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A B S T R A C T

The combination of copolymerization and molecularly imprinting technology provides functional materials with
improved properties and can enhance the number of binding sites than the individual monomer. In this work,
molecularly imprinted poly (aniline-co-itaconic acid) (MI-PANI-PIA) composite thin film was synthesized on
glassy carbon electrode (GCE) by using an in-situ electropolymerization method using melamine (MA) as a
template. The formation of the thin film was monitored by electrochemical methods and characterized by
Fourier transform infrared (FTIR) spectrophotometry and scanning electron microscopy (SEM). Solvent ex-
traction of the template generated the binding cavities in the polymer matrix which fit the target in size, shape
and functionality. After the rebinding of MA, the proposed sensor shows a linear range between 0.25 × 10−9 M
to 100 × 10−9 M, limit of quantification (LOQ) of 5.98 × 10−11 M and limit of detection (LOD) of
1.79 × 10−11 M respectively. The composite film showed high affinity towards MA through multiple non-
covalent interactions, good reproducibility and stability with RSD 4.02% and 4.67% respectively. The developed
sensor has an interesting potential for real sample testing applications with good recovery ranging from 95.87%
to 101.5%. The new sensing composite material has good sensitivity and selectivity due to the synergistic effects
of multi-functionality from the two polymers, porous thin film and imprinting effect. To this end, the MI-PANI-
PIA can be regarded as a potential functional material for the chemical sensor development in future.

1. Introduction

Molecular recognition based on the natural molecular receptors like
proteins is one of the most significant phenomena of nature, and is a
common event in living organisms [1–3]. These recognition elements
have been used for sensor development for long time and their practical
applications was challenged by factors such as instability in harsh en-
vironments, high cost and incompatibility with modern nanofabrication
[4–6]. In the attempt to search for an alternative to these natural mo-
lecular recognition elements, molecularly imprinted polymers (MIPs)
have been emerged and got higher in popularity. MIPs are artificial
molecular recognition elements which can be synthesized from both
organic and inorganic precursors. Each of the imprint's recognition
cavities generated after extracting the template has specific interaction
in shape, size, and functional groups [7].

MIP copolymers can be prepared by employing more than one

functional monomer to modify the capability and compatibility of the
product in different media depending on the feed ratio of hydrophilic/
hydrophobic monomers used. Each functional monomer is able to re-
cognize a different functional group of the template molecule and the
resulting product offers increased selectivity. However, thorough study
is required for the selection of the appropriate monomers and their
combining advantages in preparing MIPs with multiple functional
monomers [8]. Thus imprinted copolymers or composites become the
promising materials for molecular recognition elements preparation for
various applications. MIP copolymers were reported for quercetin [9],
uracile and thymine [10,11] and diosgenin [12]. Electrochemical
sensor based on imprinted organic-organic composite or copolymers
thin films were also constructed for the detection of glutamic acid [13],
ciprofloxacin hydrochloride [14], ascorbic acid [15], 4-nonyl-phenol
[16] and atropine sulfate [17]. This implies that the copolymers are
highly sensitive and selective towards the target template which may
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attribute to the presence of different functional groups from the two or
more monomers cooperated in the formation of binding sites.

Molecularly imprinted conducting polymers (MICPs) are interesting
functional materials for the development of electrochemical sensors
where the flow of electrons or diffusion of the analyte is very important
[18]. These functional materials are promising because of their ease
fabrication, low cost, stability and tailor made functionality [19,20].
MICPs combines the enhanced selectivity arising from highly specific
binding sites of molecular imprinting together with the properties of
conducting polymers, thus creating highly sensitive and selective plat-
forms for analyte detection [21]. From organic conducting polymers,
polyaniline (PANI) is unique in its wide range of electrical, electro-
chemical, electroluminescence, optical and anticorrosion applications,
and good stability, chemical and electrochemical preparation [22–26].
Electropolymerization of PANI can be done either at constant current
(galvanostatic), constant potential (potentiostatic) or potentiodynamic
(potential scanning/cycling or sweeping) method. Standard electro-
chemical technique, which employs a cell containing three electrodes (a
working electrode, a counter electrode and a reference electrode) com-
monly, generates the best films. This technique enables one to perform
polymerization and doping simultaneously [27,28]. Furthermore, the
properties of PANI can be modified through copolymer or composite
forming by incorporating different functional materials. There is no lit-
erature report on the PANI based molecularly imprinted copolymer film
on glassy carbon electrode (GCE) for melamine (MA) detection using
basic monomers aniline and acid monomer itaconic acid respectively.
MA is a common milk adulterant posing health threat on infants and
adults and needs strict monitoring using suitable methods [29,30].
Herein, we report the fabrication of new molecularly imprinted poly
(anilne-co-itaconic acid) copolymers films (MI-PANI-PIA/GCE) by elec-
trochemical polymerization technique using MA as an imprint molecule.
In the this work, particular emphases was given to thorough investiga-
tion of the following parameters that are affecting the rebinding of MA
by the MI-PANI-PIA/GCE sensor: (i) the molar ratio of the two functional
monomers (aniline and itaconic acid) and MA template molecule, (ii)
scan rate and scan cycles, (iii) pH of acetate buffer solution (ABS), (iv)
the washing and incubation time and (v) detection of different con-
centration of MA. For comparison, the non-imprinted sensor was devel-
oped following the same procedures but without the addition of MA
molecule. This sensor was designated as NI-PANI-PIA/GCE. The se-
lectivity of the fabricated sensor to MA was investigated using the in-
terfering molecules such as acetoguanamine (AGA) and diaminomethy-
latrazine (DMT) in addition to casein and glycine. The modified
electrodes or thin films were determined by cyclic voltammetry, Fourier
transform infrared (FTIR) and scanning electron microscopy (SEM).
Square wave voltammetry (SWV) was applied to determine the specifi-
city, selectivity and sensitivity of the films towards melamine (MA).

