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ARTICLE INFO ABSTRACT

Keywords:

This study describes the development of a molecularly imprinted polymer (MIP) polypyrrole-based (Ppy-based)
electrochemical melamine sensor. Two different modifications of polymeric layers in the design of MIP-based
melamine sensor systems were assessed. The addition of gold nanoparticles (AuNPs) or gold(I) complexes in the
polymerization solution containing pyrrole was studied. The characteristics of all polypyrrole layers were evalu-
ated indirectly using a [Fe(CN)s] 3-/ [Fe(CN)6]4* as a redox probe by application of differential pulse voltammetry
(DPV). The most optimal results were obtained when the MIP polymerization was prepared from a solution con-
taining 50 mM pyrrole, 5 mM melamine, and 0.05 nM 3.5 nm diameter AuNPs. Under these conditions, the ob-
served response of MIP to melamine was 6.61 times greater than that of non-imprinted polymer (NIP). To further
characterize the detection of melamine, overoxidized forms of both MIP and NIP were employed. The utilization
of MIP resulted in a linear correlation within the concentration range from 50 nM to 5 uM melamine, with an es-
timated limit of detection (LOD) of 0.83 nM melamine.

Molecularly imprinted polymer (MIP)
Polypyrrole (Ppy)

Melamine

Electrochemical sensor

Gold nanoparticles (AuNPs)

Gold(I) complexes

1. Introduction

Melamine is a compound commonly used in the plastics industry to
produce melamine-formaldehyde resins. It contains a significant
amount of nitrogen (66 % by mass), which has led to its misuse by un-
ethical manufacturers who add it to dairy products to avariciously in-
flate measured protein levels. The consumption of melamine caused
harmful effects that gained worldwide attention during the 2007 pet
food outbreak in North America. Throughout this outbreak, numerous
cases of acute renal failure in house pets, dogs and cats, were linked to
melamine-contaminated pet foods. Another notorious incident oc-
curred in 2008 when melamine-contaminated milk caused urinary
stones in children under the age of 3 in China [1,2]. It was determined
that melamine is nephrotoxic to humans and the consumption of this
compound can cause renal diseases [3]. The European Community, the
US Foods and Drug Administration, and other responsible authorities,
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and institutions have defined limits for melamine in numerous food
products. The concentration of melamine is restricted to 1 ppm in baby
formula and 2.5 ppm in other dairy products [4]. Consequently, reli-
able methods for melamine determination are necessary to enforce
these regulations. A wide range of techniques has been developed to de-
tect melamine. Some of these methods have been reviewed and summa-
rized by Lu et al., [5]. Instrumental analysis methods, such as gas chro-
matography and liquid chromatography, offer high accuracy and sensi-
tivity. However, these techniques are limited by the necessity of expen-
sive equipment, difficult operation, and long analysis duration, thus
making the application of these methods in the milk industry less ap-
pealing. In contrast, sensor-based analytical techniques have an advan-
tage over instrumental analysis methods because they are cheaper and
faster, and the analysis can be performed by untrained personnel. Natu-
rally, these more budget-friendly alternatives are being recognized for
their ability to detect melamine molecules. The study of Cao et al., [6]
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reports a chemosensor that detects melamine based on the hydrogen
bonding interactions between melamine and the AuNPs-modified sen-
sor surface. The researchers have developed a colorimetry method uti-
lizing a label-free AuNP assay for the identification of melamine. AuNPs
were prepared using 3,5-dihydroxybenzoic acid as a reducer. The pres-
ence of melamine inhibits the formation of these nanoparticles as the
melamine tends to interact with 3,5-dihydroxybenzoic acid through hy-
drogen-bonding interactions. This leads to an insufficient amount of a
reducer for the reduction of Au3+ ion, resulting in the color change
from purple to yellow-green with the increase of melamine concentra-
tion. Zhao et al., [7] employed 3,4-dihydroxyphenylacetic acid for elec-
trochemical sensor development. In this study, melamine was reported
to form complexes with 3,4-dihydroxyphenylacetic acid via hydrogen
bonds.

