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ARTICLE INFO ABSTRACT

Keywords: Screening drugs on the street and biological samples pose a challenge to law enforcement agencies due to
Molecularly imprinted polymer existing detection methods and instrument limitations. Herein we present a graphene-assisted molecularly
Nanoparticles imprinted polymer nanoparticle-based sensor for amphetamine. These nanoparticles are electroactive by
Electrochemical sensor . . . . . o . .

Forensics incorporating ferrocene in their structure. These particles act as specific actuators in electrochemical sensors, and
Amphetamine the presence of a ferrocene redox probe embedded in the structure allows the detection of non-electroactive

amphetamine. In a control approach, nanoparticles were covalently immobilised onto electrochemical sensors
by drop-casting using silanes. Alternatively, nanoparticles were immobilised employing 3D printing and a gra-
phene ink composite. The electrochemical performance of both approaches was evaluated. As a result, 3D printed
nanoMIPs/graphene sensors displayed the highest selectivity in spiked human plasma, with sensitivity at 73 nA
nM~L, LOD of 68 nM (RSD 2.4%) when compared to the silane drop cast electrodes. The main advantage of the
optimised 3D printing technology is that it allows quantitative determination of amphetamine, a non-
electroactive drug, challenging to detect with conventional electrochemical sensors. In addition, the cost-
efficient 3D printing method makes these sensors easy to manufacture, leading to robust, highly selective and
sensitive sensors. As proof of concept, sensors were evaluated on the street specimens and clinically relevant
samples and successfully validated using UPLC-MS.

1. Introduction

Amphetamine is a potent central nervous system stimulant used to
treat several diseases, including attention deficit hyperactivity disorder,
anxiety, narcolepsy, depression, and other psychological disorders
[1-3]. Due to its importance in medical applications, the administration
of amphetamine needs to be monitored for side effects, such as high
blood pressure, anorexia, blurred vision, etc. The constant administra-
tion of amphetamine can itself cause anxiety disorders, insomnia and
mood swings [4]. The determination of amphetamine is also critical for
forensic control. The United Nations Office on Drugs and Crime

(UNODC) ranks amphetamine-type stimulants as the world’s second
most widely seized class of drug after cannabis [5]. Amphetamine and
illicit drugs require quantitative techniques applicable in solids and
biological samples. Therefore, there is a need for a flexible, low-cost,
portable, and accurate device for drug detection.

Amphetamine is typically prescribed as a medicinal drug in single
doses, of approximately 5-10 mg, resulting in a blood concentration of
148 to 220 nM (20-30 ng mL1). Doses exceeding 30 mg (0.10-0.15 ng
L1, 700-1100 nM) are not recommended, and higher blood concen-
trations (1480 nM) may be toxic. Screening for amphetamine is usually
performed with an immunological test with a cut-off at 0.05 mg L™! (0.4
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uM) [6] and by gas chromatography-mass spectrometry (GC-MS) with a
cut off at 0.04 mg L1 (0.3 uM) [7,8] However, these methods have
several drawbacks, including lengthy sample preparation, expensive
laboratory-based techniques, specialized instrumentation and qualified
personnel.

Alternately, they are available several colorimetric tests [9] and
portable spectrometric devices (Near infrared [10], Raman [11] and
mass spectroscopy [12] technology) for border control. Unfortunately,
these technologies are challenging to apply for rapid drug screening
without avoiding false negatives in samples with high chemical
complexity in the presence of biological matrixes and different cutting
agents. For this reason, they present cross-reactivity and insufficient
selectivity. Even all the available analytical screening techniques, ac-
curate drug checking and the quantification of compounds are still
limited [13]. There is therefore a huge demand from law enforcement
agencies for new technologies that can facilitate the screening of street
samples [14].

Electrochemical sensors have recently been used for drug detection
in biological and seized samples [15,16]. The critical advantages of an
electrochemical sensor are their portability, accuracy, and low cost [17].
Classic electrochemical sensors are used to determine the direct
electro-oxidation of the analyte [18,19]. Unfortunately, direct
electro-oxidation of the analyte may lack of selectivity and produces side
reactions. This technique also cannot be applied for amphetamine
determination due to the absence of analyte electroactivity [19].
Electro-oxidation becomes particularly inaccurate when these sensors
are applied to biological fluids, due to false positives from interferences,
endogenous electroactive molecules and the inherent matrix effect.
Traditional biosensors have been employed to overcome those chal-
lenges [20,21]. Regrettably, they require a specific enzyme or antibody
for their functioning, limiting their commercial applications due to their
fragile nature and challenging integration process in sensors.

An alternative approach is to use synthetic receptors known as
molecularly imprinted polymers (MIPs) [19,22]. MIPs are advantageous
for their polymeric nature, ease of synthesis, resistance to harsh condi-
tions (pH, temperature etc.) and long shelf-life [17,23]. The MIP sensor
approaches frequently use membranes and micro microspheres poly-
mers as recognition elements [17,24,25]. Commonly, these sensors use
the electro-oxidation of the analyte or a redox probe in solution to
generate the sensor signal, limiting their application in biological sam-
ples due to side reactions and interferences present in the sample [22,
26]. Recent research on MIP electrochemical sensors uses the combi-
nation of ferrocene and nanostructured carbon material, giving im-
provements in conductivity and sensitivity and easy adaption to
manufacturing using printing techniques [27-30]. Nevertheless, on
these sensors, MIPs are porous permeable membranes deposited as film
composites [29,31,32]. In this case, the analyte binding causes a struc-
tural MIP polymer arrangement by swelling or shrinking. This can lead
to a charge accumulation modifying the diffusion rate of electrolyte ions
or/and the redox probe through the film known as gate effect [26,28].