2. Materials and methods

2.1. Chemicals and reagents

Aniline (ANI) (for synthesis ACS reagent,> 99.5%, Merck) was
used as a functional monomer and distilled under reduced pressure
before use and stored at 4 °C in deep freeze. Melamine (MA) (sym-
triaminotriazine pure, AR) used as template or imprint molecule was
obtained from Sigma-Aldrich. Itaconic acid (puriss AR, ≥99%, HPLC
grade) was obtained from Sigma-Aldrich and used as functional
monomer. Casein (AR) and glycine(AR) from Merck, HCl (AR, 38%),
dimethyl sulfoxide (AR), acetonitrile (AR), methanol (99.8%), ethanol
extra pure, acetone (AR), nitric acid (ACS reagent, 70%), hydrochloric
acid (ACS reagent, 37%), sodium acetate (AR, ACS), acetic acid (AR-p-
test), sulfuric acid (98%, AR), sodium hydroxide (AR), potassium fer-
rocyanide extra pure, potassium ferricyanide (AR), potassium chloride
(AR), acetoguanamine (AR, 98%), diaminomethylatrazine (AR, 98%)
and deionized water.

2.2. Apparatus and measurements

Electrochemical experiments were performed with a CHI660D
electrochemical workstation (CHI Instruments, USA) in a conventional
three-electrode cell system. The working electrode used was a glassy
carbon electrode (GCE). A platinum electrode was applied as the aux-
iliary electrode, and an Ag/AgCl (in saturated KCl solution) electrode
served as reference electrode. The sample solutions were purged with
purified nitrogen for at least 15 min to remove oxygen prior to the
beginning of a series of experiments.

2.3. Electrode surface preparation

Glassy carbon electrode (GCE) (model CHI104, 3-mm diameter) was
mechanically polished before each experiment with 1, 0.3- and 0.05-μm
slurry of gamma alumina powder, respectively, rinsed thoroughly with
doubly distilled water between each polishing step, then washed suc-
cessively with 1:1 nitric acid, 1:1 ethanol, and doubly distilled water in
an ultrasonic bath, and dried in air. The cleaned electrode was char-
acterized in 5 mM of [Fe(CN)6]3−/4- solution containing 0.1 M KCl by
CV between the potentials of −0.6 to +0.6 V at the scan rate of
100 mV/s for several cycles and sharp peaks for oxidation and reduc-
tion were obtained. Then the electrode surface was activated in 0.5 M
H2SO4 by CV between the potential range of −0.5 to +2.0 V at the scan
rate of 100 mV/s for several cycles until stable voltammogram was
obtained after rinsed with deionized water. After effective cleaning and
characterization, the electrode was rinsed with deionized water, blown
with nitrogen and dried at room temperature (25 °C). After this, the
electrode was ready for surface modification by MIPs via electro-
polymerization method.

2.4. Synthesis of melamine imprinted and non-imprinted thin films

Electropolymerization of molecularly imprinted composite thin film
was carried out from the acetate buffer solution (50 mM + 0.1 M KCl)
containing 0.1 M aniline, 0.1 M itaconic acid, and 0.01 M melamine by
the application of the potentiodynamic CV technique through the
sweeping potentials between −2.0 V and + 2.6 V at the scan rate of
100 mV/s for 10 cycles on cleaned GCE. After rinsing with water to
remove excess monomers and physically adsorbed molecules, the MA
template was extracted by using dimethyl sulfoxide (DMSO) and acetic
acid (4:1, v/v) in acetate buffer solution.

2.5. MI-PANI-PIA film characterization and analyte measurement

Both MI-PANI-PIA-GCE and NI-PANI-PIA-GCE were characterized
by using electrochemical methods, FTIR and SEM to confirm the for-
mation of the polymer film on the surface of the electrode. Removal of
the template created cavities with specific binding sites for MA in
shape, size and functional unit complementarities. After the template
was removed, the resulting sensor was used for the detection of MA by
using SWV technique. Finally, the proposed sensor was applied for real
samples analysis. All the solutions used here were fully degassed with
nitrogen gas prior to the electrochemical measurements.

3. Results and discussion

3.1. Electrochemical polymerization and characterization of composite thin
films

MIIPs are highly cross-linked polymers with high binding capacity
and selectivity to the target molecules and they are used in chemical
sensor development, in drug delivery, purification and separation [8].
In the present work, MI-PANI-PIA composite thin film was developed
(Scheme 1) on GCE to detect MA in artificial and complex milk samples.
The intention of synthesizing the coploymers was to bring together
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different functional units such as eNe, eNHe, eC]O and eOH to
interact with MA in multiple ways (Scheme 1). The decrease in peak
current after surface modification of the GCE indicates that the surface
was changed from pure conductor to semiconductor. Compared to non-
imprinted, the imprinted film shows high current response (Fig. 1A)
attributing to the presence of the template induced electron flow and
mass transport into the system. The as prepared composite film showed
lower peak current in comparison to the washed and incubated film/
electrode (Fig. 1B). This change in current response of the electrode
shows the successful modification of the surface with film that can

recognizes the template.
Spectroscopic characterization of the composite film was performed

using FTIR between the frequency ranges of 4000–500 cm−1 under
transmittance mode (Fig. 2). The broad peaks positioned at 3569 and
3021 cm−1 are due to the stretching vibration of NeH and CH2 groups
of MI-PANI and MI-PIA respectively. The peak at 2115 cm−1 is assigned
to C]N stretching vibration of secondary amine of MI-PANI backbone
while that at 1640 cm−1 attributes to the hydrogen bonded COOH
group in MI-PIA. Skeletal vibration of quinine and benzene rings are
responsible for the peaks at 1528 and 1392 cm−1 respectively. The

Scheme 1. General preparation of MA imprinted poly (aniline-co-itaconic acid) copolymer thin film modified GCE through electropolymerization, template removal
and rebinding of MA by the sensor.

Fig. 1. CV curves recorded during polymerization (A) and after polymerization in 0.01 mM MA and then in 5 mM [Fe(CN)6]3−/4- solution containing 0.1 M KCl at
100 mV/s.

M.B. Regasa, et al. Sensing and Bio-Sensing Research 27 (2020) 100318

3



formation of bipolarone is observed from the peak at 1307 cm−1 but
the one at 1202 cm−1is due to CeN stretching vibrations.

