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ABSTRACT: A novel electrochemical sensor has been developed by using a
composite element of three-dimensional (3D) nanoporous nickel (NPNi) and
molecularly imprinted polymer (MIP). NPNi is introduced in order to enhance the
electron-transport ability and surface area of the sensor, while the electro-
synthesized MIP layer affords simultaneous identification and quantification of the
target molecule by employing Fe(CN)6

3−/4− as the probe to indicate the current
intensity. The morphology of the hybrid film was observed by scanning electron
microscopy, and the properties of the sensor were examined by cyclic voltammetry
and electrochemical impedance spectroscopy. By using metronidazole (MNZ) as a
model analyte, the sensor based on the MIP/NPNi hybrid exhibits great features
such as a remarkably low detection limit of 2 × 10−14 M (S/N = 3), superb
selectivity in discriminating MNZ from its structural analogues, and good
antiinterference ability toward several coexisting substances. Moreover, the
proposed method also demonstrates excellent repeatability and stability, with
relative standard deviations of less than 1.12% and 1.4%, respectively. Analysis of MNZ in pharmaceutical dosage form and fish
tissue is successfully carried out without assistance of complicated pretreatment. The MIP/NPNi composite presented here with
admirable merits makes it a promising candidate for developing electrochemical sensor devices and plays a role in widespread
fields.
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1. INTRODUCTION

Metronidazole (MNZ) is a nitroimidazole derivative and has
been widely applied in human beings, animals, and fish for
curing protozoal and bacterial diseases.1−3 In addition, it is also
used as a promoter to induce the growth of aquatic products.4,5

However, because MNZ shows genotoxic, carcinogenic, and
mutagenic side effects,6,7 its application in aquaculture and
farming industries has been prohibited by many countries and
areas.8,9 Thus, the accurate determination of trace levels of
MNZ is necessary in various samples. Different methods have
been reported for detecting MNZ, such as spectrophotom-
etry,10,11 thin-layer chromatography,12 gas chromatography,13

high-performance liquid chromatography (HPLC),14 and
electrochemistry.5,7,15−25 Some of these strategies suffer from
disadvantages including the involvement of time-consuming
manipulation steps, requirement of sophisticated equipment
and skilled operators, consumption of a large amount of organic
reagent, etc.26,27 Among them, an electroanalytical sensing

technique has been proven to be an attractive route owing to its
high sensitivity, simplicity, rapid analysis period, and low-cost
apparatus.5,7,15−25

As a key component in the sensor system, the sensing agent
has drawn numerous attempts both in material itself and in
modification strategy. Among multifarious approaches, the
molecular imprinting technique,28−30 which could produce a
polymeric network owning specific binding sites, has become a
powerful tool for the preparation of sensitive agents with a
predetermined recognition capacity for chem/biospecies of
interest. The principle of preparing a molecularly imprinted
polymer (MIP) involves polymerization of a functional
monomer in the presence of a template molecule and
subsequent template extraction from the polymer network,
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leaving sites with induced molecular memory that are capable
of recognizing the previously imprinted molecules.31,32 A
promising method to synthesize MIP on an electrode surface
is in situ electropolymerization, by which a polymeric layer can
easily grow directly on an electrode of any shape, and its
thickness is controlled by adjusting the synthesis conditions like
the amount of monomer, circulated charge, etc.30,33,34 This
strategy is highly controllable and flexible, allowing for a fast
sensing response, miniaturization of the sensor architecture,
and reproducibility of sensor manufacture.
On the other hand, high sensitivity and detection capacity are

other common requirements in the sensor industry, and it is
easy to understand that a three-dimensional (3D) porous
surface is superior to a flat electrode because the former can not
only provide a highly conductive framework for electron
transfer but also possess a hierarchical porous structure and
high surface area favoring fast electrolyte diffusion and facile
faradic reaction. Thus, materials including metals (Al, Au,
etc.),18,35 carbons,36 oxides (SnO2),

