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Melamine contamination in food and beverages affects short- and long-term health. In this work, enhanced
sensitivity and selectivity in photoelectrochemical determination for melamine detection was achieved
using copper(i) oxide (CuO) combined with a molecularly imprinted polymer (MIP). A CuO nanomaterial
was used to achieve MIP surface modification via co-precipitation synthesis. An MIP film was deposited
by polymerizing the methacrylic acid monomer and a melamine template. The properties of the CuO
nanomaterials, such as the surface morphology, chemical oxidation state, and crystalline structure, were
characterized using field emission scanning electron microscopy (FESEM), X-ray photoelectron
spectroscopy (XPS), and X-ray diffraction patterns (XRD), respectively. The diffuse reflection spectroscopy
technique was applied to evaluate the optical properties of the CuO nanoparticles. The results indicated
that the synthesized CuO nanomaterials had a monoclinic structure with an optical bandgap of 1.49 eV,
which corresponds to absorbance in the visible light region. CPE electrodes with surface-modified CuO/
MIP were measured using the photoelectrochemical techniques of cyclic voltammetry, differential pulse
voltammetry (DPV), and amperometry. The modified CuO/MIP electrode for melamine detection in 7.4
pH PBS buffer solution exhibited a high sensitivity of 0.332 nA nM™%, with a linear range of 5.0-75.0 nM
and a limit of detection of 2.45 nM. Moreover, real samples of various kinds of milk were applied to
evaluate the sensing response of the prepared CuO/MIP electrode. The modified CuO/MIP electrodes
could be reused seven times with good reproducibility and high selectivity for melamine detection.
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Introduction

Melamine is a triazine compound with a nitrogen-rich hetero-
cyclic structure. Typically, melamine has been used to synthe-
size aminoplast resins and foam in the manufacture of coatings
and packaging for food products.” This might lead to melamine
contamination in food and beverages, which has harmful
effects on short- and long-term health, such as nephrotoxicity
and increased incidence of kidney stones.” In turn, this could
result in organ failure, or, in the worst-case scenario, death.
Therefore, the US Food and Drug Administration (FDA) deter-
mines the level of melamine concentration in food products
and ensures a national safety limit of 0.63 mg kg >, and the
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World Health Organization (WHO) has defined a tolerable daily
intake (TDI) level for melamine of 0.2 mg per kg per body
mass.>™* To monitor food items and ensure their safety for
consumption, it is crucial to develop quick and accurate mela-
mine sensors.

Generally, several analytical techniques, such as high-
performance liquid chromatography (HPLC),>” liquid
chromatography-mass spectrometry (LCMS),*®? gas
chromatography-mass spectrometry (GCMS),****> and fluores-
cence, among others, have been applied for melamine detec-
tion. These methods exhibited high selectivity and low limits of
detection.”>** However, these techniques are expensive, time-
consuming, and require complex specialists for use, limiting
their practical application.

The photoelectrochemical method (PEC) is an analytical
technique that combines electrochemical and photoelectric
measurement processes using semiconductor materials.'>'®
This technique involves excitation with a light source to
produce photogenerated electron-hole pairs in the nano-
materials. The photoelectrochemical method has been consid-
ered an alternative measurement technique to the previously
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used methods because of its various advantages, such as high
sensitivity, low background interference, low limit of detection,
and fast response.'*™® It can be applied to portable devices for
melamine detection. However, it has poor selectivity. This
drawback can be overcome with surface modification of the
working electrode. In the literature, many receptors, such as
antibodies, aptamers, and enzymes, have been used in biosen-
sors for selective detection.”** However, they have weaknesses,
such as low thermal stability, chemical stability, storage time,
and stability under environmental conditions. Molecular
imprinting techniques have been reported to overcome most of
these drawbacks. Molecularly imprinted polymers (MIP) are
synthetic polymeric materials produced via a polymerization
method that produces specific cavities for a template molecule.
The specific cavities formed in the MIP are compatible with the
target analyte in terms of size, shape, and chemical
function.”** Therefore, MIPs are widely used in sensors for
recognition of analytes such as pesticides, organic compounds,
and biomolecules®***** because of their high selectivity,
robust thermal and chemical stability, long storage time, ease of
preparation, and low cost. However, MIPs are polymer matrices
with low electrical conductivity; when an MIP is modified onto
the surface of an electrode, it hampers charge transfer between
the solution and electrode. This problem can be overcome with
nanomaterials.