The peaks at 1015–977 cm−1 and 897 cm−1 belongs to CeH
bending and C]C bending vibrations in aromatic rings. The PANI-PIA
composite was formed in the form of amine salt by the electrostatic
attraction between the amine and carboxylic groups. The various peaks
observed from the FTIR result confirm the copolymerization of MI-PANI
and MI-PIA in the presence of the template [31–33].

The morphology of MA imprinted composite films was evaluated by
SEM. The morphology of MI-PANI and MI-PANI-PIA was characterized
by SEM. The shape of the prepared films was seen in Fig. 3(A) and (B).
Fig. 3(A) is a SEM of the MI-PANI. It shows that PANI was coated on the
GCE by CV and has uniform appearance. Fig. 3(B) is a SEM image of the
MI-PANI-PIA film. It can be seen the surface of GCE was fully covered
by MI-PANI-PIA which seems highly porous uniformly distributed over
the surface. It is clear that the morphology of MI-PANI-PIA is much
more different from that of MI-PANI film indicating that the composite
polymer was successfully formed.

3.2. Optimization of the parameters for MI-PANI-PIA sensor preparation

The functional monomer to template ratio affects the affinity and
ability of the MIP films upon rebinding process [34]. The ratio of ANI and
IA that form the imprinted copolymer to rebind melamine was optimized
by taking different ratios of the functional monomers. At first, the amount
of ANI functional monomer was varied while keeping that of IA constant.
The current resulted from the rebinding experiment was recorded and
revealed that the performance of the sensor greatly varies. The peak
current decreases slowly while increasing the concentration of the
monomer aniline. Next, the amount of IA acid was increased gradually

while keeping ANI and MA constant. The formulation that gave high peak
current is 1:1:0.1(ANI: IA: MA) and this ratio was selected as optimum
feed ratio (Fig. 4A). MA is an electroactive species that can enhance the
flow of electrons at the interface between the solution and electrode
surface. The more MA rebind to the film, the higher the current signals
confirming that there are specific binding sites formed on the polymer
films. All these changes in the current densities are the confirmation of
the formation of the imprinted composite thin film on the surface of the
GCE which have the capability to recognize and quantify the template.

The time taken for electrolpolymerization is proportional to the
number scan cycles. By controlling the number of scanning cycles
during the electropolymerization process, the thickness of the polymer
film can be easily adjusted [35]. Increasing the number of scan cycles
increases the performance of the sensor (rebinding process) up to
10 cycles evidencing the deposition of polymer film with optimum
binding sites(Fig. 4B). However, increasing the thickness does not
guarantee the increased performance of the sensor. This can be seen
from the curve that after scan cycle 10, the peak current from the re-
binding experiment decreases. This might be due to the formation of
non-uniform or non-accessible binding sites in the polymer matrices.
Hence, the optimum scan cycle to fabricate the MI-PANI-PIA/GCE
sensor was 10 and it was used during the fabrication of the sensor. The
longer polymerization time may give more rebinding sites [36], how-
ever, in thicker films it is very difficult to extract the template and re-
binding because of the deep interlock of many recognition sites [37].

To investigate the effect of scan rate on the rebinding potential of
MI-PANI-PIA/GCE, different modified electrodes were fabricated em-
ploying different rates. Before and after template extraction as well as
after rebinding in 0.01 mM MA, the electrodes were characterized
electrochemically by CV technique in 5 mM [Fe(CN)6]3−/4- containing

Fig. 2. FTIR spectrum of MI-PANI-PIA composite film.

Fig. 3. SEM image of MI-PANI (A) and MI-PANI-PIA (B).
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0.1 M KCL. The rebinding performance of the developed sensor in-
creases until the scan rate of 100 mV/s but decreases after this value
(Fig. 4C). The reason for this is due to the formation of non-uniform and
less dense binding sites on the surface of the polymer with higher scan
rates. This implies that increasing the scan rate does not necessarily
increases the performance of the sensors since the primary focus here is
the final performance. The scan rate of 100 mV/s was selected as an
optimum rate to fabricate MIPANI-PIA/GCE.

3.3. Effect of pH, washing and incubation time

These parameters are very important determining factors to facil-
itate the interaction between the polymer film and the template, create
accessible empty binding cavities and the uptake of the template during
rebinding processes. SWV is the most advanced and highly sensitive
electrochemical method suitable for the development of MIP based
sensors. The effect of pH of the solution used for rebinding was eval-
uated by fabricating different electrodes using the same preparation
procedures and methods. These electrodes were incubated in a solution
containing MA (0.01 mM) but with different pH values and finally
characterized by SWV between −0.3 V to 0.4 V, at the amplitude of
25 mV and frequency of 20 Hz in [Fe(CN)6]3−/4- containing 0.1 M KCl.
After evaluating the rebinding anodic peak current, the optimum pH for
the MI-PANI-PIA/GCE was 7(Fig. 5A). The pH = 7 was selected as the
best for better performance of the sensor because it gave highest current
that corresponds high amount of MA capturing by the polymer film
through non-covalent interactions. This pH value favors the interaction
between the polymer film and the template by creating favorable
conditions implying that above or below this value the template or the

polymer undergoes change in structure or functionality. MIP modified
electrode was prepared and optimized for the template extraction and
rebinding process in 0.01 mM MA and characterized electrochemically
in 5 mM [Fe(CN)6]3−/4- containing 0.1 M KCl by CV technique between
−0.6 V - +0.6 V at 100 mV/s for many cycles to obtain stable current-
voltage curve. The imprinted polymer film was washed for 25 min with
a solution of DMSO: acetic acid (4:1, v/v) in buffer in order to remove
the template molecules and obtain selective recognition cavities.