The present technology represents an improvement of the existing
MIP-based sensors (e.g. membranes, microspheres or monolithic MIPs)
due to their selective nanoscale actuation combined with electroactivity
provided by the presence of ferrocene in the polymer matrix. Therefore,
the key advantages of using nanoMIP over common MIP films based
sensors are the improvement in sensitivity and selectivity. From a
manufacturing perspective, nanoMIP allows the easily large-scale pro-
duction through automated reactors [33], which increases their repro-
ducibility and, secondly, the compatibility with different integration
methods such as printing [34,35]. NanoMIPs are highly selective and
sensitive, capable of mimicking the specificity of natural receptors,
which makes them suitable for the analysis of biological samples [19,
36]. NanoMIP play the role of both recognition and reporting compo-
nents that increase the selectivity and sensitivity of sensors [37-39]. For
this reason, nanoMIPs have been used to replace enzyme-mediator pairs
used in traditional biosensors and antibodies in microplate assays [36,
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40,41].

For all these advantages, several efforts have been made to integrate
nanoMIP into sensors [17]. The commonly used electropolymerization
and drop casting of MIP are not suitable methods for large-scale
manufacturing. Therefore, different methods have been employed to
integrate nanoMIP on sensors, such as binders and carbon composites, to
be used for screen-printing [42]. Recently, nanoMIP have been inte-
grated into sensors using cross-linkers such as mercaptans and silanes,
and through immobilization in polymers [43-45]. In this work, we
present two innovative approaches to integrate nanoMIPs particles via
ink printing methods. The first approach uses direct drop-casting of
nanoMIPs and covalent immobilization, and the second uses printing of
a nanoMIP/graphene composite ink. The comparative performance of
both approaches is analysed and the applicability in human samples and
street samples was assessed.

2. Materials and methods

Amphetamine solution in methanol (Cerilliant, standard solution of
1 mg mL™Y), 3-aminopropyltrimethyloxysilane (APTES), N-(6-amino-
hexyl)aminomethyltriethoxysilane (AHAMTES), glutaraldehyde, 1,2-Bis
(triethoxysilyl)ethane (BTSE), N-hydroxy-succinimide (NHS), Ferrocene
methylmethacrylate (FcMMA), 2-Hydroxyethyl methacrylate (HEM),
Itaconic acid (ITA), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride (EDC), ethylene glycol dimethacrylate (EGDMA), trime-
thylolpropane trimethacrylate (TRIM), pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP), and sodium hydroxide (NaOH), were
purchase from Sigma-Aldrich, UK. Phosphate buffered saline (PBS)
consisted of phosphate buffer (0.01 M), potassium chloride (0.003 M),
and sodium chloride (0.140 M), pH 7.4 was procured prom Gibco Life
technologies Ltd, UK. Dimethylformamide (DMF), acetonitrile HPLC
Grade and acetone were from Fisher Scientificc UK. The N,N-
diethyldithiocarbamic acid benzyl ester was purchased from TCI
Europe (Belgium) and used as initiator, transfer agent, and terminator
(iniferter). Double-distilled ultrapure water (Millipore, UK) was used for
the experiments. All chemicals and solvents were used without further
purification. Lyophilized human plasma (52257-5ML) was purchased
from Sigma Aldrich.

The polymerization reaction was completed using UV sources (Phi-
lips HB/ 171 / A, 0.5 W cm™ 1,4 x 15 W lamps). Solid-phase extraction
cartridges (SPE) with polyethylene frit (20 pm porosity, Supelco) were
then used for the elution of nanoMIPs. For the polymer filtration and
purification, disposable plastic syringes with cellulose acetate filter (25
mm, 0.45 pm, Whatman) and SnakeSkin dialysis tubes (Spectra/ Por 7,
regenerated cellulose, reference 132,119, 10 kW MWCO, tube length 11
cm, flat width 32 mm, diameter 20.4 mm, 3.3 mL cm 1) were employed.
The electrochemical measurements were performed using screen prin-
ted platinum electrodes (SPPE, Dropsens DRP-550, Metrohm, UK) with
dimensions of 3.4 x 1.0 x 0.05 cm (Length x Width x Height) and a
three-electrode set-up (platinum working electrode, platinum counter
electrode and silver reference electrode). A nitrogen plasma cleaner was
used to activate the electrode surface (Emitech, K1050X RF Plasma
Cleaner, 50 W, 13.56 MHz RF for 5 min). All the electrochemical mea-
surements were performed by using a potentiostat/ galvanostat/
impedance analyser (PalmSens4 and EmstatBlue8) equipped with a
cable connector for screen-printed electrodes. The PSTrace software
(PalmSens, Netherlands) was employed to perform the experiments and
for the data acquisition.

2.1. Molecular modelling

The polymer composition is first selcted through molecular model-
ling and screening of monomers [1-4]. Two approaches were used for
the molecular modelling. The Sybyl modelling package was employed
for monomer screening, and the Molecular Operating Environment
(MOE) software was used to analyse specific interaction (Section 1,
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Supporting information). The Leapfrog screening algorithm (as part of
the Sybyl package) was used to select the most suitable functional
monomers by measuring the propensity of each to bind to the target
molecule. These were then verified using a screening method available
with MOE. The structure of the target amphetamine was first optimized
by energetic minimization to a 0.01 kcal mol 1 A2 (0.04kJ mol ! A’z)
gradient using the default Tripos force field and an applied dielectric
constant of 80 to simulate an aqueous environment. The geometry of
each monomer, as present in the virtual library, had previously been
minimised and refined using Tripos force fields with Gasteiger-Hiickel
charges to a gradient of 0.001 kcal mol 1 A2 (0.004 kJ mol ! A’z).