37 and nitrides38 with
nanoscale and porous features have been extensively applied
to modify planar electrodes. However, most of the modification
processes such as drop coating, physical adhesion, etc., often
lead to the decoration falling off easily under liquid conditions,
and consequently the fabricated sensors suffer from instability
and poor reproducibility. Hence, it is of primary importance to
develop an alternative decorating method. Electrodeposition of
the metal layer onto the electrode surface has been employed as
a unique modifying method because of controlled operation,
sturdy construction, and stability.39 When it comes to the
constituent of a 3D nanoporous agent, noble metals have been
reported,40,41 but rising cost is the main hindrance toward their
large-scale practical application. Accordingly, effort has been
put into adopting low-cost material with comparably high
electronic property, and metals (Ni and Cu)42−44 and metal
oxides (CuO, Co3O4, and NiO)45−48 have shown excellent
performance in the aspect of electron transfer. Therefore, it is
expected that a 3D nanoporous nickel (NPNi) structure should
serve as an ideal electrode architecture for loading other sensing
material. To the best of our knowledge, this point has not been
addressed before in the field of sensors.
In this article, a hybrid sensing platform based on composite

elements consisting of NPNi covered by an ultrathin MIP film
has been constructed for the first time. Both layers were
synthesized by a highly controlled electrodepostion process,
ensuring the stability and reproducibility of the resultant sensor.
The sensor performance was evaluated by using MNZ as a
model analyte, which displayed superb sensitivity, selectivity,
and a wide detection range. Furthermore, the novel sensor was
successfully employed to recognize and detect MNZ in the
pharmaceutical dosage form and real biological samples.

2. EXPERIMENT
2.1. Chemicals and Apparatuses. Metronidazole (MNZ),

ronidazole, 4-nitroimidazole, 1,2-dimethylimidazole, dimetridazole,
and o-phenylenediamine were purchased from Aladdin Co. (Shanghai,
China). Nickel sulfate was obtained from Adamas Reagent Co. Ltd.
(Shanghai, China). Copper sulfate and boric acid were supplied by
Alfa Aesar Co. (Tianjin, China). MNZ tablets were obtained from a
local drugstore. Crucian fish was obtained at a local market. Reagents
and materials, such as starch, sucrose, dextrin glucose, Fe(CN)6

3−/4−,
CaCl2, NH4Cl, NaCl, KNO3, KCl, H2SO4, HNO3, methanol, and a
phosphate buffer solution (KH2PO4 and K2HPO4) were of analytical
grade and were used without further purification. Aqueous solutions
were prepared with double-distilled water.

Electrochemical data were obtained by using a CHI 760E
Electrochemical Workstation (CHI Instruments Co., Shanghai,
China) connected to a personal computer at room temperature. A
typical three-electrode system was employed with a platinum wire (0.5
mm in diameter and 34 mm in length) as the auxiliary electrode and a
saturated calomel electrode (SCE) as the reference electrode, and the
working electrode was a bare or modified planar gold electrode (GE; 4
mm in diameter). All potentials given in this paper referred to SCE.
The surface morphology of NPNi was characterized with a Zeiss
Supra55VP scanning electron microscope operating at 20 kV.

HPLC was performed using an Essentia LC-10A system equipped
with an LC-10A Solvent Delivery Unit, an LC Solution 10A
workstation, and an SPD-10A UV−vis detector (Shimadzu, Japan).
LC condition was as follows: chromatographic separation was
performed on a Shimadzu WondaSil C18 column (150 mm × 4.6
mm i.d., 5 μm). The mobile phase was methanol/water (2:8, v/v) with
a flow rate of 1.0 mL min−1, and the detection wavelength was set at
315 nm. A KQ 300 ultrasonic cleaner (Kunshan Instrument Co.,
Jiangsu, China) was set at 40 kHz. All measurements were performed
in triplicate.