MIP can also be applied to develop melamine sensing systems [5,
8-12]. MIPs are synthetic polymers that mimic the antibody function to
affinity interact with the corresponding antigen. MIP selectively inter-
acts with the molecules, which were denoted as the template during the
polymerization [13]. MIP can possess the advantages of antibody-
antigen interaction such as high specificity and selectivity along with
resistance to environmental conditions and cheap production [14-16].
Optimal storage and application conditions are necessary for immobi-
lized antibody or antigen. On the contrary, MIP-based systems can tech-
nically be preserved indefinitely, as they typically do not require any
special care. Furthermore, MIP can be implemented over a broader tem-
perature interval [14-16]. The production of MIP generally follows the
same principle: (i) monomers and template molecules are mixed in the
solution and allowed to self-assemble; (ii) a polymer is produced from a
bulk solution containing the template molecules, that bind either cova-
lently or non-covalently to functional groups of the monomers during
the self-assembly process, (iii) the template molecules are then ex-
tracted from the polymeric layer while retaining template-specific cavi-
ties available for rebinding processes, and (iv) the MIP is then exposed
to the template-containing sample, therefore the cavity selectively re-
binds with the template molecule from a sample [10].

MIP can be incorporated with a variety of compounds, including
nanomaterials, for the improvement of the sensor's characteristics.
Graphene-AuNPs were applied to enhance the properties of Ppy-based
MIP in the study by Wang et al., [9]. In this study, an electrochemical
levofloxacin sensor was developed. The authors state that graphene-
AuNPs significantly improved the oxidation of levofloxacin, therefore,
the sensitivity has increased. Essousi et al., [17] study describes a re-
duced graphene oxide and Ppy composite-based MIP which they
overoxidized in 0.1 M NaOH solution using cyclic voltammetry (CV) in
the potential range from + 0.1 Vto + 1V vs Ag/AgCl . Overoxi-

(3M KCI)
dized Ppy-based MIP with reduced graphene oxide was later incorpo-
rated with AuNPs to increase conductivity. This sensor was applied in
the determination of amoxicillin and it features high reproducibility,
good stability, and selectivity. Gu et al., [18] reported a study about
overoxidized Ppy-AuNPs composite-based MIP in the design of an elec-
trochemical sensor dedicated to cysteine enantiomers recognition. The
researchers have incorporated polymers with AuNPs to take advantage
of the Au-S bonding. The sensitivity and selectivity of the overoxidized
Ppy-AuNPs composite-based MIP are superior to non-modified MIP in
the recognition of cysteine enantiomers. The modification with differ-
ent nanostructures serves different purposes. The implementation of
AuNPs to Ppy composites can exhibit higher sensitivity to target analyte
molecules due to their electrocatalytic properties and increased hydro-
gen bonding [19-21]. Yu et al., [22] reported a specific electrochemical
melamine sensor utilizing an aptamer and AuNPs. The authors incorpo-
rated polydopamine-based MIP and melamine binding DNA aptamers
(5'-SH-TTTTTT-3’) in this research. AuNPs were produced by reducing
with sodium citrate followed by the modification of the glassy carbon
electrode (GCE) with AuNPs. Afterwards, modified AuNPs/GCE elec-
trode was immersed in an aptamer-melamine composite mixture to
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form aptamer-melamine/AuNPs/GCE. Then, MIPs were formed by elec-
tropolymerization of dopamine by cycling the potential from -0.5 V
to + 1.0 V. Polymerization of dopamine was carried out from a solu-
tion containing dopamine and polythymine in the presence of
melamine as a template. Electrochemical analysis was performed with a
commonly used redox probe of 5 mM K3 [Fe(CN) 6] /K . [Fe(CN) 6] and CV
and differential pulse voltammetry (DPV). This electrochemical MIP-
aptamer sensor displayed a linear relationship between 10-12 M and
10-4 M for detecting melamine using DPV with the limit of detection
(LOD) of 6.7 x 10-13 M. Another MIP-based electrochemical sensor
has been described by Regasa et al., [23]. In this paper, the polymer
composite was co-electropolymerized from a mixture consisting of ani-
line and acrylic acid as monomers and melamine serving as the tem-
plate. The characterization of this sensor was carried out similarly to
the previous study — by DPV using a ferri/ferrocyanide redox pair and
the linearity was from 0.1 nM to 180 nM of melamine, and the LOD was
0.0172 nM. One of the earlier attempts to develop a MIP-based sensor
for melamine detection was reported by Liang et al., [24] study. In the
aforementioned study, methacrylic acid was chosen as a functional
monomer and polymerized chemically in the presence of melamine.
The membrane electrodes were prepared from the obtained MIP and
NIP and detected protonated melamine using potentiometric analysis.
As it was reported in that study, melamine tended to protonate at a pH
lower than 5.0. Liang et al., [24] study reported that the MIP-based
membrane electrode displayed a near-Nernstian signal in the melamine
concentration interval from 5.0 X 10-6 to 1.0 X 10-2 M. The sensor
possessed high stability and rapid response to the analyte. A melamine
sensor based on MIP was presented by Wu et al., [25]. In keeping with
standard practice, the monomer 2-mercapto benzimidazole was sub-
jected to polymerization in the presence of the template molecule
melamine. In this particular instance, electrochemical initiation utiliz-
ing CV was employed for the polymerization process. The electrochemi-
cal signal was monitored using a redox probe (5 mM
[Fe(CN) 6]3-/ [Fe(CN) 6]4-) and CV and electrochemical impedance spec-
troscopy (EIS). Wu et al., [25] fitted EIS data using R(Q(RW)) (Randles)
circuit and the calibration curve was constructed using estimated
charge transfer resistance R . LOD from calibration plot R  vs melamine
concentration in this study was as low as 3.0 x 10-9 M and stated that
the developed method can be adapted to detect other non-
electrochemically active molecules in food samples in the future. An
electrochemical sensor based on melamine imprinted poly(para-
aminobenzoic acid) was developed by Liu et al., [26]. In this study the
signal was determined using 2 mM [Fe(CN) 6]3-/ [Fe(CN) 6] 4- redox cou-
ple and CV, EIS, and DPV methods. Using DPV the authors observed a
linear correlation in the melamine concentration range from 4.0 x 10-6
M to 4.5 x 10-4 M with LOD of 0.36 pM. This research demonstrated
another methodology example for the detection of the electrochemi-
cally inactive analyte based on the MIP technique.

