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Electrochemical Determination of Naloxone Using Molecularly
Imprinted Poly(para-phenylenediamine) Sensor
Narges Shaabani,1 Nora W. C. Chan,2 William Edward Lee,2,a and Abebaw B. Jemere1,z

1Nanotechnology Research Centre, National Research Council Canada, Edmonton, AB T6G 2M9, Canada
2Defence Research and Development Canada - Suffield Research Centre, Medicine Hat, AB T1A 8K6, Canada

A molecularly imprinted polymer (MIP)-based electrochemical sensor featuring an electrochemically grafted para-phenylenedia-
mine functional monomer on a reduced graphene oxide-gold nanoparticles composite modified screen printed electrode is reported.
The morphology and properties of the sensing material were characterized with microscopy, spectroscopy and electrochemical
techniques. A number of factors affecting the performance of the MIP sensor were examined and optimized. Under an optimized
condition, the imprinted electrochemical sensor yielded homogenous naloxone binding sites with a dissociation constant of 8.6 μM,
and responded linearly up to 8 μM naloxone, with a limit of detection of 0.16 μM. The sensor showed good run-to-run repeatability
and batch-to-batch performance reproducibility with relative standard deviation of 5.7%–9.6% (n = 4) and <9% (n = 3),
respectively. The imprinted sensor retained 95% and 85% of its performance when stored at ambient conditions for one and two
weeks, respectively, demonstrating the sensor’s good stability. Selectivity experiments showed that both the MIP sensor and non-
imprinted polymer electrode had minimal response (<25%) to equal concentrations of structurally similar compounds such as
morphine, naltrexone and noroxymorphone, indicating good selectivity of the MIP sensor towards naloxone. The MIP sensor was
successfully used to quantify naloxone in artificial urine samples, yielding recoveries greater than 92%.
© 2020 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution Non-Commercial No Derivatives 4.0 License (CC BY-
NC-ND, http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial reuse, distribution, and reproduction
in any medium, provided the original work is not changed in any way and is properly cited. For permission for commercial reuse,
please email: permissions@ioppublishing.org. [DOI: 10.1149/1945-7111/abbb0d]
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Naloxone, (5α)-4,5-epoxy,3,14-dihydroxy-17(2-propenyl) mor-
phinan-6-one, is a well-established opiate antagonist used for the
treatment of opioid/heroin overdose and to ease opioid-induced
constipation.1 Various naloxone (NLX) products have been ap-
proved worldwide for sublingual, buccal and transmucosal routes
injections,1 with each product containing varying naloxone doses.
Even though naloxone doesn’t cause physical or psychological
dependency, high concentration of naloxone can provoke undesir-
able behaviour, increase serum cortisol level and induce cognitive
impairment.2,3 Current analytical methods for the measurement of
NLX in pharmaceutical drug products and in biofluids are based
mainly on liquid chromatography and mass spectrometry.4,5 These
methods, however, are costly, time consuming, require bulky
instrumentation and not appropriate for field use or point of care.
Thus, rapid, sensitive and selective analytical methods for on-site
NLX measurement are required.

Electrochemical sensor platforms are attractive due to their
simple operation, low cost, low sample volume requirement, speed
of analysis, and compactness.6 The core of electrochemical sensors
is the recognition element which interacts with the specific target
analyte. Molecular imprinting is an established and cost-effective
approach for making selective binding sites in synthetic polymers
using molecular templates,7 and has been successfully utilized to
develop sensitive sensor platforms for biological, environmental,
pharmaceutical and chemical detections.7–9 MIPs are typically
prepared by polymerizing functional monomers in the presence of
template molecules. Template removal generates 3D-cavities which
are complementary in shape, size and functional groups of the target
analyte. The selectivity of MIPs towards the analyte molecules and
their recognition mechanisms makes them similar in function to
natural biological receptors such as enzymes and antibodies.
However, the high chemical and thermal stability of MIPs along
with their low cost and ease of synthesis makes them attractive in the
field of chemical sensing.