Photoactive nanomaterials generate electron-hole pairs
material when interacting with light radiation. The charge
transfer process in these materials can be improved by modi-
fying working electrodes with nanostructure materials such as
titanium dioxide (TiO,),*>** bismuth sulfide (Bi,S;),**** zinc
oxide (ZnO),** tungsten trioxide (WO;),* cerium dioxide
(Ce0,),* La,0;@Cu,S,* cupric oxide (Cu0),*** cuprous oxide
(Cu,0),* and graphitic carbon nitride (g-C3;N,).**** Among
these, copper(u) oxide (CuO) is one of the promising materials
of considerable interest, as it is a p-type semiconductor material
with a monoclinic crystal structure and has a narrow energy
band gap of 1.2-1.7 eV for higher visible and infrared light
absorption.**> Moreover, it shows environmental stability,
thermal stability, good electrical conductivity, non-toxicity, low
cost, abundance, and easy preparation. Previous works have
reported various copper oxide synthesis processes, such as co-
precipitation, sol-gel, green synthesis, microwave irradiation,
electrochemical deposition, sonochemical, and biogenic
methods. The co-precipitation process is a simple method with
easy preparation and low cost, and can synthesize large batch
sizes.*® In addition, CuO has been reported for use in various
applications including photovoltaic devices, gas sensors,
supercapacitors, and photoelectrochemical water-splitting
CellS.41’42‘44’45

In this work, a surface-modified electrode for melamine
detection was fabricated using copper(u) oxide (CuO) mixed
with molecularly imprinted polymers (CuO/MIP), which
provided enhanced high sensitivity and selectivity. CuO was
synthesized by the co-precipitation method using copper(u)
nitrate hexahydrate as a precursor. The CuO/MIP electrode was
fabricated using a polymerization method consisting of meth-
acrylic acid (MAA) as a monomer. The behavior of the prepared
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electrode was characterized using the photoelectrochemical
technique with the amperometry method, which demonstrated
the performance of the electrode in melamine detection in
terms of sensitivity, detection limit, and selectivity.

Experimental
Materials

Copper(u) nitrate hexahydrate (AR grade), methacrylic acid 99%
(MAA), ethylene glycol dimethacrylate 98% (EGDMA), 0.2 M 2,2-
azobisisobutyronitrile in toluene (AIBN), phosphate buffer
saline (PBS, pH 7.4), uric acid (99% purity), thiourea (99%
purity), ammonia 25%, and urea (99% purity) were purchased
from Sigma-Aldrich. Melamine (99% purity), glycine (99%
purity), sodium hydroxide (98.5% purity), chloroform (99.5%
purity), and ethanol (99.8% purity) were purchased from Carlos.
All reagents were of analytical grade. For real sample analysis,
three milk types: cow milk, chocolate milk, and strawberry milk,
were obtained from a local market (Bangkok, Thailand).

Preparation of copper(u) oxide nanomaterials

CuO was synthesized via the co-precipitation method, as shown
in Fig. 1a.*® In the first step, 0.50 M of the precursor copper()
nitrate hexahydrate was dissolved in deionized (DI) water. Then,
1.0 M NaOH solution was slowly mixed in under stirring until
the pH of the solution reached 14 and kept for 2 h. The colour of
the synthesized solution changed from blue to black. The black
precipitate particles were obtained and washed with DI water
several times until the pH reached 7. Subsequently, the
precipitated product was dried in an oven at 100 °C and
calcined in a furnace at 350 °C for 4 h. The synthesized CuO
nanoparticles were then kept in a dry desiccator.

