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The analysis of ‘cutting’ or additive agents in cocaine, like benzocaine (BZC), allows police analysts to
identify each component of the sample, thus obtaining information like the drugs’ provenience. This kind
of drug profiling is of great value in tackling drug trafficking. Electropolymerized molecularly imprinted
polymers (e-MIPs) on portable screen-printed carbon electrodes (SPCEs) were developed in this study for
BZC determination. The MIPs' electropolymerization was performed on a carbon surface using the anaes-
thetic BZC as the template molecule and 3-amino-4-hydroxybenzoic acid (3,4-AHBA) as the functional
monomer. The build-up of this biomimetic sensor was carefully characterized by cyclic voltammetry (CV)
and optimized. Cyclic voltammetric investigation demonstrated that BZC oxidation had a complex and
pH-dependent mechanism, but at pH 7.4 a single, well-defined oxidation feature was observed. The
BZC-MIP interactions were studied by computer-aided theoretical modeling by means of density func-
tional theory (DFT) calculations. The electroanalytical methodology was effectively applied to artificial
urine samples; BZC molecular recognition was achieved with a low limit of detection (LOD) of 2.9 nmol
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L~ employing square-wave voltammetry (SWV). The e-MIPs were then used to ‘fingerprint’ genuine
cocaine samples, assisted by principal component analysis (PCA), at the central forensic laboratory of the
Brazilian Federal Police (BFP) with a portable potentiostat. This electroanalysis provided proof-of-concept

rsc.li/analyst that the drugs could be voltammetrically ‘fingerprinted’ using e-MIPs supported by chemometric analysis.

ingredient.> Benzocaine (BZC, ethyl 4-aminobenzoate) is a
local anaesthetic that acts momentarily upon application,

1. Introduction

The analysis of ‘contaminants’ in drugs allows police experts
to establish a profile of seized products, creating a sort of ‘fin-
gerprint’ of each sample. This is of great importance for law
enforcement agencies, as it makes it possible to compare and
confirm that different samples have the same origin, allowing
experts to better tackle continental and world trafficking.
Significantly, some of the adulterants used to ‘volume boost’
narcotics are even more dangerous than the intended active
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ceasing the stimulation and conductivity of nerve receptors,
thus causing a loss of perception and relieving local pain
stimuli.** More specifically, BZC blocks sodium channels and,
consequently, reduces an action potential in cell membranes
to cause this lack of sensitivity.” BZC is one of the most widely
accepted short-duration topical anaesthetic drugs, is com-
monly used in dentistry, and applied through mucous mem-
branes.® It is also used as a topical pain reliever, and active
ingredient in sore throat medicines’ and in ear wax removing
remedies.® However, in recent years BZC has been increasingly
used as an adulterant during volume-boosting of street-cocaine
samples,”'? given its widespread availability as a white powder,
and its cocaine-like numbing of gums. It is also finding increas-
ing use as a functional additive in “legal highs” (i.e. commercial
products for human use with confirmed psychoactive effects),
such as the so-called ‘plant feeders’ or ‘bath salts’,"**>1%°

A literature survey demonstrated extremely few studies have
reported on the electroanalysis of BZC (Table 1),>"*™° in
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Table 1 Electroanalytical studies aimed at BZC determination
Electroanalytical technique Electrode LOD/pmol L™ LOQ/pmol L™ Matrix Ref.
SWv GCE-MIP 0.0029 0.0098 Artificial urine This work
SPCE-MIP 0.059 0.20 PBS, pH 7.4
Bromatometry Helical PtE — — HCl, pH 1 91
SWvV BDDE — — BRB, pH 1.6 84
Bromatometry PtE — — H,SO4, pH1 92
DPAdSV Nafion-GCE 0.0024 0.0080 BRB, pH 2 61
SWV Cap-b-MWCNT-BPPGE 2.5 — BRB, pH 1 93
p-CMCPE 4.3
DPV Miniaturized BDDE 0.08 — BRB, pH 4 13
SWV 0.1
Amperometry CPE 0.19 — BRB, pH 4 94
SWv Graphite — — HCL, pH 1 64
SWV GCE, Pt — — PBS, pH 6.8 95
(9% GCE, Pt, Au — — PBS, pH 4 and pH 8 96
SWV TiO,-GO/CPE 0.25 0.83 BRB, pH 2 14
Polarography DME 5.6 1.8 PBS, pH 4 3
Amperometry SPCE 0.030 0.091 PBS, pH 7 15
Amperometry GCE 0.06 0.30 ABS, pH 4.8 97
cv PT/GCE/Nf 0.50 _— PBS, pH 7 98
DPV 0.05

ABS - acetate buffer solution; BDDE - boron-doped diamond electrode; BRB - Britton-Robinson buffer; cap-b-MWCNT-BPPGE - capsaicin
modified bamboo-like multiwalled carbon nanotube modified basal plane pyrolytic graphite electrode; CPE - carbon paste electrode; CV - cyclic
voltammetry; DME - dropping mercury electrode; DPAdSV - differential pulse adsorptive stripping voltammetry; DPV - differential pulse
voltammetry; Nf — nafion; p-CMCPE: p-chloranil modified carbon paste electrode; PBS - phosphate buffer solution; PT - polythiophene; PtE —
platinum electrode; TiO,-GO/CPE - titanium dioxide - graphene oxide/carbon paste electrode.

various types of samples. There is only one report on molecu-
larly imprinted polymers (MIPs) for BZC quantification: Sun
et al. developed molecularly imprinted microspheres via
aqueous-suspension polymerization with methacrylic acid as
the functional monomer. The microspheres were then used in
a molecularly imprinted solid-phase extraction system to
extract BZC in human serum and fish tissue, prior to BZC ana-
lysis and quantification by high-performance liquid chromato-
graphy with UV spectrophotometric detection (HPLC-UV).'®
This means that, to the best of the authors‘ knowledge, so far
electropolymerized MIPs (e-MIPs) have not been developed for
BZC detection and quantification.