It is well known that the high selectivity of MIP-based electro-
chemical sensors is usually compromised by their low sensitivity and
high limits of detection.10 To improve MIP sensors’ performances,
electrode surfaces are usually modified with conducting nanomater-
ials, such as carbon nanotubes, graphene and metal nanoparticles,
which increase the electrical conductivity and surface area-to-
volume ratio of the electrodes.9–16 Here, a composite of gold
nanoparticles (AuNPs) and reduced graphene oxide (rGO) was
used as a matrix to form the MIP NLX sensor on a screen-printed
carbon electrode (SPCE). The rGO-AuNPs composite was synthe-
sized in situ in a one-step electrochemical method without the use of
external reducing agent or linker molecules on the SPCE.13,17–20

Among the different methods for the synthesis of MIPs,7 electro-
polymerization allows the growth of a polymer directly onto the
electrode surface and to manipulate the MIP’s thickness, morphology
and topography optimal for each template by varying the electric charge
applied during polymerization.21–23 To the best of our knowledge, there
is only one literature report for MIP-based electrochemical sensing of
NLX, and that report used electropolymerized para-aminobenzoic acid
as the functional monomer.24 Here, we used para-phenylenediamine (p-
PDA) as the functional monomer to form MIP on rGO-AuNPs/SPCE
surfaces, because the−NH2 of groups of phenylenediamine can interact
with both the template NLX through hydrogen bonding and inter-
molecular forces, and the AuNPs via Au-N bonds. Reports have shown
that PDA monomers are suitable for MIP preparations yielding compact
and rigid polymer films with hydrophilic, hydrophobic and basic
recognition sites.22 In addition, MIPs of PDAs can be made thin and
continuous, a feature required to afford a short response time of
chemical sensors.22 In the last five years, chemically and mechanically
stable ultrathin electrosynthesized MIP films of PDA have been
prepared on various substrates and applied for sensitive detection of a
number of small molecules including drugs,12,25–30 herbicides,31–33

hormone34,35 and animal feed additive.36

In this work, we analyzed the function of a p-PDA MIP electro-
chemical sensor in the rapid and sensitive measurement of NLX. MIPs
were prepared on rGO-AuNPs/SPCE, rGO/SPCE and SPCE surfaces
using cyclic voltammetry (CV), and their performance indicated that
the AuNP layer could amplify the electrochemical response of the
sensor.25 Normalized NLX currents obtained for MIPs prepared onzE-mail: abebaw.jemere@nrc-cnrc.gc.ca
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rGO-AuNPs/SPCE surface were ∼2.8 times higher than those prepared
on bare SPCE and ∼1.4 times to those prepared on rGO/SPCE. The
MIP/rGO-AuNPs/SPCE sensor exhibited recognition of NLX with
good stability, reproducibility and selectivity against structurally similar
compounds. The sensor was also used to quantify NLX in artificial
urine samples, yielding good recovery.

Experimental

Chemicals and materials.—Naloxone (NLX), morphine (MO),
naltrexone (NAL), noroxymorphone (NOMO) para-phenylenedia-
mine (p-PDA), hydrogen tetrachloroaurate (III) hydrate, potassium
ferricyanide, potassium ferrocyanide, hydrochloric acid, methanol
and phosphate buffered saline (PBS) tablets were obtained from
Sigma-Aldrich (Canada, www.sigmaaldrich.com). Graphene oxide
(GO) (4 mg ml−1 suspension in water) was purchased from Strem
Chemicals (USA, www.strem.com). Deionized (DI) water having a
resistivity of 18 MΩ.cm (Milli-Q UV Plus Ultra-Pure Millipore
System) was used for aqueous solutions preparation and rinsing
electrodes. PBS tablets were dissolved in water to make 10 mM pH
7.0 PBS buffer. Stock solutions of NLX (50 mM) were prepared in
water and stored at 4 °C. Daily working solutions of NLX and fresh
solutions of p-PDA were prepared in phosphate-citrate buffer
(0.1 M, pH 6.0). Bicarbonate buffer (0.1 M, pH 9.2) was prepared
by mixing equimolar solutions of sodium carbonate and sodium
bicarbonate.

MIP Sensor fabrication.—Scheme 1 shows the step-wise
fabrication of the MIP sensor and the NLX detection mechanism.
Prior to modification, a bare SPCE (Metrohm Dropsens, www.
dropsens.com) was rinsed with water and then activated with 0.1 M
HCl by cycling between −0.4 V and +1.5 V at 50 mV s−1 for 20
cycles until a stable cyclic voltammogram was attained. To modify
the cleaned SPCE, a suspension containing 1 mg ml−1 of GO and
0.5 mM HAuCl4 was prepared in 1 ml bicarbonate buffer, and then
purged with N2 for 1 h to deoxygenate the solution and exfoliate the
stacked GO. Electro-codeposition of GO and AuNPs on SPCEs was
carried out using CV at a scan rate of 50 mV s−1 in the potential
range of −1.6 V to 0.6 V for 20 cycles. An SPCE was also modified
under the same electrochemical condition using a suspension of
1 mg ml−1 of GO in 1 ml bicarbonate buffer to form rGO/SPCE.
After electrodeposition, the rGO-AuNPs/SPCE and rGO/SPCE
surfaces were gently washed with water and dried under N2 stream.