Fabrication of CuO/MIP surface-modified electrode

A carbon plate electrode (CPE) was modified with CuO. 5.0 mg
per mL CuO in 1% MAA was dropped on the CPE. After curing
with UV irradiation for 15 min, the molecularly imprinted
polymer was synthesized using a polymerization method
involving melamine, MAA, EGDMA, and AIBN as the template,
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monomer, crosslinker, and initiator, respectively. The process
of the surface modification of the electrodes is presented in
Fig. 1b. First, 2.0 mL of 1.0 mM melamine was mixed with
1.0 mL of MAA dissolved in 2.5 mL chloroform. Then, AIBN and
EGDMA were added to the mixture. MAA, EGDMA, and AIBN
were mixed in a ratio of 1.0:5.0: 0.5 by molarity at 60 °C for
30 min. Then, 3.0 pL of the precursor solution was dropped on
the CuO/CPE electrode. The diameter of the circular working
electrode was 3 mm, and the sensing area was 7.065 mm?>. The
electrode was fixed with laminated Kapton tape and cured with
a UV lamp for 30 min, forming a polymer matrix on the CuO/
CPE electrode. Finally, the CuO/MIP electrode template was
eluted with DI water and ethanol several times. The surface-
modified electrode was dried and stored at room temperature
in a desiccator. For comparison, six electrodes with different
surface modifications, including carbon plate electrode (CPE)
as a bare electrode, CuO-modified CPE (CuO/CPE), non-
imprinted polymer (NIP), imprinted polymer (MIP), CuO
combined with non-imprinted polymers (CuO/NIP), and CuO
mixed with molecularly imprinted polymers (CuO/MIP) were
studied, as presented in Fig. 1c.

Material characterizations

The CuO chemical composition purity and oxidation states were
determined using X-ray photoelectron spectroscopy (XPS, Axis
Ultra DLD, Kratos). X-ray diffraction (XRD, Smart lab, Rigaku)
with a Cu Ko radiation source at an X-ray wavelength (1) of
1.5406 A was used to obtain the crystalline structure of the
prepared CuO nanoparticles. The optical properties were
observed using ultraviolet-visible-near infrared spectroscopy
(UV-VIS-NIR spectrophotometer) (UH1450, HITACHI). The
surface modification of the CuO/MIP electrodes on the modi-
fied surface was observed using an atomic force microscope
(AFM, SPI3800N/SPA400, Seiko Instruments).

Electrochemical measurements

The melamine detection performance of the prepared device
was analyzed via electrochemical measurements using a poten-
tiostat (WSTAT 400, Dropsens) controlled by the computer
program Dropview 8400. The measurement system was a tri-
electrode measurement system that consisted of a 3 mm
diameter carbon-paste electrode as the working electrode. The
counter and the reference electrodes were carbon paste and
silver/silver chloride. The photoelectrochemical characteristics
of the sensing layer were determined using a measurement
system under an excited xenon lamp irradiation with a power
supply (Nikon Corporation: model C-FI 115), and the fixed
intensity of the light was about 3 mW cm 2. The various
prepared electrodes were analyzed using cyclic voltammetry
(CV) measurements in 50.0 mM potassium ferrocyanide in PBS
buffer (pH = 7.4 at 25 °C). The applied voltage for the redox
potential was set from —1.0 V to +1.0 V. In addition, the CuO/
MIP electrode was tested with different melamine concentra-
tions in PBS buffer. Differential pulse voltammetry was con-
ducted with a potential range, scan rate, pulse width, and pulse
amplitude of +0.2 V to —0.5 V, 20.0 mV s ', 50.0 ms, and
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50.0 mV, respectively. Amperometry measurements were
applied to investigate the performance of the CuO/MIP-
modified electrodes using a fixed current at a voltage of —0.18
to execute and calculate the linear calibration curve, limit of
detection, and sensitivity. The selectivity was analyzed using
interference comparisons with fixed 100.0 nM concentrations
each of glycine, uric acid, thiourea, ammonia, urea, and mela-
mine solution.

