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ABSTRACT
Electrochemical based sensors are a powerful analytical tool which can be exploited by the
forensic community particularly for the analysis of illicit substances from street and
biological samples. This report presents a brief overview on selected recent publications
related to the application of electrochemical sensors to forensic drug analysis and gives
opinions on the technical developments as well as the future applications in this field.

INTRODUCTION
Within any forensic examination, several scientific methods are utilised to provide
scientific evidence on a case to court or as an investigative tool to investigators. The
choice of analytical techniques, methods and procedures relies on the assessment of
several factors.1 For example, the ability of the technique or method to analyse a
particular sample matrix, the sensitivity, selectivity and robustness of the technique and
method are some of the key analytical performance characteristics. Generally, these
requirements are not met by any one single technique but often by a combination of
techniques and methods. This is especially true of crime scene analysis where often
confirmatory analysis is undertaken within a forensic laboratory. 2

In recent years, the versatility, portability, selectivity, sensitivity and ability to analysis
samples with little or no pre-treatment has made electrochemical sensors an attractive
option to forensic applications. 3,4 Potentiostatic methods are commonly utilised and this
review will focus primarily on the use of voltammetric methods as electrochemical
sensors for forensic analysis. The application of electrochemical sensors to forensic
science spans a wide range of areas including the detection of poisons 5, drugs6,
explosives7, gunshot residue (GSR) 8 and more unusually fingerprints 9,10. Herein, we
present a brief overview on recent applications of electrochemical sensors to forensic
drug investigation and highlight the unique opportunities electrochemistry presents for
this field as well as the most significant advancements in developing the application of
electrochemistry to forensic science drug detection and analysis.

CHEMICAL DETECTION
The widespread use of illicit drugs remains an important social and medical problem all
over the world.11,12 Rapid, sensitive, simple and inexpensive procedures for illicit
substance detection are needed in the fields of drug analysis and toxicology. As an

alternative to the standard chromatographic and spectroscopic methods, electrochemical
sensors have shown great promise. Many illicit substances can be detected by
electrochemical methods including cocaine 13,14,15,16,17, cannabis14,18, amphetamine type
substances

(ATS)19,20,21,22,

opiates23,24,25,

diverted

pharamecuticals26,27 and

novel

psychoactive substances (NPS) 28,29,30,31,32 with the approach tailored to the particular illicit
substance. A specific analytical challenge for forensic analyse is the wide ranging
concentration ranges as well as number and relative concentration of cutting agents both
diluents and adulterants. For example, a recent publication found that the purity of
cocaine samples within the UK ranged from 1.3 to 78.8% with a mean of 43.1%
(expressed as cocaine base). 33 This is slightly higher than that obtained for cocaine street
samples in Beligum, where typically cocaine purity was found to be above 30%. 34 These
values are significantly higher than does reported for ATS street samples, where values
ranged from 1.4 to 6% for traditional ATS samples. 35 Within these samples are also a
wide range of impurities and street samples also containing from 3 to 10 cutting agents
including caffeine, paracetamol, other illicit substances. This constantly changing
composition of street samples, highlights a challenge for forensic analysis. For
toxicological samples, the presence of metabolites can also be considered as
interferences.29-32

Recently, the use of different electrochemical methods for the detection of cocaine and its
adulterants have been reported.13,36,37 In order to obtain the required level of specificity
and sensitivity, the most common approach has been to utilise modified electrodes. 38 This
has included using cytochrome 39 P450, carbon nanotubes (CNTs)40, -cyclodextrin
incorporated in polyaniline films with CNTs 41, Schiff base films42, carbon paste
electrodes

modified

with

methoxy-substituted

N-N’ethylene-

bis(salcylideneiminato)uranyl(VI) complexes and Pt disk electrodes modified with cobal thexacyanoferrate films. 43 However, the majority of these did not have the required
sensitivity or specificity for widespread applications. To achieve this specificity, the main
approach in recent work has been to incorporate either an aptamer or antibody specific or
to use an alternative working electrode for cocaine detection.

To allow for more specific and sensitive detection, highly selective sensing molecules,
such as short and single-stranded apatmers and antibodies have been incorporated into the

electrochemical sensor. Work by Bozokalfa et. al.16 reported on innovative approach of
combining the selective recognition elements with the well known advantages of
electrochemical sensor systems. These aptamers were immobilised by electrodepositing
thiophene macro-monomer bearing polypetitdes (PT-Pala) followed by conjugation of the
cocaine aptamer onto the PT-Pala film using the hetero-bifuncational cross-linker
illustrated in Figure 1. This was applied to the detection of cocaine and its metabolite,
benzoylecgonine (BE), which exhibited a linear correlation in the range from 2.5 up to 10
nM and 0.5 up to 50 M for cocaine and BE, respectively. Differential pulse voltammetry
(DPV) was utilised to monitor the recognition of the aptamer for the presence of cocaine
and BE. An immunoelectrochemical approach to this challenge was investigated by
Sengel et al.17

While the presence of BE would be extremely important in toxicology samples, street
samples of cocaine contain a wide variety of adulterants. A simple and robust batchinjection analysis system utilising square-wave voltammetry (BIA-SWV) was utilised as
a screening method for the electrochemical determination of cocaine and screening of the
most common adulterants.13 To achieve this, the BIA-SWV incorporated the use of a
boron-doped diamond (BDD) working electrode and using an acidic medium to monitor
the oxidation of cocaine at +2.1 V vs Ag/AgCl. The proposed mechanism for cocaine
oxidation in acidic medium is shown in Figure 2. This oxidation is was well separated
from the common adulterants, namely, paracetamol, phenacetin, procaine, benzocaine,
caffeine and lidocaine as shown in Figure 3. This figure shows the peak current of
cocaine remains relatively constant (RSD = 3.4%) after the addition of all adulterants
simultaneously. This highlights that even in the presence of small amounts of cocaine
(11% m/m) and high amounts of adulterants (89% m/m) cocaine can be easily detected
and discriminated from these adulterants. This illustrates the unique ability of
electrochemical sensors to provide a rapid and simple on-site screening of seized street
samples.