MIPs have been used for a wide range of purposes and
applications, from targeted drug delivery through to aiding
chromatographic separations, purifications, and various
means of sensing.”'”>* Amongst the various synthetic routes
for preparing MIPs, the synthetic electrochemical approach
has emerged as advantageous due to the simplicity of prepa-
ration protocols, pronounced sensitivity, reproducibility of the
molecularly-imprinted film, facile application, rapid analysis,
low-cost, and resulting chemical and mechanical
stability.***?°">” Typically, an electropolymerized MIP (or
e-MIP) is produced on the electrode surface by electropolymeri-
zation of functional monomer(s) in the presence of a template
molecule; the latter is typically the desired analyte.”>*® Upon
the formation of the polymer/template composite layer, the
template is removed, and the resulting 3D architecture con-
sists of a polymer with distributed pores which are comp-
lementary in size and shape to the analyte molecules. Such
pores are prone to hosting and pre-concentrating the analyte,
by chemical bonding or adsorption.’® Analytes pre-concen-

1748 | Analyst, 2021,146,1747-1759

trated this way can be detected and quantified via various
electrochemical techniques, such as cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) or square-wave
voltammetry (SWV).>"?°7*® Research on e-MIPs has been
fertile, these last years have seen improvements like the use of
nanomaterials,>**® recurring to computational studies to
better understand polymerization and e-MIP-analyte
interactions,>***?° the use of epitopes (a similar concept to
dummy-MIP) for large molecules®” and bacteria,*® among
other interesting developments.>®?9*!

Police laboratories around the world mostly use chromato-
graphic methodologies with various detectors for precise
identification of BZC;**** spectrophotometric methodologies
are used for an in situ approach, often using Raman®* or
Infrared® spectroscopy. In this work, the authors have devel-
oped an e-MIP sensing strategy based on the electropolymeri-
zation of 3-amino-4-hydroxybenzoic acid (3,4-AHBA) on a
carbon surface in the presence of the BZC template. The goal
was to demonstrate the proof-of-concept of applying an electro-
analytical methodology - with its advantages of simplicity,
low-cost, portability, and sensitivity - to identify BZC in bio-
logical fluids like urine and illicit samples. The latter is of
extreme importance to support police forces gathering valu-
able data, such as seized drugs’ provenance. This identifi-
cation helps identify cocaine routes, which is essential to coor-
dinate intergovernmental response. For example, most cocaine
arriving in Brazil is produced in Colombia, Peru and Bolivia,*®
often passes through the Paraguayan border, then goes to
North-American and European markets."”” While the e-MIP
platform was successful for the selective quantification of BZC
in synthetic urine, more complex results were obtained when

This journal is © The Royal Society of Chemistry 2021
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analyzing genuine cocaine samples seized by the Brazilian
Federal Police (BFP). The platform resolved multiple voltam-
metric features that addressed multiple adulterants and con-
taminants; when combined with principle component analysis
(PCA) the e-MIP platform was able to discriminate various
cocaine-based street samples swiftly. This is the first known
application of voltammetry and MIPs in the discrimination
analysis of genuine narcotics.

2. Materials and methods
2.1. Chemicals

All commercial reagents were of analytical grade and were
used without further purification. All aqueous solutions were
prepared using ultrapure water with resistivity not less than
18.2 MQ cm at 298 K. The functional monomer 3,4-AHBA and
BZC (ethyl 4-aminobenzoate) were purchased from Sigma
Aldrich (St. Louis, USA). Sulfuric acid (H,SO,), sodium hydrox-
ide, and chloroform were purchased from CAQ (Diadema,
Brazil). Phosphate buffer solution (PBS), pH value of 7.4, was
prepared with disodium hydrogen phosphate heptahydrate
(Na,HPO,-7H,0) and sodium dihydrogen phosphate monohy-
drate (NaH,PO,-H,0), both purchased from Neon Commercial
(Sao Paulo, Brazil). The universal buffer solution consisted of
(0.04 mol L™ of CH;COOH, 0.06 mol L™' of H;PO,, and
0.04 mol L™" of H3BO;). The precise composition of the syn-
thetic urine was as follows: 976 mL of 0.02 mol L™" hydro-
chloric acid solution (HCI), 1.9 mL of 0.25 mol L™ ammonia
solution (NHj3), 14.1 g of sodium chloride (NaCl), 2.8 g of pot-
assium chloride (KCl), 17.3 g of urea (CH4N,O), 0.6 g of
calcium chloride (CaCl,), and 0.43 g of magnesium sulphate
(MgSO,).

2.2. Equipment

CV, SWV, and EIS were performed using a AUT86702 system
operated by the software Nova v2.1.4 (Metrohm, Herisau,
Switzerland). A portable PalmSens4 system operated by the
software PSTrace 5.7 (PalmSensBV, Houten, Netherlands) was
used in the BFP location. The electrochemical system com-
prised of 3 mm diameter glassy carbon working electrode
(GCE), graphite rod counter electrode, and a silver/silver chlor-
ide reference electrode (Ag|AgCl) in a saturated KCl solution,
all from Metrohm. Screen-printed carbon electrodes (SPCE,
DropSens, DRP-110) with carbon working (d = 4.0 mm) and
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auxiliary electrodes and a silver (Ag) pseudo-reference elec-
trode were used.