Results and discussion
Copper(u) oxide synthesis

CuO was synthesized via the co-precipitate method using cop-
per(n) nitrate hexahydrate as a precursor and calcined at 350 °C
for 4 h. The surface morphology of CuO can be observed using
high-magnification field emission scanning electron micros-
copy (FESEM), as shown in Fig. 3a. The sheet-like structure of
the synthesized CuO particles showed that the particle thick-
ness was smaller than the width dimension of the sheet-like
particles. In Fig. 2, the chemical element purity and oxidation
states of the CuO nanoparticles have been verified using X-ray
photoelectron spectroscopy (XPS). The XPS survey spectrum of
CuO established the presence of peaks associated with the
elements Cu, O, and C, as shown in Fig. 2a. Fig. 2b-d show the
high-resolution spectra with deconvolution in the XPS peaks of
Cu 2p, O 1s, and C 1s, respectively. The XPS of Cu 2p is pre-
sented in Fig. 2b, which confirms the existence of Cu®'; two
energy peaks were present at 953.5 eV and 933.4 eV, corre-
sponding to Cu 2p,,, and Cu 2pj3,,, respectively. The two peaks
at 963 eV and 942 eV are the satellite peaks of Cu 2p;/, and Cu
2pss, respectively. They demonstrate the presence of the
incomplete 3d orbital, further demonstrating the existence of
Cu*" in the sample. The atomic ratio of O/Cu was 1.27, and the
prominent shake-up peak at the higher binding energy side of
Cu 2p;), can be attributed to the formation of the CuO mate-
rial.*”*® In Fig. 2c, the high-resolution XPS spectra of O 1s for
CuO presents a peak at 529.8 eV, which is stronger and

Monochromatic Al Ka

—
o
-

&
=

—
L
L=

Cu2py,
(933.4eV)

Cu2p,,
(953.50V)
Satellite poak

Intensity (a.u.)

Satellite peak

Intensity (a.u.)

/
y N
1000 900 800 700 600 500 400 300 200 100 970 965 9'50 955 950 945 940 935 930
Binding Energy (eV) Binding Energy (eV)

—_
Q.
=
o
@

O1s

529.8 eV

A
)

Intensity (a.u.)
Intensity (a.u.)

A ;

535 534 533 532 531 530 520 528 527 526 525 292 290 288 286 284 282 280
Binding Energy (eV)

Binding Energy (eV)

Fig.2 Survey XPS spectrum (a) and high-resolution Cu 2p (b), O 1s (c),
and C 1s (d) XPS spectra.
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associated with the binding energy for lattice oxygen O*~ in
CuO lattice. Fig. 2d shows the high-resolution XPS spectrum of
C 1s. The peak at 285 eV was confirmed to be the C reference
peak. Thus, the XPS spectrum of CuO has also established no
residual contamination.

The crystallinity of the synthesized CuO nanomaterials was
confirmed using X-ray diffraction (XRD). Fig. 3b presents the
XRD pattern of the sample, in which the sharp diffraction peaks
observed at 26 values of 32.59°, 35.61°, 38.78°, 48.82°, 53.54°,
58.37°, 61.60°, 66.31°, and 68.15° were assigned to (1 1 0), (0
02),(111),(=202),(020),(202),(~113),(~311),and (2 20),
in good agreement with JCPDS standard no. 45-0937. The main
diffraction peak was that of the (002) plane with the monoclinic
phase structure of CuO. Moreover, no impurity peaks of other
material phases were observed, indicating the high purity of the
synthesized product. The crystallite size can be calculated using
the Debye-Scherrer equation*® below:

KA
" Bcosf

1)

where « is a constant value (0.9), A is the wavelength of the X-ray
source (1.5406 A), and § is the full width at half maximum
(FWHM), and ¢ is the diffraction angle, respectively. The
calculated crystalline grain size was 21.35 nm, which indicated
the nanostructure of the CuO material.
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Fig. 3 Characterization of CuO: surface morphology observed using
FESEM (a), XRD pattern (b), and Kubelka—Munk plot (c).
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Therefore, the CuO nanomaterial can be synthesized via the
co-precipitation method, which was confirmed from the
monoclinic structure from the XPS and XRD results. The
sample's optical properties were analyzed using the diffuse
reflection technique and calculated using the Kubelka-Munk
relation. The obtained energy bandgap is 1.49 eV, and thus
a light source in the visible light range can be used to operate
the prepared device.

Determining the optical band gap energy is crucial for opti-
mizing the generated electron-hole pairs in semiconductor
materials under light illumination. The diffuse reflection
method was used to examine the optical behaviours of the CuO
nanoparticles. In the reflection spectra, the x-axis intercept of
the straight line equation was used to calculate the related
optical band gap using the Kubelka-Munk equation.>

2

LR @)
where R is the diffuse reflectance. It was found that the CuO
nanomaterials presented a copper(u) oxide narrow band gap of
1.49 eV, as shown in Fig. 3c. The minimum wavelength required
to promote electron transition from the valence to the
conduction band was 832 nm, which represents visible light
absorption.