In the present work, the development of MIP Ppy-based electro-
chemical melamine sensors is described. The sensors were also further
modified by incorporating either different-size AuNPs or gold(I) com-
plexes. The novelty of this article is based on the application of the
aforementioned materials in the fabrication process of the sensors for
melamine detection.

2. Materials and methods
2.1. Chemicals and instrumentation

Pyrrole (CAS: 109-97-7) was acquired from Alfa Aesar (Kandel, Ger-
many) and was subjected to distillation before its utilization. All other
chemical reagents were of an analytical grade and were used in the ex-
periments as obtained. Potassium chloride (CAS: 7447-40-7), potas-
sium hexacyanoferrate (III) (CAS: 13746-66-2), tannic acid (CAS:
1401-55-4), and trisodium citrate (CAS: 68-04-2) were acquired from
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Carl Roth (Karlsruhe, Germany). Sodium dihydrogen phosphate (CAS:
10049-21-5), disodium hydrogen phosphate (CAS: 7558-79-4), hy-
drochloric acid (CAS: 7647-01-0), sodium hydroxide (CAS: 1310-73-
2), and melamine (CAS: 108-78-1) were purchased from Alfa Aesar
(Kandel, Germany), while sodium carbonate (CAS: 497-19-8) and sul-
furic acid (96 %) (CAS: 7664-93-9) from Lachner (Neratovice, Czech
Republic). Ethanol (CAS: 64-17-5) was purchased from Riedel-de Haén
(Seelze, Germany), and potassium hexacyanoferrate(I) (CAS:
14459-95-1) from Reachim (Donetsk, Ukraine). Imidazole (>99.5 %)
(CAS: 288-32-4) and iodoethane (99 %) (CAS: 75-03-6) were pur-
chased from Sigma-Aldrich (Steinheim, Germany). 1H-benzo[d]
imidazole (CAS: 51-17-2) and 9,10-phenanthrenequinone (CAS:
84-11-7) were purchased from Fluorochem (Hadfield, UK). Silver(I) ox-
ide (99 %) (CAS: 20667-12-3) was purchased from Alfa Aesar (Kandel,
Germany). Hydrogen tetrachloroaurate(IIl) trihydrate (CAS: 16961-25-
4) was purchased from Sigma-Aldrich (Steinheim, Germany).

Infrared spectra have been recorded on an FT-IR 520 Nicolet Spec-
trophotometer. 1H NMR (8(TMS) = 0.0 ppm) spectra have been
recorded on a Varian Mercury 400 and Bruker 400. ElectroSpray-Mass
spectra (+) have been recorded on a Fisons VG Quatro spectrometer.

All electrochemical polymerization and electrochemical analysis of
polymer experiments were performed in phosphate-buffered saline
(PBS) based solutions. PBS solution consisted of 10 mM disodium hy-
drogen phosphate and 1.8 mM sodium dihydrogen phosphate. The
ionic strength of PBS was supported with 0.1 M KCI. The pH value of
the PBS solution was altered to 7.40 with 0.1 M HCl - the changes in pH
were monitored using pH-meter SevenCompact S220 (Greifensee,
Switzerland).