A scanning electron microscope (SEM, Model JEOL
JSM-7401F, Japan) was employed to observe the surface struc-
ture of the MIP film on the SPCE. The SEM micrographs of the
MIP film before and after use and the blank SPCE were
observed at a magnification of 10000%x. The acceleration
voltage was 2 kV, working distance was kept at 8.0 mm, the
sample chamber pressure was 9.53 x 10~° Pa.

2.3. Preparation of the electropolymerized MIP

Before the electropolymerization, the electrode was electro-
cleaned in 0.5 mol L™" aqueous sulfuric acid by running 10 CV
cycles from the lower vertex potential of 0 V to the upper vertex
potential of +1.5 V vs. Ag|AgCl, with a scan rate of 100 mV s~
The electrocleaning curves are presented in Fig. S1 in the ESL}

The e-MIP development process is demonstrated visually in
Fig. 1. The electropolymerization in the monomer/analyte solu-
tion was performed by running 10 CV cycles in the potential
range from 0 to +1.5 V (Fig. S2 in the ESI}). The solution was
prepared by the dissolution of 3,4-AHBA in PBS at room temp-
erature, followed by heat-assisted (65 °C) dissolution of BZC.
The ratios between monomer and analyte in solutions were
1:3,1:4,1:5,1:6, and 1:7, respectively, while the concen-
tration of the functional monomer was kept at 0.5 mmol L™".
The non-imprinted polymer (NIP) sensor was prepared using
the same polymerization conditions however without the tem-
plate molecule. To remove the BZC after electropolymerization,
the electrodes were subjected to 10 CV cycles in the potential
range from —0.5 to +1.5 V in PBS with a scan rate of 200 mV
s~ (Fig. S3 in the ESIY).

2.4. Electrochemical SWV measurements

Electrochemical measurements were performed by SWV after
electrode incubation for 30 minutes at ambient temperature in
10 mL of BZC solutions of different concentrations. The sup-
porting electrolyte was 0.04 mol L™" PBS. SWV was performed
in the potential range from +0.5 to +1.5 V, at a frequency of 25
Hz, pulse amplitude of 20 mV, and step potential of 2.5 mV.
The functionality of the fabricated MIP sensor was
additionally investigated by performing tests on synthetic
human urine samples spiked with BZC (0.010-0.50 pmol L™).
Incubation was performed in urine samples diluted with PBS
in the ratio of 1:10 for 30 minutes, followed by SWV detection

3,4-AHBA
/ non-binding interferent

. BzC \'

e . e '
A v » e © l e-MIP '
A / ¢
A Avy >
[ e | I | | | —» | | —» | |
SPCE template removal incubation

electropolymerization

Fig. 1 Schematics of the e-MIP development, adapted from literature.2®

This journal is © The Royal Society of Chemistry 2021
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of BZC. Recovery tests were performed on solutions with BZC
concentrations of 0.02, 0.25, and 0.5 pmol L™'. Cocaine
samples were diluted in PBS before analysis, no other sample
pre-treatment was required.

All measurements were performed at room temperature (ca.
25 °C).

2.5. Cocaine samples

Samples in the BFP were analyzed as follows: infrared spec-
troscopy (FTIR/ATR - Nicolet iS10 model, equipped with a
SMART iTR accessory) and classical spot tests were used to
establish the cocaine form (base or hydrochloride salt).
Quantification analyses were carried out in an Agilent
Technologies 6890N gas chromatograph with a flame ioniza-
tion detector, using an Agilent Technologies 7683B Series auto-
sampler. The chromatographic conditions were: injection
volume: 1.0 pL; split ratio 50:1; column: RXi-1MS Methyl
Siloxane, 25 m x 200 pm (i.d.) x 0.33 pm film thickness; oven
temperature program: 150 °C for 2 min, 40 °C min™" to 315 °C
for 4.5 min; injection port temperature: 280 °C; FID tempera-
ture: 320 °C; carrier gas flow rate: 1.0 mL min~" (helium). The
major components cocaine, cis- and trans-cinnamoylcocaine
and pharmaceutical cutting agents/adulterants (BZC, phenace-
tin, caffeine, lidocaine, levamisole, hydroxyzine, procaine, and
diltiazem) were quantified using a GC-FID method.*®

The data set was composed of 7 seized samples of cocaine
hydrochloride and freebase originated from seizures per-
formed by the BFP in different parts of Brazil in 2014. All
samples were sent to the Forensic Chemistry Lab at the
National Institute of Criminalistics in Brasilia, to be analysed
in the context of the PeQui Project.”® The samples’ compo-
sition is shown in Table S1 in the ESL.}

2.6. Theoretical simulation

Monte Carlo simulation was performed using the DICE
program.®® Initial parametrization of the BZC and 3,4-AHBA
molecules was made with the use of the LigParGen web
server,”’* and dihedral non-bonded interactions were later
reparametrized according to the potential energy curves of a
rigid scan of their rotations obtained by DFT single-point cal-
culations, at the B3LYP***°/6-31G(d,p)*>*” level of theory and
D3(BJ) dispersion correction,”®*® as implemented in the
Gaussian’09 suite.®

2.7. Chemometric analysis

Chemometrical analyses were performed using unsupervised
methods, called principal component analysis (PCA). It was
performed using Statistica 13.0 (Dell, USA) software. To
achieve an analysis in which all the information from the SWV
(current values from each voltammogram obtained in the ana-
lysis of each of the contaminant standards) was used. PCA was
the character not to discard any samples or features (variables,
the current values for the voltammogram). Instead, it reduces
the overwhelming number of dimensions by constructing prin-
cipal components (PCs). PCs describe variation and account
for the varied influences of the original characteristics, the
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projection of the PC’s necessary information. Such results, or
loadings, can be traced back from the PCA plot to determine
what produces the differences among clusters. Additionally,
the Score Plot displays a plot of this projection in the PCs.
Using this plot is possible to assign and compare the relative
contributions between sample groups.