2.2. Preparation of MIP/NPNi/GE. A GE was polished carefully
to a mirrorlike surface with a 0.3−0.05 μm alumina aqueous slurry, and
then it was washed thoroughly with alcohol and distilled water. Before
the experiment, the bare GE was cyclic-potential-scanned within the
potential range of −0.2 to +0.6 V in a Fe(CN)6

3−/4− probe solution
[containing 0.1 M KNO3 and 0.1 M Fe(CN)6

3−/4−] as the supporting
electrolyte, until a pair of rather well-defined redox peaks was obtained.

The NPNi film was prepared as previously reported.42 Briefly, a
Ni−Cu alloy film was electrodeposited onto a bare GE in a three-
electrode cell containing 1.0 M NiSO4, 0.01 M CuSO4, and 0.5 M
H3BO3 (pH = 4). The film was deposited under a constant potential of
−0.75 V, and the total cathodic passed charge was controlled at 0.4 C
cm−2. When the electrochemical system is supplied with the external
voltage of −0.75 V, the working electrode acts as a cathode, where the
metal ions of Cu2+ and Ni2+ in the electrolyte solution are reduced,
such that they “plate out” into metal atoms on the cathode surface to
form a Ni−Cu alloy. Selective dissolution of Cu from the deposited
Ni−Cu film was then conducted in the same solution by applying a
potential of +0.2 V. In this case, the working electrode acts as an
anode, where oxidation of Cu to Cu2+ occurs, allowing them to
dissolve in the solution. Because Ni is stable under a potential of +0.2
V, it remains as an atom on the electrode surface.42 The developed
NPNi electrode was denoted as NPNi/GE.

Electropolymerization of MIPs in the presence of MNZ on the
NPNi/GE surface was realized by cyclic voltammetry (CV), which was
implemented between 0 and +0.8 V for 150 consecutive cycles at a
scan rate of 50 mV s−1 in a solution containing MNZ and o-
phenylenediamine as a functional monomer. Then NPNi/GE bearing
the polymer film was immersed in 0.1 M NaOH to extract embedded
MNZ through magnetic stirring for 30 min and CV scanning between
−0.5 and +0.5 V for several cycles until an evident redox peak could be
observed in the probe solution again. The schematic representation for
the preparation of MIP/NPNi/GE is illustrated in Figure 1. As a
control, a nonimprinted polymer (NIP)-modified electrode was
prepared and treated in exactly the same way except with omission
of template molecules. Several parameters concerning the MIP
preparation can be found in ref 23.

2.3. Electrochemical Measurement. The electrochemical sensor
was immersed in a solution containing the desired concentration of the
analyte for 10 min and carefully washed with distilled water to remove
the physical adsorbed substances. After that, it was transferred to a
three-electrode system assembled in a cell with a 0.1 M Fe(CN)6

3−/4−

probe solution. Cyclic voltammograms were recorded between −0.2
and +0.6 V at a scan rate of 100 mV s−1. A washing step was followed
after detection of one kind of analyte to extract sorbed compounds,
where the modified electrode was immersed in NaOH upon scanning
between −0.5 and +0.5 V for several cycles until a stable redox peak
could be observed. Preliminary studies on the electrochemical
behavior of the modified electrodes were performed by CV and
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electrochemical impedance spectra in the desired solution. All
measurements were performed at room temperature.
2.4. Detection of a MNZ Tablet and MNZ in a Biological