All electrochemical measurements were performed with a com-
puter-controlled potentiostat/galvanostat Methrohm Autolab pAuto-
labIll/FRA2 p3AUT71079 equipped with NOVA 2.1.3 software from
EcoChemie (Utrecht, The Netherlands). A three-electrode system was
applied for all electrochemical measurements and consisted of
Ag/AgCl(3M xay S the reference electrode, a platinum wire as the
counter electrode, which both were purchased from ItalSens (Houten,
The Netherlands). A graphite rod with a diameter of 3 mm, obtained
from Sigma-Aldrich (St. Louis, USA), was employed as the working
electrode. Hitachi SU70 scanning electron microscope (SEM) was used
to study the surface morphology of the films.

2.2. Pretreatment of the working electrode

The graphite rod was prepared as previously reported [27] — the sur-
face was sequentially treated with 200, 900, and 2000 grit sandpaper. It
was followed by polishing the electrodes with a sheet of paper, result-
ing in a smooth electrode surface. Furthermore, the graphite rod elec-
trodes were rinsed with acetone and deionized water, and then the sides
of the electrodes were covered with a silicone tube to avoid the elec-
trode side contact with the solution. Finally, the working electrode was
treated electrochemically in 10 mM PBS solution, pH 7.4 by CV in the
potential range from -1.0 Vto + 1.0 V vs Ag/AgCl amkay At the sweep
rate of 100 mV s-1 and step potential of 2.44 mV, until a stable baseline
was attainted (10 potential cycles).

2.3. Preparation of AuNPs and gold(I) complexes

AuNPs of 3.5 nm, 6 nm, and 13 nm diameters were synthesized as
described in the previously published paper [28]. A 40 mL aqueous so-
lution of hydrogen tetrachloroaurate (0.01 % [w/v]) was heated to
60 °C. Secondly, another 10 mL solution containing sodium citrate
(0.2 % [w/v]) and different concentrations of tannic acid (0.25 % [w/
v] for 3.5 nm AuNPs, 0.025 % [w/v] — 6 nm, 0.00125 % [w/v] —
13 nm) was heated to 60 °C and added to hydrogen tetrachloroaurate
solution under vigorous stirring. The mixture was then heated to 95 °C
and held at that temperature for 5 min. Additionally, for 3.5 nm AuNPs
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synthesis, at this point, 2.5 mL of 25 mM Na,CO, was added to neutral-
ize the acidic pH of the synthesis solution. All synthesis solutions were
then allowed to cool to room temperature. Before use, AuNPs were
stored at + 4 °C.

Gold(I) complexes (1-3) were synthesized according to previously
published methods [29]. They were produced by reacting the corre-
sponding previously synthesized imidazole salt with Ag ,05 followed by
a ligand exchange reaction with [AuCl(tht)] and recrystallization with
dichloromethane/hexane. The structural formulas of the gold(I) com-
plexes used in this research are presented in Fig. 1.

2.4. Electrochemical deposition of MIP and NIP layers

First, the polymerization solution composition optimization experi-
ments were carried out. MIP was synthesized from a 10 mL mixture
consisting of 50 mM pyrrole as a monomer and 5 mM melamine as tem-
plate molecules. AuNPs or gold(I) complexes were added to the poly-
merization solution to increase the electrocatalytic properties of poly-
mer layers. The exact materials and their concentrations used to modify
polymers are presented in Table 1.

Before conducting the synthesis of MIP, the polymerization mixture
was prepared and left for 1 h for self-assembly processes to occur. MIPs
on the electrode were formed electrochemically by a series of 20 poten-
tial pulses of + 1.0 V vs Ag/AgCl @M KCD for 2 s, between each of the
pulses 0 V potential pulse for 10 s was applied. The template molecules
from formed MIP were extracted by immersing layers in 1 M sulfuric
acid solution and stirring for 1 h at 300 rpm. As reference layers, NIPs
were produced according to the same process but in the absence of
melamine molecules. To reduce differences between polymeric layers,
NIP was also exposed to a 1 M sulfuric acid solution.