The screening library contained 250 functional monomers
commonly used in molecular imprinting, each of which possessed vinyl
or allyl polymerizable moieties and functional groups suited to non-
covalent interactions. The Sybyl Leapfrog screening algorithm is then
initiated and set to 60,000 iterations. In this method a database of
functional monomers are sequentially positioned around the target at
specific interaction points. Each of these monomer-template interactions
is then optimized by small movements of the monomer. These specific
interactions between the monomer and the target are evaluated in terms
of binding scores (kcal mol ™), with the most promising candidates
showing the greatest reduction in energy on monomer-template
complexation.

The MOE screening method works on a similar basis to the Leapfrog
screening, but with fewer automated assumption. In this screening, each
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monomer is analysed sequentially, being placed in 10 s or 100 s of copies
randomly around the template. The results therefore represent an in-
crease in accuracy over Sybyl, but at a greater computational expense
and loss of efficiency. Replicating the results used in the Sybyl screening
with MOE however, and adjustment to MMFF94 force field, the results
were found to be consistent and converge at the same result. According
to the screening of functional monomers, Itaconic acid “ITA” (—14.33
keal mol ™!, —60 kJ) and Hydroxyethyl methacrylate "HEM” (—5.06 kcal
mol !, —21.2kJ) provide the highest binding to amphetamine, as shown
in Fig. S1 (Section 1, Supporting information). The molecular modelling
was performed by taking into account the tethered amphetamine to the
solid phase (silane chain) as analyte in order to simulate the polymeri-
zation. According to the modelling, ITA and HEM are the best functional
monomers that bind to amphetamine, and the optimum molecular ratio
between amphetamine, ITA and HEM was found 1:1:1.

2.2. Synthesis of nanoMIPs

NanoMIPs monomer composition was computationally designed to
recognise amphetamine and then synthesised by solid phase method.
The synthesis process was summarized in Fig. 1, more details regarding
the synthesis protocol are presented in (Section 2, Supporting informa-
tion). The immobilization of amphetamine (template) was achieved by
functionalizing the glass microspheres with cross-linkers, followed by
covalent attachment of amphetamine, as shown in Fig. 1. Glass

_o
0—\51/\/\NH2
O/

Target

o

%
&

Monomers  Fe

5) Elution

;,) NanoMIP

Fig. 1. Schematic representation of the experimental protocol applied for solid phase synthesis of the nanoMIPs specific for amphetamine. The process involve: (1)
activation of the glass microspheres, (2) silanization and (3) immobilization of amphetamine on the solid phase, (4) polymerization and (5) elution of the nanoMIPs.
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microspheres (30 g) were incubated in 40 mL of a solution of 7% (v/v) of
glutaraldehyde in 5 mM PBS (pH 7.2) for 2 h. The glass microspheres
were then rinsed with double-distilled water (100 mL) followed by in-
cubation in an amphetamine solution (0.1 mg mL™! in 5 mM PBS, pH
7.2) overnight at room temperature. The glass microspheres were then
rinsed with double-distilled water (100 mL) and incubated in 50 mL of
0.1 mM ethanolamine in 5 mM PBS for 15 min. Subsequently, the glass
microspheres were washed with distilled water and incubated in a 1 mg
mL ™! sodium cyanoborohydride solution (in 5 mM PBS, 1.5 mL of so-
lution per gram of microspheres) for 30 min at room temperature.
Finally, the amphetamine modified glass microspheres were filtered and
rinsed with ultrapure water, dried and stored at 4 °C until use (Table S1).
For the nanoMIP synthesis, 2.18 g ITA (0.670 M) and 2.18 g HEM (0.670
M) as the functional monomers, 3.24 g EGDMA (0.654 M), NIPAM 0.96 g
(0.339 M) and 3.24 g TRIM (0.437 M) as cross-linkers, 0.75 g of the
“Iniferter” (0.184 M), and 0.18 g PETMP (0.015 M) as a chain transfer
agent were dissolved in 25 mL DMF. Then, 0.250 g (0.035 M) of the
redox label FcMMA was added to the polymerization mixture, which
confers electroactivity to the nanoparticles, as shown in Table S2.