The mixture of DMSO and acetic acid was used an extracting media.
The acetic acid solution could weaken the binding of the template MA
from the polymer matrices, and the DMSO solution could increase the
solubility of MA and also maintain the swelling of the polymer matrix
[38,39]. After template extraction, the current response decreases with
increasing time indicating that the probe solution is not well per-
meating through the polymer or its flow is very slow [40]. The elec-
trode was immersed in a new fresh solution after each step of the sensor
polymerization, extraction, incubation and characterization proce-
dures. The current response decreases until it reaches 25 min extraction
then remain constant showing the complete removal of the template
(Fig. 5B). The rebinding current intensity of MA by the modified elec-
trode was high at 30 min because there is no significance change after
this incubation time (Fig. 5C). This implies the saturation of the tem-
plate uptake by the film. Therefore, 25 and 30 min were selected for the
template extraction and incubation respectively.

3.4. Rebinding study, calibration curve and detection limit

The study of the effects of various concentration of MA on the re-
binding ability of the MI-PANI-PIA/GCE sensor was performed by

Fig. 4. Optimization of molar ratios of aniline: itaconic acid:melamine (A), scan cycles (B) and scan rates (C) and their CV curves after incubation in 0.01 mMMA and
then in 5 mM [Fe(CN)6]3−/4- solution containing 0.1 M KCl.
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measuring the blank (ABS) and various concentrations of the template.
The linear range and calibration curves were drawn from the current
response obtained by SWV for each concentration of MA. At the opti-
mized conditions, the SWV peak currents were obtained after incuba-
tion of the electrode in various concentration of MA in 5 mM of ABS
(pH =7). Calibration curve of MI-PANI-PIA/GCE incubated in different
MA concentration ranges (0, 0.25, 0.5, 0.75, 1.0, 1.5, 20, 10, 20, 30, 50,
100 nM) and evaluated by SWV in 5 mM [Fe(CN)6]3−/4- between the
potential range of −0.3 V to +0.4 V, pulse amplitude 25 mV and
frequency of 20 Hz(Fig. 6A). Fig. 6(B) shows the relationship between
the peak currents measured by SWV and the negative logarithms of the
corresponding MA concentrations. It can be noticed that the current
response has a good linear relationship with logarithms of MA con-
centrations.

The linear regression equation was I(μA) = 71.397(-logC) -721.58
in the concentration range of 0.25 to 100 nM and the correlation
coefficient(R2) is 0.99889. The limit of detection (LOD) of
1.79 × 10−11 M (S/N = 3) and the limit of quantification (LOQ) of
5.98 × 10−11 M were achieved based on the LOD = 3Sb/m and
LOQ = 10Sb/m, where Sb is the standard deviation of 10 blank mea-
surements and m is the slope of the curve. To further verify the re-
cognition selectivity, the efficiency of the imprinting effect was quan-
tified by evaluating the imprint factor (IF) of the imprinted film. The
average IF value for MA detected by the MI-PANI-PIA sensor was de-
termined using the eq. IF = ∆IMIP/∆INIP [6]. Where, IMIP represents the
current of MI-PANI-PIA and INIP represents the current of NI-PANI-PIA
which are directly proportional to the concentration of the bound
template MA.

The average IF for the present sensor is 2.98 for the concentrations
of 0.5 and 0.25 nm. A high increase of the current value with the in-
crease in the concentration of MA is observed for due to the presence of
selective binding cavities on the surface of MI-PANI-PIA/GCE for MA.

The higher concentration of electroactive MA molecules in MI-PANI-
PIA film increases the electron transfer rate through doping and de-
doping processes. For NI-PANI, due to the absence of the template
during polymerization step, there are no binding sites and hence very
low uptake of the template was observed. Thus the signal obtained for
NI-PANI-PIA is significantly decreased and it may be attributed to the
non-selective adsorption of the template on the surface.

3.5. Melamine detection mechanism by MI-PANI-PIA film

There are hydrogen bond donor/acceptor interaction between MI-
PANI-PIA film and MA as well as π-donor/π-acceptor interaction be-
tween PANI moieties and MA molecules. The conductivity of the MI-
PANI-PIA film is partly based on PANI, a conjugated polymer electron
donor. This conductivity is increased when the concentration of MA
molecules in the polymer increases which is reasoned out to be due to
the electroactivity of the MA molecule. Electroactive dopants have a
significant effect on the conductivity, morphology and stability of PANI
based polymer films [41]. These properties depend on the molecular
size and polar characteristics of the dopants. Furthermore, the deloca-
lization of charges forms acceptor type sites and causes the events of
electron transfer rates of [Fe(CN)6]3−/4- to be increased when the
amount of MA increases. This event has been supported by fluorescence
quenching when MA is added [42] and through increase of electron
transfer rate for MI-PANI-PIA film when concentration of nitrogen
containing aromatic compounds increases [43].

3.6. Specificity and selectivity of the MI-PANI-PIA sensor

Specificity and selectivity are very important analytical criteria for
the MIP sensors. To investigate the specificity of the fabricated sensor,
bare GCE, NIPANI and MIPANI affinity towards 0.01 mM MA in terms

Fig. 5. Peak currents of optimized pH (A), template extraction time (B) and electrode incubation time (C) monitored by SWV between −0.3 V to 0.4 V, at the
amplitude of 25 mV and frequency of 20 Hz in [Fe(CN)6]3−/4- containing 0.1 M KCl.
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of peak current intensity was performed (Fig. 7A). The detection ability
of the sensor towards MA in the presence of compounds with similar in
structure shows that the sensor is selective to the imprint molecule MA
[44]. Briefly, the selectivity of the developed sensor was evaluated by
the application of acetoguanamine (AGA) and diaminomethylatrazine
(DMT) (3 × 0.01 mM each) and MA (0.01 mM).

After SWV measurements, no significant changes were observed
when the interferents were applied to the sensing system developed
(Fig. 7B). It is worthy to mention that the concentrations of AGA and
DMT were three times greater than that of MA but their current re-
sponses are minimal. The high sensitivity of the sensor towards MA was
achieved despite the high similarity between these three molecules.
This proves the effect of imprinting and template extraction processes
to obtain cavities with high affinity for the template. Similarly the
casein protein and glycine amino acid existing in milk were also in-
vestigated for their effect on the sensor response to detect MA. Different
amount (1.0 and 5.0 μM) of each of them was used to add to the sample
solution containing 0.01 mM MA and the current response of the sensor
was evaluated. There was a decrease in current response of the sensor in
the range of 0.98–1.21%. Therefore, addition of protein binding salts or
removal of proteins with simple treatment is demanding. This indicates
that there is weak interaction between the MA and the interferents but

not significant. The current result confirms that the proposed sensor is
selective to the target molecule.