2.5. Sensor signal evaluation

Melamine presence was assessed using a
5 mM K3[Fe(CN) 6] /K 4[Fe(CN) 6] redox probe. Prepared MIP layers
were incubated in PBS solution without melamine for 10 min. The char-
acteristics of MIP layers were monitored using the DPV when the step
potential was 5 mV, modulation amplitude 25 mV, modulation time
50 ms, and interval time 500 ms. DPV was carried out in the potential
range from O V to + 0.6 V vs Ag/AgCl P— Then, following the same
procedure, the imprinted layer was incubated in the PBS solution with
1 uM of melamine. After incubation, the working electrodes were
washed under a stream of deionized water to wash away the non-
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Fig. 1. The structural formulas of the gold(I) complexes (1-3).

Table 1
Materials and their concentrations used to modify polymers.

Material Concentration

3.5 nm diameter AuNPs
6 nm diameter AuNPs
13 nm diameter AuNPs

0.01 nM; 0.05 nM or 0.1 nM
0.01 nM; 0.05 nM or 0.1 nM
0.01 nM; 0.05 nM or 0.1 nM

Gold(I) complex (1) 1.0 pM
Gold(I) complex (2) 1.0 pM
Gold(I) complex (3) 1.0 pM
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specifically bound analyte. The layer with bound melamine was once
again monitored by DPV. NIP was evaluated according to the same pro-
tocol.

3. Results and discussions

Two types of Ppy layers, MIP and NIP, were electrochemically pre-
pared on the surface of the graphite rod electrode. Polymerization solu-
tion contained 50 mM pyrrole and 5 mM melamine for the deposition
of MIP, and 50 mM pyrrole for the deposition of NIP. Polymerization of
pyrrole was expected to take place during the pulses at a potential value
of + 1.0 V. The final MIP and NIP structure was formed only after the
template extraction step. Hence, the entrapped melamine templates
were extracted from the formed Ppy layer during the next MIP produc-
tion step. To accomplish this, the formed MIP layer was immersed in a
1MH,SO, solution while stirring for 1 h at 300 rpm. Analogously, the
NIP layer was also exposed to a1 M H_SO  solution to minimize the dif-
ferences between the two layers caused by the extraction procedure.
Subsequently, the electrodes with MIP and NIP layers were assessed
electrochemically. DPV curves of the MIP and the method of extracting
the analytic signal from raw DPV data are presented in Fig. 2A. Both
MIP and NIP demonstrated the decrease of oxidation peak current after
the incubation in a PBS solution with 1 uM melamine. This decrease in
the current value can be explained by the hindrance of electron path-
ways due to the interactions of the film with the melamine [30]. In this
case, MIP interacted with melamine specifically and non-specifically. In
contrast, NIP exhibited solely non-specific interactions with melamine
[31]. To convey the differences in the interaction with template mole-
cules more clearly, a relative decrease in the current (AI%) after the in-
cubation process was calculated according to equation (1):

L,—1

Al = -<M>x100% )
IpaO

where I _— peak oxidation current after incubation in PBS with

1 uM melamine, in pA; I 0" peak oxidation current after incubation in
PBS with no melamine, in pA.

One of the methods to determine the quality of the produced MIP
layers is to calculate a parameter called the imprinting factor (IF) [32,
33]. IF is generally evaluated according to equation (2):

IF = Owvre @
Onrp
where Qup is the equilibrium binding capacity of MIP; Qup- is the

equilibrium binding capacity of NIP.

However, in general, using equation (2), IF is calculated from chro-
matography or piezo-microgravimetry measurements. Ayerdurai et al.,
[34] recommend the use of the term apparent imprinting factor (AIF) if it
is determined by comparing the MIP and NIP signals using a technique
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other than piezo-microgravimetry. Generally, in electrochemical mea-
surements, IF is calculated by comparing the ratio between the slopes of
MIP and of NIP [35-37], or the selected signal response ratio of MIP
and NIP [38]. In this study, the AIF was calculated as the ratio of the rel-
ative decrease in the current — Al % of MIP and NIP films, according to
equation (3):

Al
IF = S_eMIp) 3)
Al gnip)
where Al . the relative decrease in the current of MIP, %; Al

%(MIP) :
I the relative decrease in the current of NIP, %.
0

The differences in a relative current’s decrease of MIP and NIP lay-
ers after the interaction with melamine (1 uM) are demonstrated in Fig.
2B. The AIF value is displayed above the columns. The AIF of prepared
MIP layers was 1.59. An additional drop of the peak oxidation current
for MIP could have been caused by stronger specific interactions with
melamine, in comparison to NIP, which only interacted with melamine
non-specifically. Therefore, Ppy was successfully imprinted with
melamine templates and the obtained layer can be used for further de-
sign of melamine sensor systems. However, the imprinting factor value
of 1.59 of the MIP layer is quite low. Guan et al., [39] study described
that the higher AIF correlates with the better uptake of template mole-
cules and the higher specificity of the template. Low AIF can be attrib-
uted to low specificity, high non-specific interactions, or to both men-
tioned effects. These observations of low AIF were also explored in the
research by Giulio et al., [40] and Turco et al., [41]. Therefore, MIPs
have to be further improved. Thus, in this study, MIPs were modified by
incorporating AuNPs or gold(I) complexes.

