMWCNT film electrode, were carried out using
the optimized experimental parameters, recording the linear
sweep in the positive direction corresponding to cocaine oxi-
dation. Linear sweep voltammograms obtained with increas-
ing amounts of cocaine showed that the peak current increased
linearly with increasing concentration (Fig. 3). A linear cali-
bration plot, with a sensitivity of 0.0365 ± 0.0008 AM−1, was
obtained for cocaine concentrations ranging from 10 to 80μM
(Fig. 3, inset). A LOD of 1.02 μM was calculated using the
3S/N ratio, as recommended by IUPAC [25].

Electrochemical procedures have been already reported for
the determination of cocaine. However, interferences from sub-
stances which oxidise at potentials close to that observed for
cocaine make the analysis more difficult. This difficulty has
sometimes been solved by the modification of the working
electrode with polymers, Schiff bases, or biomolecules which
increase the sensitivity and provide selectivity to the electro-
chemical system (Table 1) [29–37]. Comparing the analytical
parameters with those previously reported in the literature (see

Table 1), it is clearly seen that the use of the PANI-β-CD/
fMWCNT film leads, in most cases, to comparable limits of
detection. Although in a few reports the limits of detection are
lower, the novel electrochemical PANI-β-CD/fMWCNT film
modified electrode proposed is easy to prepare and offers a low-
cost, highly reproducible and reliable sensing platform for a
potential portable sensing approach to the detection of cocaine.

The intra-day and inter-day repeatability were assessed for
three different concentrations of cocaine in 0.1 M phosphate
buffer solution (pH 6): 10, 40 and 80 μM. The intra-day repeat-
ability was obtained by successive simultaneous determina-
tions (n = 5) of cocaine, resulting in a relative standard devia-
tions (RSD) value of 1.28 %. The PANI-β-CD/fMWCNT sen-
sor was used for at least 25 consecutive measurements without
significant loss (less than 3%) of the initial anodic peak current.
The inter-day repeatability was obtained by simultaneous de-
terminations of cocaine on five different days using freshly
prepared solutions, resulting in a RSD value of 3.09 %.

Specificity and reproducibility of the sensor

The selectivity of the proposed method was evaluated by test-
ing some possible interferents. The adulteration of cocaine
samples is a common issue in the illegal drug markets around
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the globe. Usually, street samples of cocaine sold in the illegal
market in Portugal contain lactose, starch, caffeine and lido-
caine as common adulterants and were therefore tested.
Furthermore, the possible interference of the cocaine metabo-
lites benzoylecgonine and ecgonine methyl ester was also
assessed. Apart from lidocaine (see below), using a cocaine/
interferent mass ratio of 1:1, no significant interferences were
observed (signal change less than 5 %) from any of these
compounds (Table 2). In the specific case of lactose and starch
(used as diluents to increase the bulk and consequently the
profits gained) as they can be found in higher amounts than
cocaine, a mass ratio of 1:10 (cocaine/interferent) was also
tested; no significant changes in the current response of co-
caine were observed (Table 2). Lidocaine has a considerable
effect on the voltammetric signal of cocaine (data not shown).
Nevertheless, since methanol is required to dissolve lidocaine,
simply dissolving cocaine samples in water or aqueous buffer
solution, without alcohol, serves as a simple pre-treatment. As
lidocaine is insoluble, it can be filtered off, and thus, cocaine

can be electroanalytically determined. The effectiveness of
this pre-treatment becomes evident when applied to the sens-
ing of cocaine street samples (Table 2).

In addition, for further evaluation of the reproducibility of
the sensor, five electrodes were prepared for the detection of
10 and 80 μM cocaine. The RSD of the five measurements
were 4.86 and 1.62 % for cocaine concentrations of 10 and
80 μM, respectively.

The developed PANI-β-CD/fMWCNT sensor presents as
characteristics, easy preparation, good repeatability and repro-
ducibility, appropriate stability and short time of analysis,
which are clearly important for analytical purposes and for
cocaine detection.