Successively, the polymerization mixture was then degassed using
ultrasound and nitrogen bubbling for 15 min in order to remove the
oxygen. The amphetamine-functionalised microspheres were used as a
solid phase (30 g) and added to the polymerization mixture. The poly-
merisation was performed by exposure of the mixture (microsphere and
the monomer solution) to UV radiation sources (250-450 nm) for 3 min
to complete the reaction. Subsequently, the mixture was transferred to a
solid phase extraction (SPE) cartridge for the purification process. Af-
terwards, residues and unreacted monomers were removed from the
solid phase by washing with DMF (2 x 100 mL at 4 °C) and ethanol (2 x
100 mL at 4 °C). Following this, the temperature of the SPE cartridge
was increased to 70 °C. At this temperature, non-covalent interactions
between the template attached to the solid-phase and the high-affinity
nanoMIPs were disrupted [37,38]. High affinity MIP nanoparticles
were then eluted with ethanol (5 x 20 mL at 70 °C), thus giving pure
fractions of particles free of non-specific polymers and residual mono-
mers. For the purification process, 100 mL of nanoMIPs were collected
after synthesis and concentrated to 5 mL by evaporation. The nano-
particles were then diluted 10 times in 5 mM PBS and sonicated for 1
min. The resulting nanoMIP solution was recorded as having a con-
centration of 0.2 mg mL™!. The nanoparticles were then purified using
dialysis membranes. For that, the dialysis tube membrane was previ-
ously conditioned in water (3 min). Then, nanoMIPs were transferred
into the dialysis membrane and confined hermetically with a clip. The
membrane was placed in 1 L of distilled water and stirred. The water was
changed every 2 h during 8 h and then left overnight, dialysis was
monitored using UV-vis spectroscopy. Sodium azide was added to the
dialyzed nanoMIP solution at a concentration of 0.02% (w/v) and it was
then stored at 4 °C. These nanoMIP particles contain ferrocene units in
the polymeric structures, derived from the functionalized monomer used
in polymerization process, which confers electroactive properties,
resulting in an efficient transducer. Thus, nanoMIPs were further cova-
lently integrated onto electrochemical sensors by drop-casting silanes
and by printing using a printer and a composite ink between nanoMIP
and graphene.

2.3. Preparation of the sensor using silanes

Screen printed platinum electrodes (SPPE) were activated using a
nitrogen plasma cleaner, incubated in a solution that consisted of 6%
APTES in ethanol for 1 h. Electrodes were then cured at 130 °C for 30
min. For the immobilization, a suspension of 0.2 mg mL~! nanoMIPs
(100 pL) with 52 mmol L' EDC (0.1 mg mL™) and 130 mmol L~! NHS
(0.15 mg mL 1) dissolved in ethanol was drop-casted on the electrodes
surfaces and incubated for two hours. The resulting sensor was rinsed
using double distilled water, dried with nitrogen and then stored at 4 +
0.5 °C and 30% relative humidity.
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2.4. Preparation of the sensor using graphene ink

A conductive carbon graphene ink (345 mg, C2171023D1, Sun-
Chemical). was mixed with 1 mL of 20% APTES in 1-Methoxy-2-propa-
nol and sonicated for 30 min. The ink was then mixed with 1 mL solution
of nanoMIPs (0.1 mg mL™!), 0.4 mg of EDC and 0.6 mg of NHS and
vortexed for 15 min. Subsequently, the working electrode from the SPPE
was modified by printing with the previously described ink composite.
For that, the ink was loaded into cartridges, and then 2 mg of ink per
electrode were smoothly deposited using the Voltera PCB Printer (Vol-
tera V One), and then cured for 30 min at 130 °C. The Voltera printer
was controlled by V-one Application software (v2.2.0). The printing
parameters were previously optimized: nozzle size (255 um), probe
pitch (5 mm), rheological set point (0.16 mm), dispense height (0.10
mm), feed rate (500 mm min’l), pass spacing (0.15 mm), trim length
(50 mm), trace penetration (0.15 mm), anti-stringing distance (0.1 mm),
kick (0.35 mm), soft start ratio (0.1 mm), and soft step ratio (0.15 mm).

2.5. Electrochemical detection of amphetamine

The electrochemical detection of amphetamine was performed in a
concentration range from 75 to 220 nM in a 5 mM PBS (pH 7.4). The
same experimental conditions were used to evaluate sensor responses
towards other possible interfering compounds, such as dopamine,
caffeine, noradrenaline, and paracetamol. The electrochemical re-
sponses were investigated by using the previously optimized differential
pulse voltammetry (DPV) in the potential range from —0.4 to 0.4 V (vs
Ag/AgCl), scan rate of 33 mV s~!, modulation amplitude 200 mV,
modulation time at 20 ms and step potential of 50 mV. Lyophilized
human plasma powder (S2257-5ML) was reconstituted with 5 mL of 5
mM PBS, mixed and dissolved using a vortex for 3 min, and then
centrifuged (3000 g, 5942 rpm). Afterwards, the solution was filtered
with a micro-membrane with a syringe filter (25 mm diameter, 0.45 pm
PTFE, 87-psi max). Calibration plots were prepared using amphetamine
spiked plasma in a concentration range from 75 to 220 nM. Samples
(100 pL) were analysed by drop casting on the sensor surface and
incubating for 6 min. Then, the DPV measurements were assessed in
replicates (N = 3). After measuring the voltammetric sensor response,
the baseline was corrected, and the blank response was subtracted from
the data using the following normalization equation: Al = %, where
“AI” represents the Normalized current, where “Is” indicates sensor
response of the sample, and “Ib” sensor response for the blank (5 mM
PBS or plasma) [46]. Thus, calibration plots were obtained by repre-
senting a Normalized current (Al) against the amphetamine concentra-
tion [47-49]. The limit of the detection (LOD) was -calculated
conventionally from calibration curves using the following equation
LOD=[blank+(3.3 x STDpank)1/slope, where the blank is the measure-
ment at zero concentration of the analyte and the STD is the standard
deviation [50-53].