In the subsequent research, the addition of AuNPs or gold(I) com-
plexes in the polymerization solution was studied. In previous studies,
these compounds were applied to increase the electrocatalytic proper-
ties of the polymer layers [17,19,42-47]. Generally, the size of AuNPs
was determined using atomic force microscopy (AFM). The methodol-
ogy of the AuNPs synthesis and characterization was reported by Ger-
man et al., [19,28] and later by Brasiunas et al., [48] study. The used
method for the synthesis of AuNPs has shown great reproducibility and
precise size control of the AuNPs. The surface morphology of the poly-
mer films was studied using a scanning electron microscope (SEM).
SEM images with different magnifications are provided in the
supplementary material (Fig. 1S-4S). No morphological differences be-
tween NIP and MIP, and non-modified and AuNPs-modified Ppy were
observed. Moreover, AuNPs in the Ppy were not visible using SEM due
to several reasons. One of them was the limitations of the SEM device
used in this work as nanoparticles were too small to be detected within
the composite. Second, the globular structure of Ppy hindered the focus
and imaging process. Lastly, the Ppy was constantly melting at the mag-
nifications of x 300 k and higher, thus resulting in distorted and blurry
SEM images. Formed MIP and NIP composites with nanomaterials were

A o]B AIF=159 oo
100 2 I e
40
% ®
-~ -E"*SD
& 20
]
40
0
00 01 02 0.4 0% 0.6 NIF MIP

Fig. 2. A) DPV measurements of the MIP layer after the incubation in PBS with 0 M melamine and 1 uM melamine. The dotted line displays the method of extract-
ing the analytical signal from these curves. B) The differences in a relative decrease in the current of MIP and NIP after the incubation with 1 uM melamine. AIF in
the graph represents the signal ratio calculated according to equation (3). Error bars in the graph represent the standard deviation of this data set (n = 3).
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analyzed in the same conditions as non-modified MIP and NIP layers.
Modifications of these polymer layers aim to obtain a film where the
DPV response of MIP to melamine was greater, and the AIF was as high
as possible. The differences in a relative decrease in the current after
the interaction with melamine of AuNPs-modified polymers are de-
picted in Fig. 3A-C. Fig. 3A illustrates the effect of modification with
3.5 nm diameter AuNPs. As AuNP concentration was increased, the oxi-
dation peak current decreased. The highest AIF value was observed
when the polymerization was carried out from a solution containing
0.05 nM of 3.5 nm AuNPs. In these conditions, the observed AIF of MIP
was 6.61. Fig. 3B demonstrates a change in electrochemical signal ow-
ing to the modification of polymers with 6 nm AuNPs. Here, MIP syn-
thesized from a solution containing 0.1 nM 6 nm AuNPs had the best
features. The monitored AIF was 1.86. The evaluation of MIP and NIP
prepared from a solution with 13 nm AuNPs is presented in Fig. 3C.
Both NIP and MIP exhibited a significantly greater response to
melamine. However, the AIF in these conditions was notably lower than
that with 3.5 nm and 6 nm AuNPs. In these conditions, the highest AIF
was 1.18 and was observed when the layers were prepared from a mix-
ture with 0.01 nM 13 nm AuNPs. In this experiment, AuNPs could have
affected polymers in two ways. Owing to the great surface-to-volume
ratio of AuNPs and their electrocatalytic properties [19,20], the regis-
tered current should increase and the sensor should be more susceptible
to the change in surface concentration of electrochemically active sub-
stances, in this case — KS[Fe(CN)ﬁ]/K4[Fe(CN)6] redox probe. On the
other hand, it was reported that AuNPs can interact with amine groups
[21]. In this work, AuNPs were covered with citrate molecules [28],
therefore the surface of AuNPs was covered with the carboxylic groups,
which can non-specifically interact with melamine, making MIP and
NIP composites more sensitive toward melamine molecules.