3.7. Reproducibility, reusability and stability

The fabrication reproducibility of MI-PANI-PIA/GCE was evaluated
by preparing three electrodes under the same conditions and used for
the detection of 0.01 mM MA in ABS with pH 7.0 by SWV (Fig. 8A) and
the relative standard deviation (RSD) of the current responses were
found to be 4.3% for MA, confirming that the developed fabrication
method was highly repeatable with good precision.

Measurement reproducibility was also tested for the proposed
sensor by measuring the same quantity of MA five times using the same
electrode. The RSD of the measurements was 3.2% which is< 5
showing that there is good agreement among the individual measure-
ments.

The reusability is the important parameter of the MIP sensors. The
MI-PANI-PIA/GCE was subjected to several washing and incubation
processes to test its possible number of reuses. After measuring the
current responses, the possible number of uses and the percentage of
responses maintained relative the first response were studied. It was
observed that the electrodes retained about 89.6% of its initial current

Fig. 6. Rebinding study of different concentrations of MA and calibration curve obtained for MI-PANI-PIA/GCE sensors by SWV for 0.0–100 nM MA under optimized
parameters: extraction time 25 min, incubation time 30 min and pH 7.

Fig. 7. Specificity and selectivity tests of different sensors evaluated by SWV between −0.3 V to +0.4 V, pulse amplitude 25 mV and frequency of 20 Hz.
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response after seven cycles (Fig. 8B) with RSD of 4.02% which indicates
the fabricated sensor has good measurement capabilities for repeatedly
done measurements.

The stability of MIPs and the binding sites created in/on the
polymer films are the most important factors that directly affect the
selectivity and sensitivity of the sensor during operational storage
[14,45]. The developed sensor retained its current response for a sto-
rage of 35 days in acetate buffer solution (5 mM, pH 7) when stored at
-4 °C. From the curve of storage stability (Fig. 8C), it is clear that the
sensor can maintain its performance (> 90% (RSD ≤ 4.67%) for 7 cy-
cles up to 30 days storage. However, over 30 days it started to decrease
significantly which might be due to either the damage of the binding
sites by repeated washing or the loose of the films from the electrode's
surface.

3.8. Comparison with the literature reports

It is important to compare the developed method with the pre-
viously reported methods to get an insight about the developed method
(Table 1).

It was noticed that MI-PANI-PIA/GCE sensor shows encouraging
analytical performance in terms of wide linear range and low detection
limit over other modified electrodes confirming that the proposed
sensor is suitable for the detection of MA. The SWV measurements were
done in triplicate. The results show good recovery with relative stan-
dard deviation (RSD≤ 4.56%) from 95.87–101.50% indicating that the
sensor is suitable to be applied for real sample analysis (Table 2).

3.9. Application of the sensor to real samples analysis

The practical application of the MI-PANI-PIA/GCE was evaluated by
the analysis of the milk real samples. 1.0 g powder infant formula or

1.0 mL of raw liquid milk were dissolved in acetonitrile, heated in ul-
trasonic bath for 10 min and centrifuged at 10,000 rpm for 10 min, then
filtered through 0.45 μm filter membrane to obtain the supernatant
[34].

Fig. 8. Reproducibility(A), reusability(B) and stability(C) tests of the fabricated sensor evaluated by SWV between −0.3 V to +0.4 V, pulse amplitude 25 mV and
frequency of 20 Hz after incubating in 0.01 mM MA and then transferred to 5 mM [Fe(CN)6]3−/4- containing 0.1 M KCl.

Table 1
Comparison of different MIP based sensors for the detection of MA.

Method LR LOD Reference

MIP-Electrochemical 50 μM-10 mM 6 μM [46]
MIP-Optical sensor 0.625–0.8 μM 155 nM [47]
MIP-Electrochemical sensor 100 μM–50 μM 3 nM [48]
MIP-Electrochemical sensor 1 μM-10 mM 88.6 μM [49]
MIP-Electrochemical sensor 100 nM-10 mM 1.75 pM [50]
MIP Electrochemical sensor 0.4 to 9.2 μM 0.11 μM [51]
MIP-Optical sensor 10 nM −10 mM 5.1 pM [52]
MIP-Optical sensor 5–50 μM 12 μM [53]
MIP-Electrochemical sensor 0.25–100 nM 127 pM Present work

Table 2
Recovery studies infant formula milk samples spiked with different amounts of
MA.

Sample Added (μg) Found (μg) Recovery (%) RSD (%) (n = 3)

Infant formula 100 97.6 97.60 4.56
200 199.9 99.95 3.42
300 304.5 101.50 3.74

Raw milk 100 95.87 95.87 5.10
200 199.1 99.55 4.81
300 303.27 101.09 4.32
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4. Conclusions

This work describes the development of new sensitive MI-PANI-PIA
copolymer film based electrochemical sensor for the detection of MA
based on electropolymerization technique. The sensing layer was the
first materials of its kind for MA sensing application and simple pre-
paration procedure resulted in an MI-PANI-PIA film with a broad linear
range, high sensitivity, selectivity, and reproducibility after careful
optimization of important parameters. The sensitivity of the sensor may
attribute to the presence of multiple binding sites from PANI and PIA
respectively through synergistic effects. This indicates that polymer
blends are the promising materials for sensor development. Moreover,
the developed sensor was applied for the analysis of complex milk
matrices evidencing the applicability of the sensor for the detection of
MA in real samples. The fabricated MI-PANI-PIA based sensor is simple
to fabricate, easy to operate, sensitive and selective towards the target
analyte. Finally, the sensing layer is considered as the potential material
for sensor fabrication for other analytes also.

Availability of data and materials

All data supporting our findings is contained within the manuscript.