2.6. Characterization of nanoparticles

Dynamic light scattering (DLS) was employed to measure the hy-
drodynamic diameter of the particles using a Zetasizer Nano (Nano-S)
from Malvern Instruments Ltd. (Malvern, UK). For these measurements,
1 mL solution of nanoparticles was previously sonicated for 1 min to
disrupt potential agglomerates. For the polymer characterisation,
transmission electron microscopy (TEM) images were obtained using a
JEOL JEM-1400 TEM equipped with a 120 kV Tungsten Filament and an
EMSIS Xarosa 10MP digital camera. The size of the nanoparticles was
estimated using ImageJ v. 1.510 software. Polymer colloids were soni-
cated for 2 min, and then 10 pl of sample were allowed to adsorb for 25
min to a carbon film grid (AGS160 - Agar scientific Ltd). Carbon grids
were previously glow discharged in a Quorum Gloqube for 15 s at 20
mA. The elemental analysis and scanning electron microscopy (SEM)
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images were captured with an accelerating voltage at 10 kV using a field
emission gun (FEG) environmental scanning electron microscope
(ESEM) FEI Quanta 650 FEG SEM equipped with energy dispersive x-ray
spectrometer and electron backscatter diffraction (EDX). For all sam-
ples, the accelerating voltage used was 5 or 10 kV. The chemical
structure was confirmed using the infrared spectroscopy analysis per-
formed with a Bruker Alpha platinum- ATR FTIR spectrometer.

The binding and affinity of the nanoMIPs was evaluated using the
SPR technique. For this analysis, a Biacore 3000 instrument (GE
Healthcare Life Sciences, UK) and gold coated chips (SIA Kit Au, Bia-
core) were used. Gold coated chips (SIA Kit Au, Biacore) were cleaned
using a helium plasma treatment (RF, 13.56 MHz, EMITECH K1050X).
Firstly, gold chips were washed with ethanol, and then functionalized
with amino groups by incubating overnight in a solution 0.2 mg mL ™! of
cysteamine in ethanol. These chips were functionalized with nanoMIPs
(0.2 mg mL’l), via immobilization through a carbodiimide chemical
reaction with 52 mM EDC (0.1 mg mL 1) and 130 mM NHS (0.15 mg
mL™!) dissolved in water. SPR analysis was performed by measuring the
binding response between the nanoMIP modified gold chip and a series
of analyte injections at different concentrations. All experiments were
performed at 25 °C using 5 mM PBS, pH 7.4 as a running buffer at a flow
rate 25 L min~! for analyte injections. For the analytes, 100 pL aliquots
of the standard solutions (amphetamine) were injected in the concen-
tration range of 0.01-5 nM. The sensor response and dissociation were
analysed for 6 min after the injection using the KINJECT mode. After-
wards, the kinetic data was fitted using BIA evaluation Software v.4.1
(Biacore, GE Heathcare, UK). SPR experimental conditions and fitting
were followed as previous optimizations [39,54,55].

3. Results and discussion
3.1. Characterization of nanoparticles

The hydrodynamic particle diameter measured by DLS was found to
be 143+38 nm. Similarly, TEM measurements for nanoMIP shown
discrete homogeneous spherical particles with a size at 142+22 nm, no
aggregates were observed as shown in Fig. 2. The polydispersity index
(PDI) was found at 0.157, indicating that the particles are homogenous.
The yield obtained per 30 g of glass microspheres was 6 mg of nanoMIPs.

a
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SEM analysis and EDX mapping were additionally performed to char-
acterise the modified SPPE with nanoMIP/graphene, as shown in Fig. 3.
The modified electrodes presented a granular and high surface area. The
EDX analysis display the presence of C (Kq at 0.277 keV), Fe (K, at 6.398
keV and L, at 0.705 keV) and Si (K, at 1.739 keV), confirming the
presence of the graphene, silanes and nanoMIPs including the ferrocene
redox probe as shown in Fig. S3. The control SPPE/graphene shown
flake-like and smoother surface, characteristic from the graphene
(Fig. S4). The EDX analysis displayed the characteristic C (K, at 0.277
keV) signal and the Pt (L, at 9.441 keV and M at 2.048 keV). Addi-
tionally, the control SPPE bare electrodes present a porous granular
surface and the EDX mapping shows only the Pt (L, at 9.441 keV and M
at 2.048 keV) signals (Fig. S5). These results confirm the attachment of
the nanoMIPs to the SPPE.

3.2. NanoMIP affinity using SPR

The amphetamine-imprinted nanoMIPs was evaluated using SPR
analysis. The nanoMIPs were immobilised on the SPR chip and the
interaction was measured against a series of amphetamine injections
with different concentrations from 0.01 to 0.25 nM (Fig. S6). The
dissociation constants (Kd) for amphetamine on the sensor surface with
immobilized nanoMIPs were calculated using BiaEvaluation software
v4.1 with 1:1 Langmuir binding model fitting after subtraction of drift
and bulk components. The Kd of the interaction of the amphetamine
with amphetamine specific nanoMIPs has been estimated as 3.61 nM
(Chi2 = 0.31). The fitting confidence value was Chi? at 16.9 RU with a
maximal response (Rmax) at 236 RU. Chi? obtained is less than 10% of
Rmax, which means a good fit between the theoretical binding model
and the experimental data.