F(R) =

Surface modified electrode

The CuO/MIP, fabricated by modifying a carbon plate electrode
with copper(u) oxide combined with a molecularly imprinted
polymer, presented specific cavities for melamine detection
because of the elution process of the melamine template. Fig. 4
depicts images of the modified surfaces obtained using atomic
force microscopy, comparing the CuO/NIP and CuO/MIP elec-
trodes. The CuO/NIP electrode was almost flat with a surface
roughness of about 69.67 nm, whereas CuO/MIP showed
a rough surface with an RMS value of 110.64 nm. The AFM
image of the CuO/MIP electrode indicates a higher surface
roughness compared to the CuO/NIP electrode. The rough
surface signatures of MIP correspond to the formation of cavi-
ties due to the eluted templates.

The electrochemical analysis was conducted for the different
modified electrodes, which comprised six electrode models:
a carbon plate electrode as a bare electrode, and a CuO/CPE,
NIP, MIP, CuO/NIP, and CuO/MIP electrode. The modified
electrodes were measured in CV mode, presenting a redox
reaction of potassium ferricyanide in the —1 V to 1 V voltage
range, as shown in Fig. 5a. The CuO/CPE electrode exhibited the

(a) CuO/NIP (b) CuO/NIP

0.47 ym 0.76 i

ST - 0.00um 3 0.00 ym
P <o
S~ 38V

Fig. 4 Three-dimensional (3D) AFM images of CuO/NIP (a) and CuO/
MIP (b).
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([K4Fe(CN)gl) in 0.1 M PBS (a), differential pulse voltametric response in
different concentrations of melamine at 0-100.0 nM (b), relationship
between the DPV current and melamine concentration (inset) and
amperometry current response of 100.0 nM melamine with different
modified electrodes (c) using a constant light intensity of 3 mwW cm™2.

highest current signal, followed by CPE, CuO/MIP, CuO/NIP,
MIP, and NIP, respectively. In the results, the MIP electrode
showed higher current than the NIP electrode because the
template elution of the MIP electrode created cavities that led to
a high surface area, facilitating charge transfer. In contrast, the
NIP electrode was smooth and thick, resulting in low current.
Moreover, the CuO/MIP-modified electrode exhibited
a higher response than the MIP-modified electrode. This might
be because CuO has good electrical conductivity and carrier
mobility properties that improved the charge transfer. In
addition, the CuO/MIP electrode was tested with melamine
solution and measured using the differential pulse voltametric
method in the 0.2 V to —0.5 V range. In the differential pulse
voltametric response at different melamine concentrations, the
potential switching scan to more negative presented a reduction
reaction, and a cathodic peak signal was observed at an applied
potential of —0.18 V. Increasing melamine concentration cor-
responded with a decrease in the current of the cathodic signal,
as shown in Fig. 5b. The applied potential was fixed at —0.18 V
for the amperometry analysis. In addition, the inset of Fig. 5b
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depicts the relationship between the DPV current and mela-
mine concentration, which demonstrated a nonlinear rela-
tionship. In addition, the CuO/MIP-modified electrodes were
used and analyzed for melamine detection in amperometry
mode at —0.18 V for 600 s. The performance between the NIP,
MIP, and CuO/MIP electrodes was compared. As shown in
Fig. 5¢, the CuO/MIP-modified electrode presented a difference
in its current signal between before and after melamine recog-
nition, with its greatest Al value indicating the highest signal. At
the same time, the MIP and NIP electrodes exhibited a slight
difference. The NIP and MIP are polymer matrices and insula-
tors, which hampers charge transfer between the solution and
electrode. In contrast, the CuO/MIP electrode consists of CuO,
which has good electrical conductivity and increases charge
transfer.