Authors' contributions

SMR and SK designed and performed the study as well as prepared
the draft manuscript. TRS and OEF are scientific advisors and edited the
paper. SS analyzed the results, PCR provided all the facilities to perform
the experimental work and edited the article.

Consent for publication

Not applicable.

Declaration of Competing Interest

The authors declare that they have no competing interests to pub-
lish the article.

Acknowledgements

We are thankful to the department of Materials Engineering, Indian
Institute of Science, Bangalore, India for providing facilities required
for this experimental work. We acknowledge the research mobility
support received from the Ministry of Science and Higher Education,
Government of Ethiopia and Wollega University for the support pro-
vided for the PhD study. We highly acknowledge the ACE center for
MAP/PHD/0321019 research fund support.

References

[1] D. Dechtrirat, N.G. Eichelmann, F.F. Bier, F.W. Scheller, Hybrid material for protein
sensing based on electrosynthesized MIP on a mannose terminated self-assembled
monolayer, Adv. Funct. Mater. 24 (2014) 2233–2239.

[2] M. Zhang, C.Z. Liao, C.H. Mak, P. You, C.L. Mak, F. Yan, Highly sensitive glucose
sensors based on enzyme-modified whole-graphene solution-gated transistors, Sci.
Rep. 5 (2015) 8311–8317.

[3] C.V. Duffy, L. David, T. Crouzier, Covalently-crosslinked mucin biopolymer hy-
drogels for sustained drug delivery, Acta Biomater. 20 (2015) 51–59.

[4] T.H. Kim, P. Mehrabi, Z. Ren, A. Sljoka, C. Ing, A. Bezginov, L. Ye, R. Pome’s,
R.S. Prosser, E.F. Pai, The role of dimer asymmetry and protomer dynamics in
enzyme catalysis, Science 355 (2017) 2355–2366.

[5] Y. Sun, J. Zhang, J. Li, M. Zhao, Y. Liu, Preparation of protein imprinted polymers
via protein catalyzed eATRP on 3D gold nanodendrites and their application in
biosensors, RSC Adv. 7 (2017) 28461–28468.

[6] W. Zhao, B. Li, S. Xu, X. Huang, J. Luo, Y. Zhu, X. Liu, Electrochemical protein
recognition based on macromolecular self-assembly of molecularly imprinted
polymer: a new strategy to mimic antibody for label-free biosensing, J. Mater.
Chem. B 7 (2019) 2311–2319.

[7] A. Wojnarowicz, P.S. Sharma, M. Sosnowska, W. Lisowski, T.P. Huynh, M. Pszona,

P. Borowicz, F. D’Souza, W. Kutner, An electropolymerized molecularly imprinted
polymer for selective carnosine sensing with impedimetric capacity, J. Mater.
Chem. B 4 (2016) 1156–1165.

[8] L. Chen, X. Wang, W. Lu, X. Wu, J. Li, Molecular imprinting: perspectives and ap-
plications, Chem. Soc. Rev. 45 (2016) 2137–2211.

[9] A. Amiri, A. Ramazani, M. Jahanshahi, A.A. Moghadam nia, Synthesis of a nanos-
tructured molecularly imprinted acrylic acid-based network copolymer as a solid
sorbent for the quercetin extraction, J. Nanostruct. 4 (2014) 277–283.

[10] Z. Li, J. Ding, M. Day, Y. Tao, Molecularly imprinted polymeric nanospheres by
Diblock copolymer self-assembly, Macromolecules 39 (2006) 2629–2636.

[11] S. Xia, H. Sun, H. Wang, K. Takeda, T. Kobayashi, Ion complex membranes of ac-
rylonitrile copolymers having methacrylic acid and amphiphilic quaternized am-
monium groups for uracil molecular imprinting, Adv. Technol. Mater. Mater.
Process. J. 8 (2007) 261–267.

[12] S.O. Dima, A. Sarbu, T. Dobre, V. Purcar, C.A. Nicolae, Diosgenin selective mole-
cularly imprinted polymers with acrylonitrile-methacrylic acid matrix, Materiale
Plastice 49 (2012) 106–113.

[13] R. Ouyang, J. Lei, H. Ju, Y. Xue, A molecularly imprinted copolymer designed for
enantioselective recognition of glutamic acid, Adv. Funct. Mater. 17 (2007)
3223–3230.

[14] C. Yan, J. Li, T. Meng, X. Liu, R. Zhang, Y. Chen, G. Wang, Selective recognition of
ciprofloxacin hydrochloride based on molecular imprinted sensor via electro-
chemical copolymerization of pyrrole and o-phenylenediamine, Int. J. Electrochem.
Sci. 11 (2016) 6466–6476.

[15] Y. Kong, X. Shan, J. Ma, M. Chen, X. Chen, A novel voltammetric sensor for ascorbic
acid based on molecularly imprinted poly (o-phenylenediamine-co-o-aminophenol),
Anal. Chim. Acta 809 (2014) 54–60.

[16] Y. Pan, L. Shang, F. Zhao, B. Zeng, A novel electrochemical 4-nonyl-phenol sensor
based on molecularly imprinted poly (o-phenylenediamine-co-o-toluidine)ni-
trogendoped graphene nanoribbonsionic liquid composite film, Electrochim. Acta
151 (2015) 423–428.

[17] H. Peng, C. Liang, A. Zhou, Y. Zhang, Q. Xie, S. Yao, Development of a new atropine
sulfate bulk acoustic wave sensor based on a molecularly imprinted electro-
synthesized copolymer of aniline with o-phenylenediamine, Anal. Chim. Acta 423
(2000) 221–228.

[18] D. Lakshmi, A.M. Bossi, M.J. Whitcombe, I. Chianella, S.A. Fowler,
S. Subrahmanyam, E.V. Piletska, S.A. Piletsky, Electrochemical sensor for catechol
and dopamine based on a catalytic molecularly imprinted polymer-conducting
polymer hybrid recognition element, Anal. Chem. 1 (2009) 3576.