3. Results and discussion
3.1. Electrochemical oxidation of BZC

It has been known for more than a decade that BZC is electro-
chemically active;®' however, there is limited information in
the literature concerning its electrochemical oxidation mecha-
nism. Chemical oxidation of BZC has previously been reported
to result in a radical cation via single electron oxidation at the
aniline-like group, R-NH,; under acidic conditions nucleophi-
lic attack by an un-oxidized BZC, followed by proton loss,
resulted in the ortho-dibenzocaine dimer,** whereas under
alkaline conditions subsequent oxidation and attack by OH™
was suggested to result in conversion of R-NH, to R-NO,.
Direct electrochemical oxidation of BZC at poly-hematoxylin
films at pH 12.2 was also suggested to convert R-NH, to
R-NO,, followed by electrochemical destruction >2 V,%
whereas oxidation at graphite of solid particles of BZC resulted
in quasi-reversible voltammetry at pH 2, suggested to be one-
electron oxidation to the radical cation at R-NH,.®* Therefore,
an initial study of BZC’s voltammetric behaviour was con-
ducted, using a GCE in a standard electrochemical cell.

An initial study of 100 pmol L™" BZC in PBS (pH 7.4, Fig. S4
in the ESIT) demonstrated one pronounced oxidation peak; no
corresponding reduction feature was observed over the range
of investigated scan rates (from 10 to 200 mV s™'). The peak
currents (i,) were proportional to the square root of the scan
rate, suggesting a diffusion-controlled process,®” with i, (in pA)
= (5.3 + 0.3°° (in V*® s7%) — (0.25 + 0.06), r* = 0.993 (inlay of
Fig. S4 in the ESI}).*> Moreover, the slope of the logarithm of
the scan rate vs. the logarithm of peak current (0.43) is close to
0.5, which is expected for diffusion-limited systems.®®°®

Next, the voltammetric oxidation of BZC was investigated in
the pH range 1.0-12.0, using a universal buffer solution as
supporting electrolyte (Fig. S5 in the ESIT). As can be observed
in Fig. S5, the single oxidation feature at pH 7 separated into
two distinct oxidation processes from pH < 5, whereas pH >
11 a secondary, very significant oxidation process appeared.
The latter observation is consistently with the reported electro-
chemical destruction of BZC at pH 12.2,°® whereas the former
is consistent with more stable radical cation intermediates
being reported pH < 7.°*%* Oxidation to a radical cation, fol-
lowed by secondary oxidation of a dibenzocaine dimer®* at a
higher potential is consistent with these observations.
Conversely, the oxidation of R-NH, to R-NO, is also multistep
process, passing through R-NHOH and R-NO intermediates,®?
and this could explain the two features observed at pH < 5.
While further detailed analysis is required to identify the
precise mechanism(s), the single oxidation peak observed at

This journal is © The Royal Society of Chemistry 2021
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pH 7.4 PBS in Fig. S47 is suggested to correspond to an
overlap of a number of distinct electrochemical and chemical
processes. Nevertheless, since oxidation of BZC in PBS at
50 mV s~ resulted in a well-defined, single oxidation peak,
these conditions were taken forward for the direct electro-
analytical quantification of BZC.

3.2. Development of the e-MIP

The electropolymerization process to make a BZC-templated
MIP was then performed by running multiple CVs cycles in an
optimized solution containing 3,4-AHBA and BZC (Fig. S21), as
monomer and template, respectively. The absence of the
reduction peak in the reverse scan shows that the process is
irreversible. Furthermore, a significant drop of current corres-
ponding to the main oxidation peak (peak potential at ca.
+0.99 V) was observed during the second scanning cycle,
suggesting considerable efficiency of the polymerization
process, and pronounced surface coverage. The current
reduction trend continues with the number of cycles, and con-
verged to zero, meaning that the surface was fully saturated
with a non-conductive polymer film. BZC was also likely com-
pletely oxidized during the electropolymerization process;
however, while scanning in the presence of BZC alone could
not form a MIP, the presence of 3,4-AHBA did result in a BZC-
selective MIP after template removal (as shown later). The pro-
cedure for the template removal from the MIP was performed
by running multiple CV scans in PBS with subsequent SWV
measurement to ensure that no BZC remained within the
molecularly imprinted cavities (¢f. Fig. S7 in the ESIf). The
electrochemical removal of the template is, in general, faster
than solvent elution, that may take several hours.*

12
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The overall process of the MIP sensor development was
studied by way of CV (Fig. 2A) and EIS (Fig. 2B) after each fabri-
cation step, using 2.0 mmol L™ [(Fe(CN),)]*~ and 0.1 mol L™*
KCI solution as the test solution. The expected reversible vol-
tammetric features of [(Fe(CN)y)]> (ref. 65) were observed at
the bare GCE. However, upon the formation of BZC-templated
3,4-AHBA-derived polymer layer (or MIP) on the GCE’s surface,
the current significantly decreased and the redox processes
were completely removed. However, a non-imprinted polymer
(NIP) layer achieved by polymerizing 3,4-AHBA in the absence
of BZC retained much of the [(Fe(CN)y)]’~ voltammetric fea-
tures. Therefore, the NIP was non-electroactive whereas the
MIP was completely insulating; it is not clear to authors why
this occurs but one of the reasons may be the considerably
lower thickness of NIP compared to MIP (as it will be showed
subsequently); the presence of BZC therefore assists in the
goal of forming a MIP, namely, to make it insulating relative to
all molecules except the template. The potential non-innocent
role of BZC in the film formation (e.g. beyond templating) does
require further, more detailed investigation. Then, when incu-
bating the MIP with 100 pmol L™ BZC and scanning >+0.6 V
resulted in the oxidation of BZC, indicating the MIP was suc-
cessfully excluding non-specific molecules like [(Fe(CN)e)]*,
but displayed the desired voltammetric response to BZC. In
the EIS analysis, the bare GCE displayed the expected lowest re-
sistance when compared to the MIP after polymerization, after
the template removal and after incubation.