Effect of light irradiation

The electrochemical analysis was conducted at different mela-
mine concentrations using amperometry, and the response of
the CuO/MIP electrode in the presence of different melamine
concentrations is presented under light and dark conditions at
a constant light intensity of 3 mW cm 2. The CuO/MIP electrode
presented a reduction reaction, which increased the cathodic
current under visible light irradiation. The current signal in the
dark conditions demonstrated a lower signal, as shown in
Fig. 6a. The increase in the cathodic current was found due to
the CuO material being a photoactive material and p-type
semiconductor, which presented an energy bandgap of
1.49 eV correlating to the optical absorption and generating
electron-hole pairs in the visible light region. The electrons
participated in interfacial electron transfer reactions to reduce
water to hydrogen and the holes transferred from the cathode to
the anode. Thus, CuO can enhance the charge transfer of the
modified electrodes under visible light absorption.
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Fig. 6 Amperometry current response of the CuO/MIP electrode
under light on—off conditions (a) and with removing and rebinding of
the template (b) at different melamine concentrations. Model of the
photoelectrochemical detection mechanism of the CuO/MIP-modi-
fied electrode (c) and the response curve and standard calibration plot
(inset) for the detection of melamine using CuO/MIP (d).
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Performance of CuO/MIP surface-modified electrode

The performance of the CuO/MIP-modified electrode was
measured using electrochemical techniques under light irradi-
ation. Fig. 6b indicates that increasing melamine concentration
led to a fall in the cathodic current. This occurred because the
melamine target was recognized in the cavities of the MIP,
which hindered charge transfer between the solution and
electrode, as shown in the model of the photoelectrochemical
melamine detection mechanism of the CuO/MIP-modified
electrodes depicted in Fig. 6c.

Fig. 6d depicts the calibration curve between the melamine
concentration and electrode current. The relationship between
the current and concentration of melamine was considered in
the range of 5.0-500.0 nM. Increasing melamine concentration
resulted in an increase in AJ, and the signal value changed only
slightly above a concentration of 100.0 nM. The linearity of the
calibration plot showed the relationship between the delta
current and the concentration of melamine, and a linear
response was observed in the range of 5.0-75.0 nM with the
linear equation y = 0.0003x + 0.0052, where y is the delta current
(nA) and x is the melamine concentration (nM); the correlation
coefficient was 0.994. Moreover, the sensitivity of melamine
detection was presented as 0.332 nA nM ', and the limit of
detection (LOD) was 2.45 nM. Generally, the LOD can be
calculated as LOD = 3.3 X (S. D.)/M, where S. D. is the standard
deviation of the response, and M is the slope of the calibration
curve. Furthermore, the limit of melamine detection for the
CuO/MIP electrode was lower than the FDA and WHO levels at
a concentration of 2.5 mg kg~ '. Therefore, the fabricated CuO/
MIP electrode represents a candidate for the sensing layer
following the specifications of the FDA and WHO.

Reproducibility and reusability

The CuO/MIP electrode was tested for reproducibility and
reusability. Table 1 presents the data for the six surface-
modified electrodes; they demonstrated similar values for
both sensitivity and limit of detection because the modified
electrode defined the area and process of preparing the working
electrode. Thus, this process is stable and can be reproducible.
As shown in Fig. 7a, the reusability of the CuO/MIP electrode
was tested ten times using a melamine concentration of
100.0 nM, and was found to be reusable seven times. The
modified electrode repeatedly eluted the template in melamine
detection, causing polymer defects, including cracking and

Table 1 Reproducibility of CuO/MIP-modified electrode for mela-
mine detection

Sensitivity
Electrode  Linear equation R? (mAnM™')  LOD (nM)
1 y = 0.0003x + 0.0052 0.994 0.332 2.45
2 y = 0.0003x + 0.0057 0.994 0.326 2.50
3 y = 0.0003x + 0.0067 0.997 0.350 2.24
4 y = 0.0003x + 0.0055 0.991 0.320 2.44
5 y = 0.0003x + 0.0047 0.993 0.296 2.23
6 y = 0.0003x + 0.0058 0.993 0.325 2.46
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Fig. 7 The responses of the CuO/MIP electrode in tests of its reus-
ability for melamine detection (a) and its selectivity to different
compounds such as glycine, uric acid, thiourea, ammonia, urea, and
melamine (b).

swelling. The decrease of the current, as seen in the eighth
cycle, is an indication of the presence of melamine.

Selectivity

The surface-modified electrodes were fabricated using CuO
mixed with MIP. Solutions of interferents, namely, glycine, uric
acid, thiourea, ammonia, urea, and melamine, were used to test
the selectivity of the CuO/MIP electrode. A strong signal was
demonstrated in the association of melamine sensing response
on the CuO/MIP electrode. Other interferents presented a low
signal, as shown in Fig. 7b. Thus, the CuO/MIP electrode
exhibits good selectivity for melamine detection. This might be
due to the specific affinity provided by the MIP technique, that
is, the removal of the template in the MIP electrode from the
polymer created specific cavities with a molecular memory tar-
geting melamine molecules, based on characteristics such as
their size, shape, and functional groups.