MIP was prepared on the surfaces of the rGO-AuNPs/SPCE,
rGO/SPCE and bare SPCE using CV. A 200 μl aliquot of an MIP
reaction solution comprising 5 mM p-PDA and 1 mM NLX in 0.1 M
phosphate-citrate buffer was first pipetted onto the modified SPCEs,
and the electrodes were then placed in glass cylinder housings and
incubated for 1 h in the dark prior to performing CV between
−0.20 V to +1.00 V for 15 cycles at a scan rate of 50 mV s−1. A
control non-imprinted polymer (NIP) film was also prepared on the
rGO-AuNPs/SPCE under the same experimental conditions but with
no NLX in the polymerization mixture. After electropolymerization,
the MIP modified electrode was first rinsed with water and then
conditioned with extraction solution (methanol/0.1 M HCl, 50:50,
V/V) for 40 min (by changing the solution every 10 min) at room
temperature to extract the embedded NLX molecules. Under the
extraction condition, non-covalent bonds between the MIP and NLX
may be disrupted allowing the NLX molecules to escape from the
imprinted polymer network,24 creating cavities that are complemen-
tary in shape, size and functionality to the original NLX molecules.

To optimize the pH of the electropolymerization buffer,
monomer-to-template ratio and number of CV cycles of MIP
preparation, 80 μl solution of 5 μM NLX prepared in phosphate-
citrate buffer was placed at the MIP sensor and incubated for 10 min.
The sensor was then washed with water to remove loosely bound
NLX and dried with a stream of N2. To the dried sensor, 80 μl of
PBS was pipetted for the analysis of NLX by differential pulse
voltammetry (DPV) by scanning the potential from +0.15 V to
+0.5 V using a pulse amplitude of 50 mV, step potential of 5 mV,
pulse width of 10 ms and pulse period of 100 ms.

Effects of naloxone extraction and incubation times from the MIP
sensor as well as the sensor’s analytical performance were evaluated
using freshly prepared NLX solutions. After the imprinted electrodes
were incubated in solutions containing different concentrations of
NLX for 10 min, the electrodes were rinsed with water and buffer.
DPV measurements were then carried out using 5 mM
K3[Fe(CN)6]/K4[Fe(CN)6] solution, prepared in 0.1 M KNO3, by
scanning the potential from −0.2 to 0.3 V using pulse amplitude of
50 mV. Normalized current change (ΔI/I0) of the sensor was
employed to characterize the re-binding of NLX to the MIP sensor.
I0 is the peak current of [Fe(CN)6]

3−/4− measured for the MIP sensor
that was first incubated with buffer alone (0 μM NLX) and ΔI is the
difference between I0 and the peak current of [Fe(CN)6]

3−/4−

measured after the MIP sensor was incubated in NLX solution.
All measurements were executed at room temperature. Prior to

Scheme 1. Illustration of the stepwise fabrication of the MIP sensor and the NLX measurement mechanism.
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electrochemical measurements the solutions were purged with N2 for
10 min.

Instruments.—PalmSens potentiostat controlled by PSTrace 5
software (Utrecht, The Netherlands) was used for all electrochemical
measurements, using a three-electrode system comprising a modified
screen printed carbon electrode (4 mm in diameter) as the working
electrode, a Pt counter and a Ag reference electrodes. Differential pulse
voltammetry (DPV) experiments were conducted by scanning the
potential from −0.2 to +0.3 V, using pulse amplitude of 50 mV, pulse
width of 10 ms, and pulse period of 100 ms at room temperature. A
solution containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] in 0.1 M KNO3

was used a redox probe. The modified electrodes were characterized by
scanning electron microscopy (SEM, Hitachi S-4800, Japan) and
Raman spectroscopy.

Results and Discussion

Electrochemical deposition and characterization of the rGO-
AuNPs composite.—Figure 1 shows typical CVs of the electro-
chemical reduction of GO (rGO) and the co-deposition of
rGO-AuNP composite on SPCEs in alkaline bicarbonate buffer.