The sensor fabrication protocol was subjected to a systema-
tic optimization of its experimental variables, namely template
concentration, number of the CV cycles, applied scan rate
during the electropolymerization, and incubation time (Fig. S8
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Fig. 2 Monitoring of the sensor fabrication protocol: (A) CVs from —0.2 to +0.6 V at a scan rate of 10 mV s~* using 2.0 mmol L™ of [(Fe(CN)e)I*~ in
0.1 mol L™ KCl in PBS: bare GCE, GCE-MIP after electropolymerization, GCE-MIP after template removal by the means of multicycle CV, GCE-MIP
after incubation with 100 pmol L™ BZC buffer solution, GCE-NIP, and GCE-NIP after “incubation” with 100 pmol L™ BZC buffer solution. (B) EIS
measurements were performed at the fixed potential of +0.14 V, in the frequency range of 0.1 MHz to 0.1 Hz and AC amplitude of 20 mV, using the
probe solution consisting of 5.0 mmol L™ of [(Fe(CN)e)I*~ in 0.5 mol L™ KCl in water: bare GCE, GCE-MIP after electropolymerization, GCE-MIP
after template removal by the means of multicycle CV, GCE-MIP after incubation with 50 pmol L™ BZC buffer solution.
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in the ESIT). The main criteria to pick the optimal conditions
were the peak current’s intensity obtained during the sensor
testing by means of SWV after incubation with 30 pmol L™
BZC in buffer, along with the resolution of the obtained
signal. Initially, a template/functional monomer ratio study
was performed, which showed the best signal was achieved by
a high ratio of BZC, the 3,4-AHBA/BZC ratio of 1:6 was the
optimum of all tested; 1: 6 ratio was a considerably better than
1:5 and 1:7, and much better than 1:3 and 1:4. Similarly, a
scan rate study showed that the optimal value was achieved in
a very narrow range, with the best peak current value obtained
for the sensor electropolymerized being 10 cycles at 50 mV s™*
(other scan rates tested were 10, 25, 75 and 100 mV s ). The
study on the number of cycles for electropolymerization
demonstrated one of the main benefits of the proposed
method, i.e. a drastic reduction of the average fabrication time
in comparison to bulk or precipitation polymerization. As
expected, the increase in the number of the cycles led to a sig-
nificant increase in the peak currents up to 20 cycles (follow-
ing the testing of 5 and 10 cycles), but a diminishing signal
was observed after 20 cycles. For the sake of the experiment’s
overall time reduction, further analyses were performed only
with 10 electropolymerization cycles, considering the already
considerable high values of peak current obtained by 10 scans.
Finally, an incubation time study was performed, which
showed an exponential rise of the peak currents during incu-
bation times from 5 to 15 minutes before reaching a signal sat-
uration between 15- and 30-minute incubation time.

3.3. Theoretical studies

To further rationalize the e-MIP’s interaction with the target
molecules and interferents, a combined Monte Carlo-
Quantum Chemistry protocol for a realistic simulation of the
e-MIP’s synthesis was also developed. Taking as an initial
premise the widely assumed hypothesis that the molecular
imprinting process is driven by the formation of the pre-
polymerization complex between the analyte and the building
monomers in solution,”®”? the analyte-monomer interaction
between the BZC and the 3,4-AHBA was simulated in a water
solution with a Monte Carlo methodology. This method allows
one to take advantage of the ergodic character of equilibrium
systems to survey the conformational space of the pre-polymer-
ization complex, sampling not only the most likely confor-
mation, but also relative populations of different conformers
which may have a significant role in the total ability of the 3,4-
AHBA polymer to selectively bind to BZC molecules, as well as
its relative behaviour to the interferents. It was later tested the
most stable of the obtained cavities against the procaine mole-
cule, the second-best binder to the polymer.

The production simulation consisted of 585000 steps run
in an isothermic-isobaric ensemble, often called a NPT (con-
stant Number of atoms, pressure and temperature) ensemble,
after a 230 000 steps thermalization. The first 30 000 thermaliz-
ation steps were made with rigid molecules, while in the sub-
sequent 800000 steps only the water molecules were kept
rigid. It was later considered the last 385000 steps for the

1752 | Analyst, 2021, 146, 1747-1759

View Article Online

Analyst

survey of the pre-polymerization process. A box simulating the
polymer-water interface, with the BZC molecule at the frontier
between the systems - representing the interaction of the
molecule with polymer cavities which would not entrap it after
polymerization - was built using 1 BZC molecule, 489 3,4-
AHBA molecules and 5079 water molecules. Configurations
containing the first solvation shell were extracted from a total
of 7700 configurations - one for each 50 simulation steps. It
was observed that the first solvation shell contained a
maximum of 6 3,4-AHBA monomers interacting directly with
the BZC molecule, and from the total of 7700 configurations
this was the case for 935 configurations. These were then
chosen for a clustering analysis according to a hierarchical
clustering method based on the unweighted pair group
method with arithmetic mean (UPGMA),”* from which we
obtained a total of 31 configurations clustered by a distance of
7.5 Angstroms in a distance matrix of the root-mean-square
deviation (RMSD) of the atomic coordinates (all coordinates
obtained are displayed as ESIt).