The following experiments observed the changes due to the modifi-
cation of MIP and NIP with other materials — gold(I) complexes. Fig. 3D
illustrates the obtained results of the layers that were modified with
1 uM of gold(I) complexes 1, 2, and 3. The polymerization was per-
formed from a solution with gold(I) complexes. The effect of gold(I)
complexes 1, 2, and 3 on AIF was insufficient for further application as
electrochemical MIP sensors for melamine.
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Traditionally, gold(I) complexes are used in medicine for their an-
tirheumatic [49], anticancer [50], or anti-infective effects, and there is
currently extensive research for other therapeutic applications [51]. At
the time of this paper, there are no previously reported studies on the
electrocatalytic properties of gold(I) complexes as it was examined in
this study. In general, gold nanostructures exhibit electrocatalytic prop-
erties. One aim of this part of the study was to determine whether these
gold(I) complexes were also electrocatalytic. However, it is difficult to
affirm what effect was observed from these results and further studies
are required to assess it.

The MIP-based sensors obtained from a polymerization solution
consisting of 50 mM pyrrole, 5 mM melamine, and 0.05 nM 3.5 nm
AuNPs, demonstrated the most appealing characteristics. Therefore,
further experiments were performed using MIP and NIP prepared at
these conditions. It was noticed that not only MIP and NIP layer interac-
tions with melamine affected the strength of the signal measured by
DPV. The electrochemical evaluation itself may have been somewhat
destructive to the polymers. The Ppy could be slightly oxidized during
each measurement [52], therefore, the analytic signals were slightly
distorted. To minimize the plausible effect of altering the polymeric
layer of Ppy during the study, it was decided to overoxidize MIP and
NIP before evaluating interactions with melamine. Overoxidation of
MIP and NIP was carried out by CV (10 potential scans) in 0.1 M NaOH
solution, in the potential range from + 0.8 V to + 1.2 V s
Ag/AgCl o

The manufactured MIP and NIP films were characterized using the
DPV in the following part of the research. Before each electrochemical
characterization, polymers were incubated for 10 min in PBS solutions
with varying concentrations of melamine: 0 nM, 1 nM, 5 nM, 10 nM,
50 nM, 0.1 pM, 0.5 uM, 1 pM, and 5 pM. The voltammograms obtained
by the DPV for MIP layers are presented in Fig. 4A. It was noted that
with the increase of melamine concentration during the incubation, the
oxidation peak area and height measured by the DPV decreased for
both Ppy films. The peak anodic current maximum was recorded at
0.222 V vs Ag/AgCl M K Oxidation peak height (I a) values were ob-
tained, and the caiibration curve (peak height d%pendence on the
melamine concentration) is illustrated in Fig. 4B. The difference in oxi-
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the graph represent the standard deviation of these data sets (n = 3).
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arithmic scale. Error bars in the graph represent the standard deviation of this data set (n = 3).

dation current was owing to the increasing concentration of melamine.
MIP layers interacted with melamine molecules due to the additional
specific interactions. Therefore, as melamine concentration on the sur-
face of the MIP increased, the measured oxidation current decreased
due to the hindrance of electron pathways [30].

The oxidation peak current changes were followed in presence of in-
creasing of melamine concentrations from 1 nM to 5 pM. The decrease
of peak oxidation current (AI%) dependence on the concentration of
melamine is illustrated in Fig. 4C. For better comprehension, depen-
dence at the lower melamine concentration in the range from 1 nM to
10 nM was presented in Fig. 4C (inset). After incubating MIP in a solu-
tion with 1 nM of melamine, the oxidation current decreased by
6.01 = 0.09 %.

Kxc

1+KXc¢ *

A]% = AI%,max X

where Al %, max —the normalized DPV peak current value, %; K — the
Langmuir constant, uM-1; ¢ — the concentration of melamine, pM.

Jyoti et al., [35] adapted the Langmuir isotherm equation for the
electrochemical measurements of MIPs in their research. In our study,
the curve in Fig. 4C was fitted according to the analogous Langmuir
isotherm expression, which is presented in equation (4). The applica-
tion of this equation yielded the normalized DPV peak current value,
which was equal to 22.14 + 1.26 %, and the Langmuir constant, which
was equal to 343.85 = 53.47 uM-1. Unfortunately, the data of NIP,
presented in Fig. 4D, did not follow this or any particular dependence,
thus, MIP and NIP parameters for this expression could not be com-
pared. AI 5 Was calculated using equation (4):

LOD and limit of quantification (LOQ) for MIP were estimated by
equations (5) and (6):
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100
LOQ = —= (6)
where ¢ - is the standard deviation of the response measured in
0 nM concentration of melamine; S — is the slope of the calibration
curve.