CV of GO reduction shows one anodic peak (i) and two cathodic
peaks
(ii & iii) (see Fig. 1a). The constant increase of the cathodic current
(peak iii), which is due to the irreversible reduction of GO,18,37,38

with successive potential scan indicates the deposition of conductive
GO (i.e. reduction of GO). Peaks i and ii seen in Figs. 1a & 1b are
ascribed to redox pair of oxygen-containing groups (phenolic
hydroxyl, carboxylic acid and epoxy groups) on the graphene sheet
which are very stable to be reduced.18,37,38 The reduction currents
for co-deposition of GO and AuNPs on SPCE (Fig. 1b) are
remarkably larger than the reduction currents for GO (Fig. 1a)
indicating the continuous deposition of Au on the former surface,
which is more conductive than rGO alone on the SPCE.

The prepared electrodes were characterized by SEM, Raman
spectroscopy and electrochemical techniques. SEM images shown in
Figs. 2a–2d display clear differences among the morphologies of the
bare SPCE and the nanomaterials modified SPCE surfaces. As shown
in Fig. 2b, the electrodeposition of GO on the SPCE reveals a layer of
uniform film, presenting flake-like shape and wrinkled texture, which is
consistent with literature reports.17,19,20,37 The rGO-AuNPs composite
modified SPCE (i.e. rGO-AuNPs/SPCE) surface reveals uniform
distribution of spherical AuNPs with an average diameter of ∼50 nm
(Fig. 2c). It was noticed that the number of AuNPs is moderately higher
at the edge of rGO sheet, which might be due to the more functional
groups available at the edge of rGO sheet and the associated higher
surface energy (chemical potential).39

Raman spectroscopy analysis was performed to extract the
characteristic features of the band gap of the rGO and rGO-AuNPs
composite. As shown in Fig. 2e, both materials reveal two primary
peaks centered at ∼1350 cm−1 and ∼1590 cm−1, which correspond
to the D and G bands of graphene, respectively, and a small peak at
∼2690 cm−1 which is assigned to the 2D bands of graphene.40,41

The D, G and 2D bands represent disorder and imperfection of the
carbon crystallites, the in-plane vibration of sp2 atoms, and the
stacking disorder, respectively.40,41 Compared to the rGO, the G
band of rGO-AuNPs composite is slightly shifted from 1,601 cm−1

to 1,606 cm−1, due to the p-doping effect of AuNPs.42,43 The ratio of
the intensity of the D and G bands (ID/IG), which is widely used to
characterize structural disorder in graphitic structures,41 increased
from 0.50 for rGO to 0.81 for the rGO-AuNPs composite, indicating
the increase in disorder. It is also known that doping of graphene
decreases the 2D peak intensity,42,43 which was noted in Fig. 2e.

Electrochemical characterization of the three electrode materials
(bare SPCE, rGO/SPCE and rGO-AuNPs/SPCE) in 0.5 M H2SO4

(Supplementary Fig. S1a is available online at stacks.iop.org/JES/167/
137508/mmedia) and using 5 mM Fe(CN)6

3−/4− (Supplementary
Fig. S1b) also confirms the deposition of rGO and rGO-AuNPs on
the SPCEs.

Preparation and characterization of MIP/rGO-AuNPs/SPCE.—
CVs of the electropolymerization of p-PDA in the presence and absence
of naloxone on AuNP-rGO/SPCEs in phosphate-citrate buffer are
shown in Figs. 3a and 3b, respectively. As seen in the figures, there
is an irreversible anodic current peak at ∼+0.18 V on the first scans,
which is due to the oxidation of p-PDA.44,45 The current rapidly
decreases to almost background level on subsequent cycles, indicating
the formation of an insulating polymeric film on the electrodes surfaces
blocking access of monomer to the electrode. In the preparation of MIP
(Fig. 3a), a slight anodic peak at ∼+0.40 V resulting from NLX
oxidation was observed in the first scan. In the presence of NLX in the
pre-polymerization mixture, the –NH2 functional groups of the p-PDA
interact with the hydroxyl, carbonyl, tertiary amine and ether groups of
NLX to form imprinted cavities with which the analyte molecules are
anticipated to bind via π-π interactions and hydrogen bonding.
Figure 3b shows that in the preparation of a control non-imprinted
polymer (NIP), no peak at ∼+0.40 V was observed. These results
suggest that under these conditions successful electropolymerization of

Figure 1. CV curves for the electrodeposition of (a) 1 mg ml−1 rGO,
(b) 1 mg ml−1 rGO and 0.5 mM HAuCl4 in bicarbonate buffer at a scan
rate of 50 mV s−1.