These 31 cavities had their geometry optimized using
Grimme’s GFN2-xTB method.”® This and all subsequent calcu-
lations were performed with the ORCA 4.0 package’®’” and
the SMD implicit solvent model, with water as solvent.”® The
total RMSD difference of the resulting cavities was then ana-
lysed and 10 cavities, within a maximum RMSD of 5.3
Angstroms from one another were finally chosen for a higher-
level optimization and bond energy evaluation at the BP86”°/
def2-SVP® level of theory and RI approximation®"®** and D3
(B]) dispersion. All of them had their minimum stationary
points confirmed by frequency calculations (zero imaginary
frequencies), which also provided the thermal corrections
needed for the evaluation of their enthalpies. The real preva-
lence of these 10 cavities in the polymer was evaluated accord-
ing to their formation energies, that is, the difference between
the final enthalpy of the complex between BZC and six 3,4-
AHBA monomers and the sum of the enthalpies of the same
molecules as obtained by a relaxed optimization at the same
level of theory. Only 2 of those cavities were found to have sig-
nificant Boltzmann populations, being within a 1 kcal mol™
difference from one another regarding their formation
enthalpy in the presence of the BZC molecule. Those 2 cavities
were finally tested against the procaine molecule by a relaxed
optimization and the same level of theory. The images were
produced with the VMD program® and the results are shown
in Fig. S9 in the ESIT and Fig. 3. Fig. S91 displays the 8 cavities
that were not tested against the procaine molecule, to increase
the formation energy, while Fig. 3 displays the two most stable
cavities along with their procaine-bound counterparts. The
most stable cavity, J-B (Fig. 3) has formation energy of
111.6 keal mol ™, and is 0.7 kecal mol™" stabler than cavity I-B.
One would expect from these energy differences that cavity I
would have less than a third of the cavity J population, and
cavity J would dominate selectivity. One may observe that four
types of interactions are present in the cavities: hydrogen
bonding between the 3,4-AHBA monomers, hydrogen bonding
between the monomers and the BZC’s amine group n—x stack-
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Fig. 3 Top left: second most stable cavity formed around BZC; top right: when BZC is substituted by procaine; bottom left: most stable of all cav-
ities formed around BZC; bottom right: when BZC is substituted by procaine (energies in kcal mol™). B stands for BZC and P stands for procaine.

ing between the monomers and the monomers and the BZC
molecule. Formation enthalpy initially increases as the
number of hydrogen bonds between the monomers increase.
Cavities A-D show an increasing packing of the monomers
around the BZC molecule along with the formation of multiple
hydrogen bonds between 3,4-AHBA’s hydroxyl, carboxyl and
amine groups, leading to progressively increasing stability. As
one may see, the most stable cavities in Fig. S9,T cavities F-H,
show a common feature: two hydrogen bonds between the
monomers’ and BZC’s amine groups, and the alignment
between the BZC’s and 3,4-AHBA’s aromatic systems, resulting
in n-n stacking. In Fig. 3, the two most stable cavities differ in
two aspects. Cavity J, the most stable, has three BZC-monomer
hydrogen bonds, and BZC is part of a three-layer stacking with
two other monomers, instead of just one as in cavity I. One
may observe that the cavity J offers only slightly more stability
to the procaine molecule than to the BZC, in agreement with
the experimental trends. The procaine molecule shows a much
larger affinity for the less abundant I cavity, which is less rigid
and allows for better accommodation of the procaine’s aro-
matic system, which must be distorted in the J cavity. One
should further take notice of the cavities’ structural integrity.
All the main interactions between monomers and the pro-
caine’s primary amine and aromatic groups and the mono-
mers are maintained even with a thoroughly relaxed optimiz-
ation with both BZC and procaine, strongly suggesting the cav-
ities are real structural minima of the pre-polymerization
complex.

According to theoretical simulation the driving force
behind the MIP’s selectivity appears then to be an arrange-
ment of 3,4-AHBA monomers, bound between themselves by
strong hydrogen bonds and also by n-n stacking, in such a

This journal is © The Royal Society of Chemistry 2021

manner that two interactions with BZC are maximized: hydro-
gen bonds to its amine group, and stacking with its aromatic
system, which extends to the ester group. The best and most
abundant cavity in these conditions would be J, which is
slightly selective to procaine - procaine being 0.4 kcal mol™*
more stable in the cavity than BZC. Secondary cavities such as
I, which have only two aromatic systems stacked and two
hydrogen bonds with the amine group, have even stronger
selectivity towards procaine, but much smaller populations in
the pre-polymerization complex, and close selectivity to both
BZC and procaine by the MIP as a whole will be dominated by
energy differences in the dominant J cavity (Fig. 3). The com-
bined Monte Carlo-Quantum Chemistry protocol is shown to
be capable of accounting for the diversity of phenomena in the
realistic MIP formation environment, and as such, for the
rational design of MIPs for other targets, which are under
investigation.