Analysis of cocaine in seized street samples

To further evaluate the analytical reliability and potential ap-
plication, the PANI-β-CD/fMWCNT sensor was applied to
the determination of cocaine in seized street samples. For
comparison purposes, the content of cocaine was also mea-
sured using a reference HPLC method [23, 24]. Five indepen-
dent measurements were carried out, for both the LSVand the
HPLC methods. As shown in Table 3, the results obtained

Table 1 Comparison of different electrochemical sensing methodologies for the determination of cocaine

Method Sensor electrode active component Analytical ranges LOD Ref.

Potentiometry Selective membrane electrode 10−2–10−6 M 0.4 μM [29]

Linear sweep voltammetry Cobalt hexacyanoferrate film 0.24–1.5 mM 0.14 mM [30]

Alternating current voltammetry Methylene blue-tagged engineered aptamer 1–10,000 μM 1 μM [31]

Chronoamperometry Cytochrome P450 biosensor 19–166 nM 23 nM [32]

Amperometry Nanostructured DNA 10−4–1 mM 33 nM [33]

Chronoamperometry Cytochrome P450 2B4 biosensor 0.2–1.2 mM 0.2 mM [34]

Cyclic voltammetry Schiff bases of [UO2(3-MeOSalen)
(H2O)]·H2O and [UO2(5-MeOSalen)(H2O)]·H2O

0.54–9.10 μM 0.07 and 0.15 μM [35]

Differential pulse voltammetry Graphene/AuNP nanocomposites 1–500 nM 1 nM [36]

Square-wave voltammetry MWCNT-SPCE 10–155 μM Not reported [37]

Linear sweep voltammetry PANI-β-CD/fMWCNT/GCE 10–80 μM 1.02 μM This work

Table 2 Effect of interferents on
anodic peak current for cocaine
determination at PANI-β-CD/
fMWCNT film electrode,
expressed as percentage change in
response

Interferent Change in
current
responsea / %

Lactose +0.2

+0.5b

Starch +0.3

−0.6 b

Caffeine −1.1
Lidocaine +3.4

Benzoylecgonine −1.7
Ecgonine methyl

ester
+2.1

a n = 3
bCocaine/interferent mass ratio of
1:10

Table 3 Results obtained for the analysis of cocaine in seized street
samples using the proposed linear sweep voltammetric method and
HPLC

Sample Cocaine (% w/w)a t testb F testb

LSV HPLC Relative error (%)

A 70.1 ± 0.4 70.7 ± 0.6 −0.8 1.3 1.5

B 69.8 ± 0.8 70.3 ± 0.3 −0.7 1.1 2.7

C 71.0 ± 0.9 69.9 ± 0.5 1.6 2.1 1.8

a Average of five replicate measurements
b Tabulated t- and F values, at P = 0.05, are 2.31 and 6.39, respectively
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using the developed sensor are in good agreement with the
reference HPLC method. The F- and t test (at a confidence
level of 95 %) were used to compare the results obtained by
the two methods (see Table 3). Considering that the calculated
F- and t values were smaller than the critical values, we can
conclude that there is no difference between the results obtain-
ed by the two methods at this confidence level. Therefore, the
proposed voltammetric method is highly appropriate for the
determination of cocaine in seized street samples.
Furthermore, the PANI-β-CD/fMWCNT film electrode pro-
posed here enables the simple determination of cocaine in a
short time and at low cost.

Conclusions

A simple electroanalytical methodology involving the use of a
PANI-β-CD/fMWCNT/GC modified electrode is proposed
for the determination of cocaine, employing linear sweep volt-
ammetry. The simultaneous incorporation of β-CD and
fMWCNT into the sensing film considerably enhances sensor
sensitivity. The resulting signal amplification enabled a detec-
tion limit of 1.02 μM for cocaine to be reached. In addition,
the PANI-β-CD/fMWCNT film presents other advantages
such as high accuracy, repeatability, reproducibility, stability
and specificity, which make it an interesting and useful alter-
native for cocaine screening purposes. The results obtained
were in excellent agreement with those obtained using the
reference HPLC method.

This novel sensing approach provided an inexpensive, fast
and sensitive platform for the detection of cocaine in street
samples.
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