Journal of The Electrochemical Society, 2020 167 137508

http://stacks.iop.org/JES/167/137508/mmedia
http://stacks.iop.org/JES/167/137508/mmedia


p-PDA entrapping NLX was achieved. The MIP and NIP modified
rGo-AuNPs/SPCEs were characterized by DPV, CV and SEM.

Figure 3c shows DPV of the as-prepared MIP (prior to template
removal) and NIP modified rGO-AuNPs/SPCEs. Two distinct peaks
corresponding to the polymer film (at ∼+0.24 V) and oxidation of
NLX (at +0.38 V) were observed for the MIP/rGO-AuNPS/SPCE
surface preparation, whereas only a single peak at ∼+0.27 V was
observed for the NIP/rGO-AuNPs/SPCE. These observations in-
dicate successful entrapment of NLX in the MIP/rGO-AuNPs/SPCE.
From the DPV voltammograms, a small shift (∼0.03 V) to the

polymer peak potential was observed between the MIP and NIP
modified electrodes, indicating that the oxidation of the polymer in
the MIP required slightly more energy. This could be attributed to
attractive interactions between the electroactive molecules of NLX
and the polymer in the MIP. Supplementary Fig. S2 shows CVs the
MIP/rGO-AuNPs/SPCE and NIP/rGO-AuNPs/SPCE using 5 mM
Fe(CN)6

3−/4− in 0.1 M KNO3 after the removal of NLX template
molecules using the extraction solution. The rGO-AuNPs/SPCE
surface produced well-defined redox peaks (curve a) that are
characteristic of the redox probe. The NIP modified electrode showed

Figure 2. SEM images of the (a) bare SPCE, (b) rGO/SPCE, (c) rGO-AuNPs/SPCE, (d) MIP/rGO-AuNPs/SPCE. (e) Raman spectra of rGO-AuNPs/SPCE and
MIP/rGO-AuNPs/SPCE.
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almost no redox currents (curve b) compared to the unmodified
rGO-AuNPs/SPCE surface because the electrochemically insulating
polymer hindered transfer of electron between the redox probe and the

electrode surface. However, the MIP modified rGO-AuNPs/SPCE
surface showed a pair of redox peaks (curve c), suggesting cavities
were formed in the MIP film after the extraction of template NLX
molecules which promotes the diffusion of the redox probe to the
electrode surface.

From the SEM image shown in Fig. 2d, it is evident that the gold
nanoparticles that were clearly visible in the rGO-AuNPs/SPCE
surface (Fig. 2c) are now covered with polymer layer, providing
further evidence to the electropolymerization of p-PDA on the rGO-
AuNPs/SPCE.

The performance and ability of the MIP/rGO-AuNPs/SCPE
sensor for NLX measurement was compared to that of MIP/SPCE,
MIP/rGO/SPCE sensors and the control non-imprinted surface (NIP/
rGO-AuNPs/SPCE), where MIP and NIP were prepared using the
optimized conditions discussed below. Figure 4 shows the normal-
ized current of the MIP/rGO-AuNPs/SPCE sensor for 5 μM NLX is
higher than the normalized current of the other modified surfaces
(∼1.6 times that of MIP/rGO/SPCE, ∼2.5 times that of MIP/SPCE
and 5.5 times that of the NIP). The imprinting factor, which is
calculated as ΔIMIP/rGO-AuNPs/SCPE/ΔINIP/rGO-AuNPs/SCPE where ΔI is
the difference between the DPV currents obtained in the absence and
presence of NLX, was calculated to be 19.5, indicating that there
were a large number of binding sites on the MIP/rGO-AuNPs/SPCE
which would allow the sensor to adsorb more target analyte
molecules. These results demonstrate that the unique electrical
property of the rGO-AuNPs composite and the increased surface
area of the modified electrode rendered by the composite were
effective to promote, recognize and accumulate NLX molecules
through the MIP film. Thus, the MIP/rGO-AuNPs modified elec-
trode was utilized as the sensor for NLX detection.

Optimization of MIP sensor preparation conditions.—In order
to fabricate an efficient sensor, thorough investigations were made
on the effects of various influencing parameters such as the molar
ratio of template-to-monomer molecules, pH of the electropolymer-
ization supporting electrolyte, electropolymerization scan cycles,
template extraction conditions and incubation time.