3.3. Optimisation of sensor printing

The nanoMIP sensor preparation by drop casting using silanes was
previously optimized [32,56]. In this work, a new 3D printing approach
using graphene ink was employed to immobilise nanoMIPs on SPPE.
This approach was optimized by varying the amount of graphene ink
employed. Sensors were printed using different graphene to nanoMIPs
ratios, and then compared to the control sensor (naked graphene printed

C
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Fig. 2. TEM images for nanoMIPs specific for amphetamine with a scale bar at (a) 500 nm and (b) 100 nm. (c¢) DLS results for nanoMIPs specific to amphetamine.
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Fig. 3. SEM and EDX elemental analysis mapping for iron, silicon and carbon at 100 um for (a-b) nanoMIPs deposited on SPPE and (c-b) control carbon ink deposited

on bare SPPE at 100 and 10 pm.

on SPPE). In addition, a comparison against sensors prepared using
nanoMIPs alone (with silane immobilization) was performed. For this,
the graphene to nanoMIP mass ratio was varied from 120 to 85,500 by
keeping the nanoMIP mass constant (0.1 mg). The sensor response was
evaluated by comparing the calibration curves against amphetamine (75
to 220 nM) as shown in Fig. S7, Supporting information. The combi-
nation of graphene and nanoMIPs resulted in a composite that increased
the sensitivity 5-fold compared to the nanoMIPs alone. In addition, the
composite layer is deposited on the electrode surface by 3D printing. The
optimal graphene to nanoMIP mass ratio was found at 3450 (Fig. S7). It
was observed that higher concentrations of graphene decrease the
sensor signal. The sensor controls printed in the absence of nanoMIPs,
and only graphene does not show any response. The main advantage of
this 3D printing approach is the straightforward manufacturing process
and increased performance and stability.

3.4. Principle of the sensor operation

NanoMIPs contain a ferrocene monomer in the polymeric structures,
which confers electroactive properties, resulting in an efficient trans-
ducer. The present nanoMIP sensor technology combines recognition
and signalling properties, allowing direct electron communication be-
tween the nanoparticle binding site and the electrode [19]. The sensor
response relies on the nanoMIPs actuation as a result of the recognition
of the analyte. This actuation mechanism is known as “Induced fit“ in
enzymes [57,58]. The analyte recognition triggers the nanoMIPs
conformational changes. As a result, the ferrocene electroactive moieties
are exposed, increasing the electron transfer rate. Therefore, the actu-
ation is highly selective, and the analyte concentration is directly related
to the change in the current response of the sensor [19]. The nanoMIPs
display the characteristic ferrocene electrochemical signal, which can be
monitored as a redox marker during electrochemical determinations.
This nanoMIPs mechanism is effective for both approaches, the nano-
MIPs alone and nanoMIP/graphene-based sensors.

3.5. Electrochemical performance of the nanoMIP/silane sensors

The response of the nanoMIP sensor without graphene increased in
direct proportion to the amphetamine concentration (Fig. S8). The
analysis was performed as shown in Section 2.5. To consider the sensor
variability and allow an accurate comparison is necessary to calculate
the Normalized current. Thus, the calibration plots display the sensor’s "
Normalized current " calculated by the blank extraction and the baseline
correction. In that way, results from different sensors and matrixes can
be compared. The nanoMIP redox signal from the ferrocene was
observed at 15 mV (vs Ag/AgCl) in amphetamine spiked solutions in 5
mM PBS in a concentration range from 75 to 220 nM. The nanoMIP/
silane sensor presented a sensitivity at 0.133 yA nM ! (R?=0.999) and
LOD at 56 nM (RSD, 3.5%). Similarly, the same sensor was tested on
spiked human plasma. In this case, the redox ferrocene signal was
observed at 50 mV vs Ag/AgCl. The sensor response presented a sensi-
tivity at 0.128 uA nM~! (R2=0.996) and LOD at 64 nM (RSD, 3.3%) as
shown in Fig. S8. Thus, the plasma influenced the polymer sensor
response and sensitivity, the matrix effect was found at 3.7%.

3.6. Electrochemical responses of the nanoMIP/graphene sensors

After printing nanoMIP/graphene sensors, they were directly used
without any pre-treatment. DPV measurements display the character-
istic oxidation current response related to the electroactivity of nano-
MIPs, as conferred by the ferrocene moieties in the polymer structure.
The current signal was directly proportional to the amphetamine con-
centration. The sensor displayed a sensitivity of 0.103 pA nM™!
(R2:0.997) and LOD at 62 nM (RSD, 3.6%) towards amphetamine
spiked solutions prepared in 5 mM PBS in a concentration range from 75
to 220 nM as shown in Fig. 4. The nanoMIP/graphene potential was not
affected for amphetamine spiked solutions in human plasma and buffer
solutions, which was observed at 15 mV (vs Ag/AgCl) in both cases. The
sensitivity of the sensor was found at 0.073 yA nM ! (R? = 0.995) and
LOD at 68 nM (RSD, 2.4%). In this case, it was observed that plasma
influenced on the polymer sensitivity having a matrix effect of 29%. The
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Fig. 4. DPV response of printed nanoMIP/graphene sensor to amphetamine solutions in spiked (1) 5 mM PBS and (2) human plasma in a concentration range of (a) 0,
(b) 75, (c) 100, (d) 125, (e) 150, (f) 175, (g) 200 and (h) 220 nM. Resulting sensor calibration plot in spiked (3) 5 mM PBS and (4) plasma, from DPV values with

blank subtracted and baseline corrected.

nanoMIP/silane sensor displayed 21.2% higher sensitivity towards
amphetamine than nanoMIP/graphene sensor. The increase in the
sensitivity using nanoMIP/silane might be due to the greater exposure of
the nanoparticles to the target analyte. Whereas in the graphene ink, the
nanoMIPs are less accessible for the recognition process. Additionally,
control experiment was performed by measuring the DPV response of
nanoMIP prepared with no ferrocene and compared against nanoMIP/
silane and nanoMIP/graphene. As shown in Fig. S9, only sensor pre-
pared with ferrocene presented a signal to 220 nM Amphetamine stan-
dard, no signal was observed for nanoMIP with no ferrocene.