3.4. Analytical application

Having understood the MIP selectivity a bit more, the opti-
mized GCE-MIP sensor was then tested for the electro-
analytical quantification of BZC. This GCE-MIP sensor gave a
linear response up to 100 pmol L™ BZC, although there was
some background noise when the measurements were in the
nA level, the calibration curve had the following analytical
parameters: r* of 0.9991, 7, (uA) = (192 = 3) [BZC] (nmol L™') +
(2.8 £ 0.2), and coefficient of variation of 7.9% (Fig. 4). The
slope of the calibration curve was around 100 times large than
the corresponding NIP: i, (uA) = (2.0 + 0.2) [BZC] (nmol L™') +
(0.01 + 0.01). Additionally, the developed GCE-MIP sensors
were subjected to repeatability and reproducibility studies,
both were based on deviations in peak current, by dividing the
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to +1.5 V, at a frequency of 25 Hz, pulse amplitude of 20 mV and step
potential of 2.5 mV, baseline correction with moving average level 2).
Inlay: the corresponding calibration curve and the calibration curve for
the NIP.
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standard deviation by the average. A repeatability value of 5%
was obtained by intra-day analysis (7 = 5) of a 100 pmol L™*
BZC solution using the same sensor. A reproducibility value of
9% was determined by inter-day measurements (n = 5) of a
100 pmol L™ BZC solution, each time by using a newly fabri-
cated GCE-MIP device. In both cases the incubation time was
limited to 20 minutes. The e-MIP appears to deteriorate over-
night if kept in a desiccator. Thus, stability would be an impor-
tant issue to tackle when making the technology transfer from
the central police laboratory to other location, like airport
customs or international borders.

The selectivity of the optimized GCE-MIP device was then
investigated, comparing BZC to seven structurally similar
heterocyclic compounds, namely caffeine, phenacetin, levami-
sole, lidocaine, aminopyrine, procaine and hydroxyzine. It is
worth mentioning that some of these compounds are also
commonly used as the “cutting” additives in street-distributed
drug samples, like BZC. For this purpose, 30 pmol L™" solu-
tions of each analyte in PBS were used, while the incubation
time was kept at 45 minutes. This study’s obtained results are
presented in Table 2, including the so-called selectivity factor
(o), which was calculated by dividing the BZC peak current by
the interferent’s peak current. Firstly, it can be observed that
the peak potentials corresponding to the possible interferents
vary when compared to the BZC peak potential. Additionally,
based on a, only hydroxyzine and procaine could significantly

Table 2 Selectivity experiments, all compounds were analysed with a concentration of 30 pmol L™*

Compound Structure Peak potential/V Peak current/pA a
Hydroxyzine ‘ 0.83 +0.03 0.67 £ 0.02 0.94
<A S
cl K/N\/\o/\/OH
Procaine o ( 0.89 +0.03 0.67 £ 0.02 0.94
e
HyN
BZC o 0.96 + 0.03 0.63 £ 0.02 1.0
/@AO/\
HoN
Aminopyrine | o 0.94 + 0.03 0.48 + 0.02 1.3
_N
R
N
\
Lidocaine n 0.87 + 0.03 0.23 £ 0.02 2.7
o K
Levamisole <\N/> ' 0.92 +0.03 0.21 + 0.02 3.0
S/,QN
Phenacetin ) /©/°v 0.84 + 0.03 0.19 + 0.02 3.3
Ay
H
Caffeine o / 0.97 + 0.03 0.07 £ 0.02 9
\N N
AL
o r|4 N
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compromise BZC analysis and yield a positive result. However,
taking into consideration that their peak potentials are shifted
towards different potentials than BZC, one should be able to
differentiate their signal from a pure BZC signal. The similar
affinity for BZC and hydroxyzine compounds is related to the
main driving forces in the formation of the pre-polymerization
complex: hydrogen bonding to the BZC’s amine group and n-n
stacking between BZC’s aromatic system and the 3,4-AHBA
monomers. In fact, hydroxyzine is the compound with the
largest affinity for the polymer, and it has a chlorine replacing
the amine group playing a double role: while it is able to also
accept hydrogen bonds from the polymer, it is also able to
direct electron density towards the aromatic system, contribut-
ing to its interaction with the stacked monomers. On the other
hand, the aminopyrine molecule is the fourth with the largest
affinity, just below BZC itself. It has no group analogue to
BZC’s amine but features a pyrazolone attached to the benzene
ring that is able to interact with it by hyperconjugation, main-
taining a planarity similar to the carboxyl-benzene system in
BZC and thus also allowing for n—n stacking with the 3,4-AHBA
monomers. It is interesting to note, and even analytically
exploitable, that the compounds peaks’ potentials are different
with the GCE-MIP that those obtained with a bare SPCE * or a
boron-doped diamond electrode (BDDE).** In particular, with
the GCE-MIP it seems more possible to distinguish BZC (+0.92
V) from procaine (+0.97 V), whereas with the BDDE both had a
peak potential of +1.1 V, and with the bare SPCE both had a
peak potential of +0.9 V. Additionally, with the GCE-MIP lido-
caine has a peak potential of +0.87, which with the SPCE
would be difficult to differentiate.

The optimized GCE-MIP sensor was applied in the detec-
tion of BZC in spiked synthetic urine samples, with a concen-
tration range from 0.010 to 0.50 pmol L~' (Fig. S10 in the
ESIt), resulting in an excellent linear relationship between
BZC concentration and current, with 7> of 0.997. The analysis
of BZC in urine can be of clinical relevance, including in cases
of cocaine consumption.®” The limit of detection (LOD) and
limit of quantification (LOQ) were calculated as three and ten
times the standard deviation of the intercept/slope, respect-
ively, giving a LOD of 2.9 nmol L™" and LOQ of 9.8 nmol L™".
To the best of the authors’ knowledge this is the one of the
lowest LODs reported for the electroanalytical quantification of
BZC so far, only a work by Reddy and co-workers achieved the
detection of a slightly lower concentration,®® as shown com-
paratively in Table 1.