LOD for MIP was estimated by equation (5) and was equal to
0.83 nM of melamine and the LOQ was calculated by equation (6) and
was 2.50 nM of melamine. LOD for MIP was comparable to other MIP-
based sensors for the detection of melamine described in other studies.

The outbreak of acute renal failure in house pets linked to
melamine-contaminated pet foods induced the research of melamine
[11,12,61]. There are more studies employing electrochemical methods
and MIPs for the detection of melamine [8,24-26,62] but the summary
presented in Table 2 overviews only the latest MIP-based electrochemi-
cal sensors published in the period from 2018 to 2022. The basis of the
described sensor recognition elements is MIPs. The sensing of melamine
was usually executed electrochemically by indirect means using
[Fe(CN) ]3-/4-asa redox probe by applying DPV [22,53] just like in this
paper, or EIS [54-56,59]. The developed sensors were also imple-
mented in the determination of melamine in real samples (milk or in-
fant formula). The authors state that these results were satisfactory and
sensors can be employed in the analysis of real samples.

4. Conclusions

The graphite rod electrode surface was modified with melamine-
imprinted polymer (MIP) and non-imprinted polymer (NIP) layers. Ad-
ditional modifications with 3.5 nm, 6 nm, and 13 nm diameter AuNPs,
or gold(I) complexes 1, 2, and 3 were evaluated. DPV was selected for
the analysis and the monitoring of the decrease of peak oxidation cur-
rent after the incubation of MIP and NIP in 1 pM melamine was evalu-
ated. The optimum outcomes were achieved when the polymerization
of MIP was conducted using a solution containing 50 mM pyrrole,
5 mM melamine, and 0.05 nM AuNPs with a diameter of 3.5 nm. Under
these precise conditions, AIF MIP towards melamine was 6.61. The de-
tection of melamine was further characterized using overoxidized MIP
and NIP. Using MIP the LOD was estimated at 0.83 nM of melamine.
The observed LOD is comparable to other MIP-based systems for the de-
tection of melamine reported in other studies.
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Table 2
Characteristics of electrochemical sensors for melamine detection.

Electrode Modification of Methods LOD and Comments Ref.
electrode with linear range about
MIPs samples
MIL-53(Fe)!-  Poly(methacrylic DPV 8.21 x 1012 Milk [53]
modified acid) M samples
GCE? 1011 M -
10°M
AuNPs and Polydopamine DPV 6.7 x 1013 Milk [22]
melamine- M samples
aptamer 1012 M -
modified 104 M
GCE
GO3 Polypyrrole EIS* 8.3 x 1010  Milk [54]
modified M samples
GCE 4.0 x 10
M —
2.4 x 107
M
GCE Poly(aniline-co- DPV 1.72 x 10! Infant [23]
acrylic acid) M, formula
1 x 100~ and raw
1.8 x 107 milk
nM
GCE Polyaniline SWVS 4.47 x 10710 Infant [55]
M formula
6.0 x 10710
M —
1.6 x 108
M
GCE Poly (aniline-co- Swv 1.79 x 1011 Infant [56]
itaconic acid) M formula or
2.5 x 101 raw milk
M —
1.0 x 107
M
MWCNTSs® Poly(acrylic acid- DPV 56 x 1013  Milk [571
modified co-(7-(4- M samples
GCE vinylbenzyloxy)-4- 1.0 x 1012
methyl coumarin)- M -
co-ethylhexyl 1.0 x 10°
acrylate) M
Pt Ppy on GO- cv 2.810°M Milk, [58]
Fe3O4@SiO2 5.0 X 1077 — yoghurt,
nanocomposite 1.0 x 105> cheese, and
M dough
samples
SAM’- Siloxane SWV 0.4 x 10°° - [59]
modified M
Gold- 5% 10°M
coated -10°M
silicon
wafer
Gold QCMm#8 Poly(methacrylic QCM 1.8 x 108 Milk [60]
electrode acid) M samples
4.0 x 107
M —
7.9 X 106
M
Graphite Polypyrrole DPV 8.3 x 1010 - This
electrode decorated with M work
3.5 nm AuNPs

1 MIL-53(Fe) - iron metal-organic framework described in [53]; 2GCE -
glassy carbon electrode; 3GO - graphene oxide; 4EIS - electrochemical
impedance spectroscopy; SSWV — square wave voltammetry; SMWCNTSs — multi-
walled carbon nanotubes; 7SAM - self-assembled monolayer; 8QCM - quartz
crystal microbalance.
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