Sample. For the purpose of confirming the performance and
feasibility of the modified sensor in monitoring the pharmaceutical
product and complex matrix of real samples, MIP/NPNi/GE was
applied to measure MNZ in tablet form and in fish meat. A total of 10
pieces of MNZ tablets (each containing 200 mg of MNZ) were
accurately weighed, crushed, and mixed in a mortar. A portion of the
powder equivalent to 250 mg of MNZ was dissolved with methanol,
ultrasonicated for 5 min to allow complete dissolution of MNZ, and
then filtered. The filtrate solution was diluted to a desired
concentration with methanol for MNZ analysis. For the spiked
recovery experiment, a certain amount of MNZ was added to the
tablet powder. As for MNZ detection in fish meat, the experiment was
carried out as follows. A healthy crucian carp fish fasted for 24 h and
was fed a certain amount of MNZ mixed in fodder. After feeding for
48 h, 2.0 g of fish meat with fish skin and bones removed was
homogenized with 7 mL of methanol. Thereafter, methanol was added
to the homogenate at a volumetric ratio of 1:1 to get rid of protein,
followed by centrifugation. The supernatants were used for MNZ
detection. Likewise, for the spiked recovery experiment, a certain
amount of MNZ was added in the samples during the homogenization
process.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of MIP/NPNi/

GE. The electropolymerization process of the MIP layer was
characterized by CV, and typical scans are displayed in Figure
S1 (Supporting Information, SI). As suggested by the
prominent decrease of the current intensity under consecutive
cyclic scans, an insulating polymeric film was formed, gradually
covering the electrode surface and leading to restraint of the
voltammetric response. The voltammograms (Figure S1 in the
SI) show an electrochemically irreversible reaction.
The electrodes were first characterized by scanning electron

microscopy (SEM), which displays a series of regular patterns
on the surface of electrodes with different modifications. Figure
2a shows the solid starfish-like morphology of a Cu−Ni alloy
modified electrode (∼500 nm in diameter). The atomic ratio of
Cu and Ni is close to 1:1, as confirmed by energy-dispersive
spectrometry (EDS) in Figure 2e. After removal of Cu from the
alloy, the solid grains transformed into hollow flowerlike shapes

(Figure 2b) with nanopores (∼100−250 nm in diameter),
while the ratio of Cu and Ni was investigated as 10:1 (Figure
2f), implying that Cu was almost completely removed. After
further modification of the hollow Ni by electropolymerization
of o-aminophenol in the presence of MNZ, the Ni wall
obviously thickened (Figure 2c) along with a decrease in the
size of the nanopores. When MNZ was extracted from the
polymeric network, the Ni walls became thinner and coarser
and the nanopores got larger (Figure 2d).
The electrochemical behavior for the stepwise fabrication

procedure of MIP/NPNi/GE was also monitored by CV in a
probe solution. As shown in Figure 3a, compared with bare GE,
the peak current of NPNi/GE was significantly enhanced,
indicating that NPNi as an electrode modifier plays an
important role in enhancing the sensor signal. By contrast,
the peak currents of NPNi/GE covered with a poly(o-
aminophenol) film containing MNZ dropped significantly.
This can be explained by the fact that the polymer is not
conductive, and after the whole electrode surface was densely
wrapped with the polymeric film, there was essentially no
channel for the active probe to access the electrode surface.
This also demonstrates the successful decoration of a MIP thin
film onto the entire surface of a NPNi-modified electrode.
Extraction of the template MNZ was implemented by using 0.1
M NaOH, which could cause breakage of noncovalent
interactions between the functional monomers and the
template molecules.23,24 After removal of the template from
the polymeric network, some channels were created so that the
probe ions could pass through the cavities to transfer onto the
electrode surface, which is illustrated by amplification of the
peak current values (Figure 3a). In order to demonstrate the
binding ability of the sensor toward the template, the sensor
was incubated in a solution containing MNZ, and the

Figure 1. Schematic representation for the preparation of MIP/NPNi/
GE.