3.7. Selectivity and stability of the sensor

The nanoMIP/silane and nanoMIP/graphene sensors were tested
against potential biological interferences. Sensor responses to exogenous
(caffeine, paracetamol, and cathinone) and endogenous interferences
(noradrenaline and dopamine) were recorded and compared to
amphetamine response in the same concentration range (75-220 nM), as
shown in Fig. 5. The nanoMIP/silane sensor does not show significant
interference from caffeine (18%), dopamine (0.2%), noradrenaline
(0.5%), paracetamol (23.2%) or cathinone (17%) as shown in Table S3.
The non-specific interaction related to Paracetamol and Caffeine is
mainly due to functional groups, and smaller molecular size allowing
them to interact with the polymer cavity. This interference can be
avoided by using a current cut-off at 9.5 pA; as a result, the linear
working range is adjusted to 100-220 nM, as shown in Fig. 5.

The nanoMIP/graphene sensor shown no significant interference
from caffeine (11.3%), dopamine (0.1%), noradrenaline (0.3%), para-
cetamol (7%) or cathinone (4.4%) as shown in Table S4. The nanoMIP/
graphene sensor presents higher specificity and considerably lower
interaction towards paracetamol, cathinone and caffeine. Therefore, the
sensor response to interferences was negligible, non-specific and not
linear. Potential interference was reduced by implementing a cut-off at
6.5 pA and adjusting the linear range from 100 to 220 nM, as shown in
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Fig. 5. Selectivity studies for (1) nanoMIP/silane prepared by drop casting and
(2) nanoMIP/graphene sensor prepared by printing nanoMIP-graphene on
SPPE. The Calibration plots show the response to (a) amphetamine, (b) para-
cetamol, (c) caffeine, (d) dopamine, (e) noradrenaline and (f) cathinone in a
concentration range from 75 up to 220 nM in 5 mM PBS (pH 7.4).For the DPV
values, blank was subtracted and baseline corrected.
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Fig. 5. The results indicate a higher amphetamine selectivity in the
nanoMIP/graphene sensor relative to the nanoMIP/silane sensors. The
lower selectivity of the nanoMIP/silane sensor may result from the drop-
casting preparation and use of silanes. This method could lead to poly-
mer nanoparticle aggregation, leading to non-specific binding. While in
the nanoMIP/graphene printed sensor, the graphene carrier facilitates
nanoparticle dispersion, leading to higher recognition. The graphene
also increases the conductivity and charge transfer. Therefore, higher
responses and selectivity are obtained.

The stability and shelf life of the sensors were assessed by evaluating
their performance over time. Both sensors were prepared under similar
conditions and then stored in a chamber at 22 °C and 60% humidity for
122 days. Sensors were tested independently for a period ranging from
one to 112 days, nine electrodes per deposition method. The sensor
current response to an amphetamine standard solution (200 nM) was
tested, and the sensor stability obtained is summarized in Fig. S10.
Herein, the average response and standard deviation are displayed every
14 days. According to these results, after 28 days, the NanoMIP/gra-
phene response was 99.4%, and the nanoMIP/silane was 98.3%, pre-
senting similar performance. After 56 days, the sensor response fell 9.8%
and 14.2% for the nanoMIP/graphene and nanoMIP/silane sensors,
respectively. These results comply with industrial standards [59-61].
The sensors remained functional until 112 days, at which time the
overall decrease in the sensor response was 20.2% and 27.5% for the
nanoMIP/graphene sensor and nanoMIP/silane sensor, correspond-
ingly. Therefore, after this period, sensor readings required adjustment.
For that, a storage factor can be used to obtain the equivalent corrected
response. Future work will focus on improving the storage conditions by
keeping the sensors in dry conditions. The nanoMIP/graphene sensor
performance was evaluated by measuring the repeatability, reproduc-
ibility, and stability. The repeatability was assessed by measuring the
sensor response five times to amphetamine standard (200 nM) in a single
sensor and under the same conditions by calculating the RSD. The
repeatability for a single sensor was 3.6%. The reproducibility was
assessed by calculating the RSD of the response for ten different sensors
to an amphetamine standard (200 nM) under identical conditions and
was found to be 5.4%. The previous analysis proves that the sensor
performance complies with the industrial accuracy standards (ISO-151,
917), which recommends that 95% of the results should be within £
15% of a laboratory standard [59-61]. Due to the higher selectivity,
stability, easy manufacturing and robustness of the nanoMIP/graphene
sensor, this platform was selected for the street sample assessment.

3.8. Test on street samples

Stock solution of street powder samples (10 mg) were prepared in
water (10 mL) and then diluted accordingly. Afterwards, analysed using
UPLC-MS/MS and then measured with the nanoMIP/graphene sensor
using the standard addition method (Section 9-10, Supporting infor-
mation). As a proof of concept, two samples were analysed. The LOD was
found at 37.6 nM and RSD at 2.6%. No interference was observed from

Electrochimica Acta 446 (2023) 142009

cutting agents, as shown in Fig. S12. The recoveries were found at
106.5% and 107% for sample 1 and sample 2, respectively, as shown in
Table S7.

3.9. Comparison of the analytical performances of the sensor

Several approaches have been used to detect the non-electroactive
amphetamine molecule using electrochemical sensors, leading to sen-
sitive and portable devices, as shown in Table 1. Unfortunately, most
techniques are not applicable for onsite testing due to their fragility and
pre-treatment steps needed, or they are not sufficiently robust to be used
for biological and street samples.