There are many other reports of the electrochemical detection of a range of drugs
including amphetamine type stimulants (ATS) 19,20 and cannabis as well as the ever
expanding field of novel psychoactive substances. 28-32 The market and number of such
substances has grown substantially as reported by the United Nations Office on Drugs and
Crime.11,12 Extending the capabilities of forensic electrochemistry to these NPS has been

addressed.44 The majority of these studies have addressed particular groups of NPS, such
as synthetic cannabinoids 29, to develop a portable electrochemical system for forensic
screening. These often develop from sensors based upon ATS which could be detected
electrochemically19,20 and discriminated against different members based upon their pKa
values at different pHs similar to other amine based compounds. 45,46 For example, the
chemiluminescence achieved from electrochemical oxidation was maximized at pH
values near the pKa of the N-terminal amine site.47 Similar results were obtained for
amphetamine type stimulants when electrochemically analysed in solution phase
approaches.48 The understanding of the ATS allowed for the extension of electrochemical
sensors to NPS such as benzylpiperazine 28, which achieved a limit of detection of 20 M.
This is well within the concentration range required since typical BZP tablets contain
between 50 and 200 mg. However, to be applied to toxicological samples, this system
would need to assess the resolution between BZP and the hydroxylated metabolites.

The analysis of both street samples and biological samples was addressed by Dronova et
al29 who examined the use of differential pulsed voltammetry as a pre-screening
procedure for confiscated street samples thought to contain synthetic cannabinoids. This
work developed from research focusing on the direct electrochemical detection of 9tetrahydrocannabinol (9-THC). 9-THC can be directly detected by monitoring the
anodic peak at 0 V vs Ag/AgCl on a glassy carbon electrode. 18,49,50 This research
presented for the first time a direct electrochemical oxidation sensor which could provide
meaningful voltammetric signatures for synthetic cannabinoids thus allowing the
detection of these NPS in seized materials and biological samples, as shown in Figure 4.
These results were also evaluated against standard techniques such as gas
chromatography mass spectrometry (GC MS) and liquid chromatography MS (LC MS)
demonstrating excellent agreement. However, the electrochemical sensor could not
provide unequivocally identification of the synthetic cannabinoid present. Therefore, this
sensor would only be utilised as a screening method in the field or as a laboratory
screening method for the preliminary quantification of common synthetic cannabinoids
found in street sample or biological samples prior to confirmatory analysis. Many
reported applications of electrochemical sensors into the field of biomedical diagnostics
also supports the promise that these sensors can be utilised in extremely complex matrices
such as those biological samples submitted to forensic laboratories. 51,52

A rapid screening method is highly desirable in the field of forensic drug analysis for both
the analysis of street and toxicological samples as well as to respond to the swift
evolution of NPS53 and the subsequent backlogs that develop within forensic laboratories
and from this review it is evident that electrochemical sensors can offer a unique
capability to address this challenge.

CONCLUDING REMARKS
Electrochemical sensors have been widely applied to forensic science applications
particularly in the field of drug analysis and detection utilising a wide range of platforms
to achieve the sensitivity and specificity required. Despite its obvious advantages,
electrochemical sensors still need to expand to screening for multiple drugs or illicit
substances as well as common adulterants and metabolites in order to provide a robust
and effective screening tool to the forensic community. The majority of these studies
primarily focus on one illicit substance or one family of illicit substances. However, to
truly be established as an effective tool for forensic science investigation a technique
which can be applied to more than one family of illicit substances is required.
Electrochemical sensors should be developed further to provide for high-throughput
analysis of street and toxicological samples to meet the requirements of the forensic
investigator. Therefore, research should be expanded to investigate the analysis of
metabolites particularly those from NPS. With this research, electrochemical sensors
would represent an extremely important investigative tool which would be translated to
both laboratory and on-site screening of illicit substances. Achieving this would also open
up potential avenues such as the application of electrochemical sensors to roadside dru g
testing. The continuing work within this field, illustrates the potential of electrochemical
sensors to address these forensic challenges.

LEGENDS
Figure 1: Schematic representation how the PT-Pala modified with cocaine aptamer allows
for cocaine detection. Reprinted from Ref [16] with permission of American Chemical
Society (2017).

Figure 2: (a) Schematic representation of BIA-SWV detection of cocaine and its common
adulterants. (b) Proposed mechanism for the electrochemical oxidation of cocaine in acid
medium. (c) BIA-SWV voltammograms obtained for solutions containing a fixed
concentration of cocaine (20 mgL-1) without (black line) and with the addition of increasing
concentrations of lidocaine, caffeine, phenacetin, and paracetamol (2 – 40 mg L-1). Reprinted
from Ref [13] with permission of Elsevier (2017).

Figure 3:

DPV response of herbal plant extract that did not contain any synthetic

cannabinoids (A); herbal plant material that contained two indazole-based synthetic
cannabinoids (B); one indole-, one indazole-based synthetic cannabinoids (C and D).
Potentials are recorded vs Ag/Ag+. Reprinted from Ref [29] with permission of American
Chemical Society (2017).
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