Figure 2. SEM micrographs of a Cu−Ni alloy (a), NPNi (b), MIP/
NPNi before (c) and after (d) extraction of MNZ. EDS spectrograms
of a Cu−Ni alloy (e) and NPNi (f).
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corresponding cyclic voltammogram was recorded. As shown in
Figure 3a, after incubation, the peak current of the probe was
diminished, which could be ascribed to blockage of the
channels used for probe transfer due to the binding of template
molecules with the MIP film. The subdued signal may be
attributed to noncovalent interactions, including hydrogen
bonds between the amino group of o-aminophenol and nitro
groups and the nitrogen in the imidazole ring of MNZ,
electrostatic force between the amino group of o-aminophenol
and the hydroxyl of MNZ, and van der Waals force.
Electron impact spectroscopy (EIS) was used for further

characterization of the modified electrode. Generally, the
impedance spectra include a semicircle portion and a linear
portion. The semicircle diameter at higher frequencies
corresponds to electron-transfer resistance, and the linear part
at lower frequencies is related to the diffusion process. It can be
seen that a small well-defined semicircle was obtained at the
bare GE, indicating small interface impedance (Figure 3b).
Modification with NPNi caused the semicircle to almost
disappear because of the excellent electroconductibility of
NPNi. When MIP was deposited on the surface of NPNi/GE,
the impedance values obviously increased, which could be a
consequence of the compact and nonconductive MIP film
introducing resistance into the electrode/solution interface.
However, the interface electron resistance decreased remark-

ably after MNZ was removed, suggesting the successful
formation of pores due to extraction of MNZ molecules. At
last, rebinding of MNZ (1 × 10−12 M) with MIP/NPNi/GE led
to an upward change of the impedance values, which could be
explained by occupation of part of the imprinted sites by MNZ
(Figure 3b).
The current shift of the cathodic reduction peak (ΔI) before

and after binding with MNZ was calculated for evaluation of a
sensor’s response (Figure S2 in the SI). It is evident that the
response of MIP/NPNi/GE is 2.09 times higher than that of
MIP/GE (Figure S2a in the SI), revealing the signal
enhancement effect from NPNi. It is assumed that the
nanoporous structure of the electrodeposited 3D Ni layer
provides a platform with a large surface area for loading the
upper MIP film, raising the amount of imprinted sites and
consequently boosting the sensitivity and binding capacity.
In addition, the responses of bare GE, NIP/GE, and MIP/

GE to MNZ at the same concentration were also explored
(Figure S2b in the SI). Imperceptible change in ΔI of bare GE
and NIP/GE was observed, while MIP/GE displayed an
obvious response toward MNZ, confirming that the existence
of imprinted sites in the MIP film plays an important role in
binding MNZ.

3.2. Calibration Curve and Detection Limit. The
calibration curves of the current response versus MNZ

Figure 3. Cyclic voltammograms (a) and Nyquist diagrams of EIS (b) of different electrodes during the preparation process and the complete EIS
curve of MIP/NPNi/GE before extraction of MNZ (c). The inset of part b is the equivalent circuit for the EIS test. The supporting solution of CV
contained 0.1 M Fe(CN)6

3−/4− and 0.1 M KNO3, and that of EIS contained 5 mM Fe(CN)6
3−/4− and 0.1 M KCl. The scan rate of CV was 100 mV

s−1, and the frequency range of EIS was from 0.01 Hz to 100 kHz.

Figure 4. (a) Calibration curves for MNZ detection correlating the reduction peak current shift with the MNZ concentration by using MIP/NPNi/
GE. The calibration curve in the top-left inset is obtained with the MNZ concentration in the range of 6 × 10−14−4 × 10−13 M, and the cyclic
voltammograms in accordance are in the bottom-left inset, while the bottom-right inset shows cyclic voltammograms with the MNZ concentration in
the range of 4.0 × 10−13−4 × 10−12 M. (b) Determination of MNZ and some of its structural analogues at the same concentration of 2 × 10−12 M by
using MIP/NPNi/GE.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b03755
ACS Appl. Mater. Interfaces 2015, 7, 15474−15480