Effect of monomer to template concentration ratio.—The molar
ratios of template to functional monomer in the pre-polymerization
mixtures influence the number of imprinted cavities in MIP, which
affects the rebinding and recognition capability of the sensor.7 To
investigate the effect of p-PDA concentration on the response of the
MIP sensor towards NLX, pre-polymerization solutions composed of
NLX-to-p-PDA molar ratios of 1:2, 1:4, 1:5, 1:8, and 1:10 were
prepared and electrochemically polymerized on rGO-AuNPs/SPCEs.
As shown in Fig. 5a, the sensor response to NLX initially increased
with increasing the proportion of the monomer, reaching a maximum at
1:5 molar ratio. The MIP sensor response decreased with further
increasing the molar ratio of the monomer in the pre-polymerization
mixture, which might be due to an increase in the MIP thickness and an
ensuing reduction in the conductivity of the MIP layer. Thus, the molar
ratio of the template-to-monomer was set as 1:5 for further experiments.

Effect of number of cycles of polymerization.—The number of
cycles used in the electropolymerization process can influence the
thickness of the MIP layer, thereby the sensors’ performance.8,22

Thus, different MIP/rGO-AuNPs/SPCEs were prepared from pre-
polymerization solutions composed of 1 mM NLX and 5 mM p-PDA
(1:5 molar ratio) with electropolymerization cycles ranging from 3 to
20. Figure 5b shows that the DPV current response of the MIP
sensor increased with the number of scan cycles, reaching a
maximum at 15 cycles. Increasing the cycle number beyond 15
resulted in decreased NLX oxidation current. This is ascribed to the
resulting thick polymer films impeding the oxidation of NLX
molecules trapped near the polymer surface. Thick polymer films
would also cause slow mass transfer of the analyte upon incubation
with the MIP sensor, and prolong the NLX extraction time. Hence,
15 cycles was chosen as optimal to produce the MIP sensor.

Figure 3. Electropolymerization of (a) MIP from a solution containing 5 mM
p-PDA and 1 mM NLX in phosphate-citrate buffer, (b) NIP from a solution
containing 5 mM p-PDA in phosphate-citrate buffer, and (c) DPV voltammo-
grams of MIP and NIP modified rGO-AuNPs/SPCE in phosphate buffer.
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Effect of pH in MIP preparation.—The pH of the polymerization
solution affects the structure and function of the imprinted polymer
as well as the rebinding of the template molecules. In order to
examine the effect of pH on sensor performance, MIPs were
prepared from solutions consisting of 0.1 M phosphate-citrate buffer
in the pH range of 4–9. Following template removal using extraction
solution, the sensors were incubated with 5 μMNLX for 10 min, and
the resulting NLX oxidation peaks were recorded and compared.
Figure 5c shows maximum DPV peak current was obtained for MIPs
prepared using a pH 6.0 buffer. NLX, pI 8.55,46 exists in four
tautomeric forms in solution. At pH 6, the cationic form predomi-
nates, which may lead to strong electrostatic and other non-covalent
interactions between the functional monomer and NLX. This pH was
selected for further experiments.

Effect of extraction and incubation time.—Complete extraction of
entrapped template molecules from imprinted polymer is critical for
MIP sensors’ performance and to be able to regenerate the sensor
after each measurement. Solvent extraction is the most common and
effective method of template removal in the development of MIP
sensors.9 Here, an extraction solution of MeOH/0.1 M HCl (50/50,
v/v) was used to remove template NLX molecules and reuse the MIP
sensor as reported by Lopes et al.24 Extraction time was optimized
by soaking MIP sensors in the extraction solution for various times,
and measuring the DPV signal of 5 mM [Fe(CN)6]

3−/4− in the
resulting surfaces. Supplementary Fig. S3a shows an optimal
extraction time of 10 min for the p-PDA MIP network.