Subsequently, to develop a portable e-MIP sensing platform
for use in the swift profiling of drugs in the BFP’s laboratory,
the GCE was replaced with disposable screen-printed carbon
electrodes (SPCE). The optimized conditions were then
employed to form the MIP on the surface of these SPCE, which
yielded similar voltammetric responses as observed on the
GCE. The surface of the sensor was further characterized by
scanning electron microscopy (SEM) (Fig. 5). Given the
inherent roughness of the bare SPCE there were no observable
differences between the MIP, NIP and the bare SPCE. This
suggests that the formed polymeric film is very thin, which is
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Fig. 5 SEM micrographs of SPCE with and without MIP film.

consistent with the calculated film thicknesses of 77 + 3 nm
for the MIP and 33 + 3 nm for the NIP. These film thicknesses
were estimated according to the following equation:®®%”

_aM
~ pAnF

where g is the charge (in C) associated with the polymeriz-
ation, M is 3,4-AHBA molecular weight (153.14 g mol™"), p is
the polymer density (a value of 1.65 g cm ™ was assumed, i.e.
slightly higher than the monomer’s density), A is the electrode
geometric area (0.11 c¢m?), n is the number of electrons
involved in the electropolymerization per monomer (here n =1
(ref. 88)) and F is the Faraday constant. The charge (in C) was
calculated by dividing the sum of the peak areas (A V) of each
scan of the electropolymerization (Fig. S11 in the ESI}) by the
scan rate (V s™1).

The SCPE-MIPs were next employed for analysis of 7 seized
“cocaine” samples. These samples were known to include
different quantities of BZC and cocaine (both from almost
none to above 50% m m™" concentrations), as well as several
interferences used in the selectivity studies, such as phenace-
tin, caffeine, aminopyrine and lidocaine, and a range of
unknown components (Table S1 in ESIt). SWV profiling of the
7 samples was achieved with the SPCE-MIPs using the samples
dissolved in PBS (15 mg L™"). As can be seen in Fig. 6, each of
the seven samples produced numerous distinguishable vol-
tammetric signals; these numerous features prevented the vol-
tammetric quantification of BZC or cocaine, though both their
signal was detected. However, voltammetric fingerprinting of
the various interferences indicated these were present in the
SWV using the e-MIP.

Since the voltammetric information was a lot of data to be
interpreted, PCA was used to evaluate the possibility, as a
proof-of-concept, of discriminating the know contaminants in
the cocaine samples. Hence, all the current values of the SWV
recorded were used in this discrimination procedure. To
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Fig. 6 Electrochemical profile of the samples acquired by the BFP
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Fig. 7 PCA score plot obtained from the SWV current values extracted
from each electrochemical experiment performed for each
contaminant.

obtain a better discrimination, it is normally used in the litera-
ture more than 70% of total variance explained (sum of per-
centage of information described in the PCs). Hence, the pro-
posed work used 3 PCs to obtain 81.8%, indicating a large
amount of original information described in the discrimi-
nation process. From Fig. 7 (the score plot of the proposed dis-
crimination using PCA), it is possible to see that the location
of the contaminants is in different regions of the 3D plots.
BZC is separated in the positive quadrant of the PC1 and PC2
and distinguished from procaine using the PC3 information.
Additionally, the aminopyrine is the only adulterant in the PC2
positive region and PC1 negative region. The hydroxyzine is
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the only contaminant in the negative area of the PC1 positive
and PC2 negative quadrant. Lidocaine, levamisole, caffeine,
and phenacetin reported in the PC1 negative - PC2 negative
quadrant and PC3 component discriminated caffeine and phe-
nacetin from lidocaine levamisole. The discrimination
between these two groups, lidocaine and levamisole and
caffeine and phenacetin, could be more complicated than vol-
tammetric behaviour. Still, some dual detection devices could
be used to add more information to the discrimination
process.’® Hence, the result demonstrates proof-of-concept
that SPCE-MIP SWV could be employed as a rapid forensic fin-
gerprinting analysis of narcotics.

The last Scientific Working Group for the Analysis of Seized
Drugs (SWGDRUG) recommendations” divide the analytical
methods for drugs into 3 categories with different levels of
selectivity: A — “Selectivity through structural Information” (e.g.
mass spectrometry); B - “selectivity through chemical and
physical characteristics” (e.g. UV-Vis spectroscopy); and C -
“selectivity through general or class information” (e.g. spot
tests). Then, two combinations of techniques are accepted as
the minimum suitable identification, using (1) A+(A or B or C),
and (2) B+B+(B or C). At the moment, electrochemical tech-
niques are not part of the options. The authors advocate that a
properly validated electroanalytical methodology should be
included in the category B, since it can provide specific electro-
chemical information to identify forensic analytes; the results
presented here represent a significant step in this direction.

4. Conclusions

An e-MIP sensor was developed by electropolymerization of the
monomer 3,4-AHBA on a carbon surface in the presence of
BZC. Experimental parameters affecting the sensor’s perform-
ance were studied and optimized. DFT theoretical studies were
performed to better understand the interactions between the
MIP and the analytes. Results confirmed the suitability of the
proposed sensor for the swift electroanalytical determination
of the template BZC in human urine, showing it as a
promising tool for medical and forensic analysis. Proof-of-prin-
ciple was also demonstrated on how this system can help the
in situ rapid identification of seized drugs’ provenience. Future
work should be focused on creating a long-time stable e-MIP
associated with a robust software to be used by less qualified
users.
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