15477

http://dx.doi.org/10.1021/acsami.5b03755


concentration for MIP/NPNi/GE are shown in Figure 4a, the
inset of which shows the corresponding cyclic voltammograms.
Double linearity can be found where the peak currents are
proportional to the concentration of MNZ in the ranges of 6 ×
10−14−4 × 10−13 M and 4 × 10−13−4 × 10−12 M with a
detection limit of 2 × 10−14 M at a signal-to-noise ratio of 3.
The comparison of our sensor with other reported sensors in
determining MNZ is summarized in Table 1, which shows that
the as-prepared sensor has the lowest detection limit compared
with its counterparts.
The existence of double linear ranges could originate from

the different affinity levels and the nonuniform distribution of
imprinted sites in the MIP film. Specifically, when MNZ is at
low concentration, they prefer to occupy the imprinted sites of
high affinity and located at the surface of the MIP film. Then,
the presence of more MNZ molecules may lead the low-affinity
sites residing in a deeper polymeric skeleton to begin binding
the templates, showing a decreased slope in the linear
regression equation.
Useful information involving the electrochemical mechanism

usually can be acquired by investigating the effect of the scan
rate on the peak current (Figure S3 in the SI). It is observed
that the reduction peak currents increased linearly with the
square root of the scan rates in the range of 10−150 mV s−1,
with two linear regression equations of Icp = 0.000034v1/2 −
0.000076 (R2 = 0.9949) and Iap = −0.000037v1/2 + 0.000091
(R2 = 0.9935). This indicates that the recognition of MNZ
upon the developed sensor is a diffusion-controlled process,
which is the ideal case for quantitative determination.49

3.3. Repeatability and Stability. The repeatability of the
sensor was evaluated by measuring three levels of MNZ
solution (2 × 10−13, 4 × 10−13, and 6 × 10−13 M) for three
successive times with the same modified electrode. The results
reveal that the electrode possesses a satisfying repeatability with
a relative standard deviation (RSD) of less than 1.12%,
suggesting that the developed method is suitable for the
routine quality control analysis of the drug in pharmaceutical
dosage and biological fluids. The stability of the modified
electrode was also examined by using the same electrode for
repetitive analysis of MNZ (4 × 10−13 M) in 30 days, brought
out with a RSD of 1.4%. Moreover, the sensor retains a
response of 96.6% of the initial current after 30 days of storage
in a desiccator at room temperature.

3.4. Selectivity. The selectivity was investigated by testing
the structural analogues of MNZ, including ronidazole, 4-
nitroimidazole, 1,2-dimethylimidazole, and dimetridazole, the
chemical structures of which are displayed in Figure S4 in the
SI. It is found that the current response of MIP/NPNi/GE
toward MNZ is much higher than that induced by the
analogues at the same concentration (Figure 4b). The high
specificity could be accredited to the complementary cavities in
the polymeric matrix, which match the unique molecular
structure of MNZ sterically and via multiple interactions
between functional groups in the polymer and template.
In order to further validate the specificity of the sensor, its

current response was tested in a solution containing 6 × 10−13

M MNZ and a 10-fold amount of starch, sucrose, and dextrin,
regarded as the major interfering molecules in the MNZ tablet,
and glucose, Ca2+, NH4

+, Na+, K+, Cl−, and NO3
−, as the main

interferents in biological sample (e.g., fish tissue). Compared
with MNZ alone, the mixtures of MNZ and coexisting
substances in tablet and biosample give responses of 99.1%
and 102.7%, respectively, reflecting the excellent interference
resistibility of the constructed sensor.