The relationship between the sensor current response and the
rebinding time of NLX was also studied by incubating the imprinted
polymer sensor (after template removal) in 50 μM NLX solution
prepared in PBS. DPV signal of 5 mM [Fe(CN)6]

3−/4− in the
resulting surfaces were recorded and shown in Supplementary Fig.
S3b. The figure shows that the current decreased rapidly with the
increase in the incubation time, reaching a plateau at 10 min
suggesting that adsorption equilibrium was reached and the uptake
was rapid. Therefore, an incubation time of 10 min was used for
further studies. This time is significantly shorter than what has been
reported (40 min) for an MIP NLX sensor using para-aminobenzoic
acid.24

Analytical performance of the MIP sensor.—The performance
of the imprinted sensor for the determination of NLX was
investigated using DPV of [Fe(CN)6]

3−/4− under the optimized
experimental conditions. NLX binding to the MIP-modified elec-
trode reduces the permeability of the redox probe, and this effect was
used to measure the analyte concentration.9 After template removal
and background current measurements, MIP sensors were incubated

in different concentrations of NLX for 10 min. The inset in Fig. 6
shows the [Fe(CN)6]

3−/4− current decreased with increasing NLX
concentration, implying that higher number of imprinted sites were

Figure 4. The normalized current of 5 μM of NLX on MIP/rGO-AuNPs/
SPCE, NIP/rGO-AuNPs/SPCE, MIP/rGO/SPCE, and MIP/SPCE. Error bars
represent standard deviation of three independent measurements.

Figure 5. Variation of DPV peak current of NLX as a function of (a) mole
ratios of NLX to p-PDA, (b) number of electropolymerization cycles, and
(c) pH of the pre-polymerization solution. Three independent electrodes were
processed for the acquisition of each data point. Where not visible, error bars
are smaller than the symbols.
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occupied by the target NLX molecules and generated a higher degree
of blocking of the redox probe from the electrode surface. The plot
of the normalized current of the MIP sensor vs the concentration of
NLX is given in Fig. 6. Each data point represents an average value
obtained from three independent MIP sensors prepared and pro-
cessed in parallel, with error bars showing the standard deviation of
the three measurements. The binding isotherm shown in Fig. 6 is not
a straight line rather it presents saturation behaviour at higher NLX
concentration. This implies the binding of NLX to the MIP sensor
takes place according to Langmuir or bi-Langmuir model.47,48 This
was confirmed by a good theoretical fit to the Langmuir isotherm
equation, with a correlation coefficient (R2) of 0.9916. This suggests
that the fabricated MIP cavities are structurally homogeneous and
the binding sites are energetically equivalent. From the fit, we
calculated the maximum signal (ΔI/Io) at saturation to be 0.983 and
a dissociation constant (Kd) of 8.6 μM. The corresponding Scatchard
plot (Supplementary Fig. S4) of the data presented in Fig. 6 also
yielded a straight line with R2 of 0.9351, indicating homogenous
binding sites on the MIP surface. These observations are consistent
with the conclusion drawn from the data presented in Fig. 4, where
the contribution of nonspecific interaction in the NIP accounted to

only 5% of the total signal recorded for the MIP sensor. According
to equilibrium binding kinetics the low concentration range of the
binding isotherm is predicted to be approximately linear; the linear
regression (0–3 μM) yielded ΔI/Io = 0.0904 C + 0.00787 (R2 =
0.9999). The limit of detection (LOD) the MIP/rGO-AuNPs/SPCE
sensor, calculated as 3σ/slope (σ is the standard deviation for the
lowest concentration in the calibration plot), was 0.16 μM. This
LOD is slightly lower than the recently reported value (0.20 μM) for
NLX electrochemical sensor,24 but higher by an order of magnitude
than obtained for HPLC-UV (0.03 μM49 and 0.24 μM50) and
HPLC-MS.5 The concentrations of NLX in injectable and non-
injectable formulations that are being distributed in North America
since 2006 to treat opioid overdose are in the range of 0.4 mg ml−1

to 1 mg ml−1 (1.2 mM–3.0 mM).1 Since NLX shows low bioavail-
ability after sublingual or oral administration, appreciably raised
levels of NLX may not be routinely observed in urine samples. In a
study published in 2020, Warrington et al.51 reported an average
NLX level of 633.65 ng ml−1 (1.9 μM) was found during urine drug
test for patients of opioid use disorder. Thus, the development of
such a sensor that can detect sub-micro molar (ng ml−1) concentra-
tion of NLX will prove advantageous in both pharmaceutical dosage
and urine sample analysis.