For example, the bio-recognition elements used in biosensors limit
their application and mass production. In addition, biological receptors
are fragile and sensitive to environmental conditions, which might lead
to their denaturation, inactivity, and cross-reactivity when tested in
biological samples. On the other hand, classical electrochemical sensors
use direct electrochemical oxidation of the analyte, leading to potential
side reactions, interferences from cutting agents and matrix effects from
samples. These parameters affect the accuracy and quantification and
might result in signals that are difficult to interpret and false positives
results.

Nevertheless, amphetamine cannot be directly determined by elec-
trochemical methods without sample pre-treatment using these tradi-
tional methods [68,69]. Several strategies, such as derivatization or
sample pre-treatment, are helpful for lab base testing but not practical
for field applications, which allow only qualitative determinations.
Alternatively, generic macrocycles and polymers have been used to
determine amphetamine using impedance, capacitance, and field-effect
transistors [64-66]. These are unsuitable for on-field applications due to
the lack of selectivity and matrix effect. The present technology over-
comes all these challenges and allows direct and accurate quantification
of amphetamine in human plasma and street samples. In addition,
printed sensors lead to a reproducible and cost-effective technique and,
when used with portable sensor devices, could help in drug screening,
and point of care diagnostics.

4. Conclusion

Electroactive molecularly imprinted polymer nanoparticles (nano-
MIP) were designed by molecular modelling. First, the Sybyl package
was Electroactive molecularly imprinted polymer nanoparticles (nano-
MIP) were designed by molecular modelling. Sybyl package was suc-
cessfully used to select the most appropriate functional monomers (ITA
and HEM). Then, MOE packages confirm that both monomers interact
strongly with the amphetamine leading to a recognition pocket. The
nanoMIP were obtained successfully using solid phase synthesis,
resulting in discrete spherical particles with a diameter of 142+22 nm.
The SPR sensorgrams confirm the interaction between the nanoMIP and
the amphetamine, leading to strong interaction (Kd of 3.61 nM).

Two approaches were engineered to integrate nanoMIP on

Table 1

Amphetamine sensor techniques available and their performance.
Recognition unit Analysed sample Detection method LOD Linear range Refs.
Aptasensor Urine water Voltammetry 0.51 nM 0.1-1.0 nM [62]
Immunosensor Urine Amperometry 2.5 uM 0.74 —14.8 mM [63]
Cucurbit[7]uril Urine Field-effect transistors 1nM 1 nM-1 pM [64]
AuNPs@ cucurbit[7]uril Urine Plasma Impedance 6.2 pM 10 pM-100 pM [65]
PVC/plasticizers/ionophore (dibenzo-18-crown 6-ether) Buffer Potentiometric 0.4 uM 0.1pM-1mM [66]
MIP, Poly-tyramine Sewage and tap water Capacitance 50 pM NR [67]
Electrochemical oxidation by in situ derivatization Street samples Voltammetry 22.2 yM 50-500 pM [68]
Electrochemical oxidation by in situ derivatization Street samples Voltammetry 0.3 mM 0.50-1.25 mM [69]
[Ru(bpy)s]>* Nafion composite Milli-Q water Electro-chemiluminescence 50 pM 50 pM-1 mM [70]
NanoMIP/graphene Buffer Voltammetry 62 nM 75-220 nM This work
NanoMIP/graphene Plasma Voltammetry 68 nM 75-220 nM
NanoMIP/graphene Street samples Voltammetry 37.6 nM 25-220nM
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electrodes. Firstly, the particles were covalently attached using carbo-
diimide chemistry and silanes by drop-casting. Alternatively, sensors
were integrated successfully using a graphene composite and 3D print-
ing technology. The ink composition was optimized by tuning the pro-
portion of nanoMIP in the graphene composite, and the 3D printing
parameters were adjusted correspondingly. It was observed that the use
of a composite ink based on graphene and nanoMIPs resulted in
obtaining a better signal for the detection of amphetamine compared to
other immobilization methods tested, but also compared to sensors
based on mono-component films with graphene or nanoMIPs. In addi-
tion, increasing the mass ratio between graphene and nanoMIPs in ink to
a maximum value of 3450 determined obtaining a better sensitivity.
Additionally, the EDX analysis demonstrated the presence of the ferro-
cene monomer in the nanoMIP and their integration on electrodes. The
nanoMIP/silane sensor presented a LOD 64 nM, sensitivity at 0.128
pAnM 1 (R?=0.996) and RSD 3.3% in spiked plasma. On the other hand,
the nanoMIP-graphene sensors presented at 0.073 yA nM~! (R? =
0.995), LOD at 68 nM with an RSD of 2.4%. The nanoMIP-graphene
sensors improve the selectivity, reducing the interference on street
samples and biological fluids. In addition, sensor’s reproducibility and
shelf life increased compared to the drop-casting approach.

The sensor allow to detect amphetamine on real street seized sam-
ples, these results were validated against UPLC-MS/MS demonstrating
satisfactory accuracy and performance for a rapid test that can be used in
point-of-care or on field screening services.

The essential advantage of the present sensor technology is that
nanoMIP allows high selectivity and avoids the electro-oxidation of
interfering molecules due to their actuation system. In addition, the
nanoMIP actuation led to a selective molecular recognition system.
Unlike classic electrochemical sensors, nanoMIP allows the detection of
non-electroactive molecules. In addition, nanoMIP can be easily man-
ufactured using reactors and integrated by 3D printing or screen-
printing on a large scale. The present technology reflects the scalabil-
ity of nanoMIP sensor manufacturing and its potential use in clinical and
forensic applications. Future work will focus on improving the sensors’
storage, lifetime and working range.
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