3.5. Real Sample Analysis. The practical utility of the
sensor was surveyed by determining the concentration of MNZ
in pharmaceutical drug and fish tissue using the standard
addition method. Recovery was calculated by dividing the
difference between the detected quantity of MNZ in spiked and
nonspiked samples by the quantity of MNZ spiked. The
recoveries of the samples are 91.3−112.5% and 91.9−100.7%
for tablet (Table 2) and fish tissue (Table 3), respectively,
indicating the good accuracy and repeatability of the developed

Table 1. Comparison of the Major Characteristics of Some Reported Methods Used in Detecting MNZ

electrode dynamic range (nM) LOD (nM) RSD (%) ref

Fe3O4/SiO2-MIP/magnetic GCEa 50−1 × 103 16 3.5 5
graphene-ionic/liquid/GCEa 100−2.5 × 104 47 2.1 16
single-walled carbon nanotube/GCEa 100−2 × 105 63 21
carbon fiber microdisk electrode 1 × 103 - 2.2 × 104 500 3.7 25
gold electrode 1−2 × 103 0.1 1.84 18
MIP/carbon paste electrode 0. 33−450 0. 21 3.8 20
cysteic acid/PDDA-GNb/GCEa 10−1 × 103 2.3 3.26 7
MWCNTc/MIP/GCEa 1−1.2 × 103 0.287 0.6 24
NPGLd/MIP/GE 0.05−1.4 × 103 0.018 0.8 23
MIP-modified pencil graphite electrode 0.057−7.59 × 105 5.84 × 10−3 1.8 15
Ni/Fe-layered double hydroxides/GCEa 5 × 103−1.61 × 106 5.8 × 103 <4.0 17
magnetic MIP/graphene/GCEa 32−3.4 × 103 1.2 7.8 19
poly(chromotrope 2B)/GCEa 1 × 104−4 × 105 330 2.26 22
MIP/NPNi/GE 6 × 10−5−4 × 10−3 2 × 10−5 1.12 this work

aGCE refers to glassy carbon electrode. bPDDA-GN refers to poly(diallydimethylammonium chloride)-functionalized graphene. cMWCNT refers to
multiwalled carbon nanotube. dNPGL refers to a nanoporous gold leaf.

Table 2. Determination of MNZ in Tablet Using MIP/
NPNi/GE (n = 3)a

theory
value of
sample

(×10−13 M)

spiked
(×10−13
M)

measurement
value of
sample

(×10−13 M)

measurement
value of total
(×10−12M)

recovery
(%)

RSD
(%)

5.84 5.33 ± 0.12 91.3 2.3
5.84 4.67 5.33 ± 0.12 1.05 ± 0.013 110.7 1.2
5.84 5.84 5.33 ± 0.12 1.19 ± 0.054 112.5 4.5
5.84 7.01 5.33 ± 0.12 1.27 ± 0.028 105.1 2.2

aMean ± standard deviation.
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method in real sample analysis. In order to further demonstrate
the accuracy and reliability of the sensing system, assay of the
tablet sample was carried out by using the presented sensor and
HPLC (as a standard method). Table S1 in the SI illustrates a
superb agreement between the data obtained by our proposed
methodology and the HPLC reference approach with the same
sample. The t-test shows that there is no significant difference
between them at a confidence level of 99%.

4. CONCLUSION
In this work, a sensitive and selective electrochemical sensing
protocol based on MIP/NPNi nanocomposites was developed
as an attractive alternative for MNZ assessment. The unique
porous structure and good conductivity of NPNi allows it to
serve as a great platform for loading the outer imprinted film
for recognizing the molecules of interest. Comparison between
the present method and the previous reports for MNZ
determination by sensing approach reveals that our hybrid
sensor shows excellent performance in terms of ultralow
detection limit, high selectivity, and good repeatability over
other sensors. The superior merits of the as-obtained sensing
architecture are summarized as follows: (1) The 3D NPNi
framework provides an enlarged highly conductive surface area
and easier diffusion of electron transfer. (2) Selectivity is
guaranteed by the specific identification ability of an electro-
polymerized MIP film. (3) The facile electrochemical
deposition method and cost-effectiveness benefit its practic-
ability. Above all, the synergetic tactic coupling NPNi with MIP
could be an extremely promising route for a broad range of
electrochemical chem/biosensing applications.
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