The selectivity of the MIP/rGO-AuNPs/SPCE sensor towards
NLX was evaluated against structural analogue compounds of
naltrexone (NAL), noroxymorphone (NOMO) and morphine (MO)
(their structures are given in Supplementary Fig. S5) prepared
individually at concentrations of 5 μM. The selectivity of the sensor
was evaluated from the ratio of the normalized signal of the sensor to
NLX and to the interfering compounds from the data shown in
Fig. 7. This ratio slightly varied from 4 to 5.5, demonstrating that the
MIP/rGO-AuNPs/SPCE sensor has higher recognition selectivity to
NLX than for the interfering compounds. The NIP/rGO-AuNPs/
SPCE showed no significant differences among all the compounds
including NLX. The MIP sensor reported in Ref. 20, yielded
40%–55% signal for NOR and NAL, while our sensor gave only
∼18% response for these compounds, demonstrating the better
selectivity of our sensor. The selectivity of the MIP sensor towards
NLX could be ascribed to the complementary cavities created in the
imprinted polymer matrix which match the structure of NLX
sterically and via molecular interactions between the functional
groups in the polymer and template molecules.

To examine the stability of the imprinted electrode, MIP/rGO-
AuNPs/SPCE was stored at room temperature for a period of time

Figure 6. The calibration plots for different concentration of NLX on MIP/rGO-AuNP/SPCE sensor (n = 3) and the DPV curves using 5 mM
K3[Fe(CN)6]/K4[Fe(CN)6], 0.1 M KNO3. The blue line represents the best fit for a non-linear regression of a single binding site Langmuir isotherm.

Figure 7. The normalized current of MIP and NIP modified rGO-AuNPs/
SPCE sensors towards 5 μM NLX, MO, NAL and NOMO. Error bars
represent standard deviation of three independent measurements.
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before use. The normalized current of the sensor decreased to 94.9%
and 84.7% after one and two weeks of storage, respectively,
compared to its initial response, demonstrating stability. Sensor’s
performance repeatability was also investigated by detecting NLX at
four different concentrations (1 μM, 5 μM, 8 μM and 10 μM) in
triplicates using the same sensor. Relative standard deviations (RSD)
of 5.7%–9.6% were obtained, revealing that the MIP sensor
possesses good repeatability.

Detection of NLX in urine samples.—The MIP NLX sensor was
tested with artificial urine samples to demonstrate its applicability in
complex biological media. In analytical measurements, a commonly
used and effective method to overcome matrix effects is standard
addition, where known quantities of the analyte (in this case, NLX)
are added to the solution of interest (in this case, urine with an
“unknown” concentration of NLX) and the sensor’s analytical signal
is measured in response to each addition. Artificial urine (composition
shown in supplementary Table SI) with no NLX was first diluted (1:1,
v/v) with PBS and spiked with 3 μM and 8 μM NLX. The spiked
artificial urine samples were then centrifuged for 15 min at a speed of
10,000 rmp and the resulting supernatants were incubated with the
MIP sensor and analysed. Calculated recoveries, using the equation
from the calibration plot shown in Fig. 6, of 97.0% and 92.7%, with %
RSD of 8.1% and 9.2%, respectively, were obtained for the 3 μM and
8 μM NLX spiked samples. These results demonstrate the reliability
and accuracy of the MIP/rGO-AuNPs/SPCE sensor for rapid and easy
determination of NLX in complex bodily fluid.

Conclusions

This report demonstrates the development of a MIP-based
electrochemical sensor for NLX measurement by electropolymerizing
p-PDA on the surface of rGO-AuNPs modified SPCE. The introduc-
tion of rGO-AuNPs composite on the electrode surface significantly
improved the MIP sensor’s performance, which may be ascribed to
the increase in the conductive surface area of the electrode leading to
enhanced electron transport and increased number of NLX immobi-
lization sites per unit surface area. The MIP/rGO-AuNPs/SPCE
showed a detection limit similar to the only reported MIP NLX
sensor, good run-to-run measurement and batch-to-batch fabrication
repeatability, and was stable for at least 2 weeks of dry storage. Unlike
the sensor previously reported, where the sensor’s response to NLX
was linear, the sensor reported here followed a Langmuir binding-
isotherm. This allowed us to estimate the dissociation constant
between the MIP and NLX to be 8.6 μM. The developed sensor
also demonstrated excellent selectivity against structurally similar
compounds (MO, NAL and NOMO), and was not affected by
matrices present in urine. The previously reported MIP sensor yielded
40%–55% signal for NOMO and NAL, while our sensor gave only
∼18% response for these compounds, which is an advantage. The
high recovery (>92%) rate of the MIP sensor in synthetic urine
sample suggests that the sensor has excellent degree of accuracy and
could be suitable for measuring NLX in complex biological samples.
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