[19] C.J. Zhong, B. Yang, X.X. Jiang, J.P. Li, Current progress of nanomaterials in mo-
lecularly imprinted electrochemical sensing, Crit. Rev. Anal. Chem. 48 (2018)
15–32.

[20] B. Rezaei, M.K. Boroujeni, A.A. Ensafi, Development of Sudan II sensor based on
modified treated pencil graphite electrode with DNA, o-phenylenediamine, and
gold nanoparticle bioimprinted polymer, Sensors Actuators B Chem. 222 (2016)
849–856.

[21] S. Badhulika, A. Mulchandani, Molecular imprinted polymer functionalized carbon
nanotube sensors for detection of saccharides, Appl. Phys. Lett. 107 (2015) 093107.

[22] G. Liu, M.S. Freund, New approach for the controlled cross-linking of polyaniline:
synthesis and characterization, Macromolecules 30 (1997) 5660–5665.

[23] P. Novak, K. Mueller, K.S.V. Santhanam, O. Has, Electrochemically active polymers
for rechargeable batteries, Chem. Rev. 97 (1997) 207–281.

[24] S.K. Singh, A.K. Verma, R.K. Shukla, Synthesis and optical studies of pure poly-
aniline film, Int. J. Curr. Microbiol. App. Sci. 3 (2014) 512–517.

[25] B. Butoi, A. Groza, P. Dinca, A. Balan, V. Barna, Morphological and structural
analysis of polyaniline and poly(o-anisidine) layers generated in a DC glow dis-
charge plasma by using an oblique angle electrode deposition configuration,
Polymers 9 (2017) 732.

[26] S. Rahmadhani, H. Setiyanto, M.A. Zulfikar, Electropolymerized of aniline as a new
molecularly imprinted polymer for determination of phenol: A study for phenol
sensor, International Seminar on Sensors, Instrumentation, Measurement and
Metrology (ISSIMM), 1 2017, p. 8124275.

[27] M. Jiang, M. Braiek, A. Florea, A. Chrouda, C. Farre, A. Bonhomme, F. Bessueille,
F. Vocanson, A. Zhang, N.J. Renault, Aflatoxin B1 detection using a highly-sensitive
molecularly-imprinted electrochemical sensor based on an electropolymerized
metal organic framework, Toxins 7 (2015) 3540–3553.

[28] D. Wang, W. Hu, Y. Xiong, Y. Xu, C.M. Li, Multifunctionalized reduced graphene
oxide-doped polypyrrole/pyrrolepropylic acid nanocomposite impedimetric im-
munosensor to ultra-sensitively detect small molecule araflatoxinB1, Biosens.
Bioelectron. 63 (2015) 185–189.

[29] S. Sathyanarayana, J.T. Flynn, M.J. Messito, R. Gross, K.B. Whitlock, K. Kannan,
R. Karthikraj, D. Morrison, M. Huie, D. Christakis, L. Trasande, Melamine and cy-
anuric acid exposure and kidney injury in US children, Environ. Res. 171 (2019)
18–23.

[30] H. Zhu, R.U. Halden, K.A. Kannan, A nationwide survey of the occurrence of mel-
amine and its derivatives in archived sewage sludge from the United States,
Environ. Pollut. 245 (2019) 994–999.

[31] D.N. Huyen, T.V. Ky, L.H. Thanh, In situ chemically polymerized polyaniline na-
nolayer: characterization and sensing materials, J. Exp. Nanosci. 4 (3) (2009)
203–212.

[32] Y. Wang, H. Zheng, L. Ji, H. Li, T. Li, K. Chen, Y. Gu, Optimizing the polymerization
conditions of soluble polyaniline doped with Itaconic acid, J. Macromol. Sci. A 51
(2014) 577–581.

[33] H. Zeghioud, S. Lamouri, Z. Safidine, M. Belbachir, Chemical synthesis and char-
acterization of highly soluble conducting polyaniline in mixtures of common sol-
vents, J. Serbian Chem. Soc. 80 (7) (2015) 917–931.

M.B. Regasa, et al. Sensing and Bio-Sensing Research 27 (2020) 100318

9

http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0005
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0005
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0005
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0010
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0010
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0010
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0015
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0015
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0020
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0020
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0020
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0025
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0025
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0025
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0030
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0030
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0030
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0030
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0035
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0035
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0035
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0035
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0040
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0040
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0045
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0045
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0045
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0050
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0050
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0055
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0055
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0055
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0055
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0060
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0060
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0060
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0065
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0065
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0065
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0070
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0070
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0070
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0070
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0075
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0075
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0075
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0080
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0080
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0080
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0080
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0085
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0085
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0085
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0085
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0090
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0090
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0090
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0090
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0095
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0095
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0095
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0100
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0100
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0100
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0100
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0105
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0105
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0110
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0110
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0115
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0115
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0120
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0120
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0125
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0125
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0125
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0125
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0130
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0130
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0130
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0130
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0135
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0135
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0135
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0135
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0140
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0140
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0140
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0140
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0145
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0145
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0145
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0145
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0150
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0150
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0150
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0155
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0155
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0155
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0160
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0160
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0160
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0165
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0165
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0165


[34] Z. Ji, W. Chen, E. Wang, R. Deng, Electropolymerized molecular imprinting &
graphene modified electrode for detection of melamine, Int. J. Electrochem. Sci. 12
(2017) 11942–11954.

[35] W.C. Zhang, L.L. Hong, S.W. Ren, X.L. Dong, B. Li, Molecular simulation and pre-
paration of molecularly imprinted polymers with L-Menthone as template, Sensors
Actuators B Chem. 30 (2014) 140–146.

[36] Y.P. Chen, B. Liu, H.T. Lian, X.Y. Sun, Preparation and application of urea elec-
trochemical sensor based on chitosan molecularly imprinted films, Electroanalysis
23 (2011) 1454–1461.

[37] L. Huang, Y. Lu, Z. Wu, M. Li, S. Xiang, X. Ma, Z. Zhang, A facile approach to
preparing molecularly imprinted chitosan for detecting 2,4,6-tribromophenol with
a widely linear range, Environments 4 (2017) 30.