Melamine molecules are nitrogen-rich heterocyclic triazine
compounds, and the functional monomer of MAA is an acidic
functional group containing a carboxyl moiety. Thus, the amino
groups of melamine can interact with the carboxyl group of the
MAA monomer through hydrogen bonding, electrostatic inter-
actions, and van der Waals forces.>*>?
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Fig. 8 Responses of the CuO/MIP electrode in real samples, namely,
cow milk, chocolate milk, strawberry milk, melamine-contaminated
cow milk, melamine-contaminated chocolate milk, melamine-
contaminated strawberry milk, and melamine.
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detection with other methods

Method Material Linear range (uM) LOD (uM) Ref.
HPLC-MS/MS — 0.020-5 0.05 11

Quartz crystal microbalances MIP 1-320 8 52
Electrochemistry Poly(para-amino-benzoic acid)/GCE 4-450 0.36 54
Electrochemistry MIL-101/AuNPs/CTS-PVP-rTGO/GCE 5x10°to1 x 1072 5x107° 55
Electrochemistry CNT/MIP 0.4-9.2 0.11 56

Photo electrochemistry CuO/MIP 0.005-50 0.00245 This work

Real sample measurement

The CuO/MIP electrode was analyzed using seven real samples:
cow milk, chocolate milk, strawberry milk, melamine-
contaminated cow milk, melamine-contaminated chocolate
milk, and melamine-contaminated strawberry milk, and mela-
mine. The melamine-contaminated samples exhibited signifi-
cant change in the signal, whereas the non-contaminated
samples showed only slight changes in the signal because the
CuO/MIP electrode was sensitive to melamine detection in real
samples. Thus, it can be seen that the CuO/MIP electrode shows
high sensitivity and selectivity for melamine detection as shown
in Fig. 8.

Table 2 compares the melamine detection in this work with
that in other works with various materials, methods, and
performances. HPLC-MS/MS"™ shows high selectivity and
a significant detection limit, but this method is complex for
users, limiting its practical application. Quartz crystal micro-
balances modified with MIP>* have high selectivity, but this
method is hard to control because it is sensitive to mass and
perturbed by the environment. In comparison, the electro-
chemical process was used for melamine because of various
advantages, such as high sensitivity, low limit of detection, fast
response and applicability to portable melamine detection
devices. The sensitivity of melamine detection was improved by
the nanomaterial properties, which led to the charge transfer
process. Advanced materials such as MIL 101, CNTs, etc.,**>®
were used for enhanced sensitivity, but these materials are
expensive and have complicated synthesis processes. It can be
seen that the charge transfer in the photoelectrochemical
process can be improved using CuO nanomaterial. Thus, CuO
nanomaterial combined with MIP was used for melamine
detection, and presented high sensitivity, high selectivity, a low
limit of detection, and a wide linear range.

Conclusion

In conclusion, a photoelectrochemical method for detecting
melamine with the fabrication of a novel surface-modified Cu/
MIP electrode was developed. CuO nanoparticles were synthe-
sized via the co-precipitate method and presented a monoclinic
structure and a narrow energy bandgap of 1.49 eV. This indi-
cates that they are a photoactive material and generate electron—
hole pairs when interacting with visible light, and can be used
for surface modification of the electrode to improve charge
transfer. The CuO/MIP-modified electrode was tested using
electrochemical techniques under light irradiation. The

© 2023 The Author(s). Published by the Royal Society of Chemistry

modified electrode exhibited good characteristics with high
sensitivity, a wide linear range, good reproducibility, and reus-
ability for more than seven cycles for melamine detection. The
detection limit was 2.45 nM, which is lower than the FDA and
WHO limits (2.5 mg kg™ '). In addition, there was high selec-
tivity for melamine detection because of the specific cavities of
the MIP. This CuO/MIP-modified electrode was designed and
applied to the photoelectrochemical detection melamine and
could be developed into a portable device. It is applicable to the
detection of food contamination.
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