[38] S. Nandi, H.H. Winter, Swelling behavior of partially cross-linked polymers: a
ternary system, Macromolecules 38 (2005) 4447–4455.

[39] A. Sienkoewicz, P. Krasucka, B. Charmas, W. Stefaniak, J. Goworek, Swelling effects
in cross-linked polymers by termogravimetry, J. Therm. Anal. Calorim. 130 (2017)
85–93.

[40] M. Dabrowski, M. Cieplak, K. Noworyta, M. Heim, W. Adamkiewicz, A. Kuhn,
P.S. Sharma, W. Kutner, Surface enhancement of a molecularly imprinted polymer
film using sacrificial silica beads for increasing L-arabitol chemosensor sensitivity
and detectability, J. Mater. Chem. B 5 (2017) 6292–6299.

[41] H.F. Alesary, H.K. Ismail, A.F. Khudhair, M.Q. Mohammed, Effects of dopant ions
on the properties of polyaniline conducting polymer, Orient. J. Chem. 34 (2018)
2525–2533.

[42] C. Zhang, Z. Gao, Q. Wang, X. Zhang, J. Yao, C. Qiao, Q. Liu, Highly sensitive
detection of melamine based on the fluorescence resonance energy transfer between
conjugated polymer nanoparticles and gold nanoparticles, Polymers 10 (2018) 873.

[43] Q. Du, F. Qu, B. Mao, S. Zhuab, J. You, Turn-on fluorescent detection of melamine
based on Ag nanoclusters–Hg2+ system, New J. Chem. 40 (2016) 8459–8464.

[44] A.K. Yagati, S.G. Chavan, C. Baek, M.H. Lee, Label-free impedance sensing of
aflatoxin B1 with polyaniline nanofibers/Au nanoparticle electrode Array, J. Min.
Sensors 18 (2018) 1320.

[45] N.F. Atta, A.M.A. Mageed, Smart electrochemical sensor for some neurotransmitters

using imprinted sol-gel films, Talanta 80 (2009) 511–518.
[46] R. Liang, R. Zhang, W. Qin, Potentiometric sensor based on molecularly imprinted

polymer for determination of melamine in milk, Sensors Actuators B 141 (2009)
544–550.

[47] K. Sun, Q. Deng, T. Guo, R. Su, Y. Gu, S. Wang, High selectivity and sensitivity
fluorescence sensing of melamine based on the combination of a fluorescent che-
mosensor and molecularly imprinted polymers, RSC Adv. 5 (2015) 94084–94090.

[48] B. Wu, Z. Wang, D. Zhao, X. Lu, A novel molecularly imprinted impedimetric sensor
for melamine determination, Talanta 101 (2012) 374–381.

[49] M. Harsini, S.G. Pari, E. Mandasari, Melamine selective electrode based on nano-
porous carbon/molecularly imprinted polymer, J. Chem. Pharm. Res. 6 (2014)
65–70.

[50] I. Bakas, Z. Salmi, M. Jouini, F. Geneste, I. Mazerie, D. Floner, B. Carbonnier,
Y. Yagci, M.M. Chehimi, Picomolar detection of melamine using molecularly im-
printed polymer-based electrochemical sensors prepared by UV-graft photo-
polymerization, Electroanalysis 27 (2015) 429–439.

[51] B. Liu, B. Xiao, L. Cui, M. Wang, Molecularly imprinted electrochemical sensor for
the highly selective and sensitive determination of melamine, Mater. Sci. Eng. C 55
(2015) 457–461.

[52] W. Li, Y. Zheng, T. Zhang, S. Wu, J. Zhang, J. Fang, A surface plasmon resonance-
based optical Fiber probe fabricated with electropolymerized molecular imprinting
film for melamine detection, Sensors 18 (2018) 828.

[53] Y. Hu, S. Feng, F. Gao, E.C.Y. Chan, E. Grant, X. Lu, Detection of melamine in milk
using molecularly imprinted polymers–surface enhanced Raman spectroscopy, Food
Chem. 176 (2015) 123–129.

Melkamu Biyana Regasa is a graduate of B.Sc. and M.Sc. degree in Chemistry in 2006
from Haramaya University and 2010 from Ambo University respectively. Currently he is a
PhD candidate in Materials Science and Engineering at Jimma University. His research
interest includes functionalmaterials in chemical sensors, molecularly imprinted polymer
based sensors for food safety, environmental and health applications.

M.B. Regasa, et al. Sensing and Bio-Sensing Research 27 (2020) 100318

10

http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0170
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0170
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0170
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0175
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0175
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0175
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0180
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0180
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0180
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0185
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0185
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0185
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0190
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0190
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0195
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0195
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0195
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0200
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0200
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0200
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0200
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0205
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0205
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0205
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0210
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0210
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0210
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0215
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0215
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0220
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0220
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0220
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0225
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0225
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0230
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0230
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0230
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0235
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0235
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0235
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0240
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0240
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0245
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0245
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0245
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0250
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0250
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0250
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0250
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0255
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0255
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0255
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0260
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0260
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0260
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0265
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0265
http://refhub.elsevier.com/S2214-1804(19)30197-7/rf0265

	Novel multifunctional molecular recognition elements based on molecularly imprinted poly (aniline-co-itaconic acid) composite thin film for melamine electrochemical detection
	Introduction
	Materials and methods
	Chemicals and reagents
	Apparatus and measurements
	Electrode surface preparation
	Synthesis of melamine imprinted and non-imprinted thin films
	MI-PANI-PIA film characterization and analyte measurement

	Results and discussion
	Electrochemical polymerization and characterization of composite thin films
	Optimization of the parameters for MI-PANI-PIA sensor preparation
	Effect of pH, washing and incubation time
	Rebinding study, calibration curve and detection limit
	Melamine detection mechanism by MI-PANI-PIA film
	Specificity and selectivity of the MI-PANI-PIA sensor
	Reproducibility, reusability and stability
	Comparison with the literature reports
	Application of the sensor to real samples analysis

	Conclusions
	Availability of data and materials
	Authors' contributions
	Consent for publication
	mk:H1_22
	Acknowledgements
	References




