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Abstract: This study focuses on the synthesis, fabrication, and characterization of a molecularly im-
printed polymer (MIP) sensor tailored for the selective determination of 4,4’-oxydianiline (4,4'-ODA)
in plastic products. Notably, by integrating the sensor matrix with pyrolyzed copper/carbon material
derived from Cu-BTC MOF, a remarkable enhancement in electrochemical performance is achieved.
The Cu-BTC material is grown successfully on the surface of carbon nanotubes (CNTs) and subjected
to calcination at 800 °C, yielding a CNT/Cu/C composite. This composite exhibits an increased
surface area and enhanced electron transfer capability, resulting in an improved current response.
To augment the selective detection capability of the modified electrodes for 4,4’-ODA, molecularly
imprinted polymers (MIPs) were incorporated onto the composite surface. The modified electrode
(CNT-2/Cu/C/MIP/GCE) was synthesized using acrylamide (AM) and methacrylic acid (MAA)
as dual-functional monomers with 4,4'-ODA as a template molecule via precipitation polymeriza-
tion. The differential pulse voltammetric (DPV) current response to 4,4'-ODA showed a favorable
linear relationship within the concentration range of (0.15-10 uM,10-100 uM), with a detection limit
of 0.05 uM. Moreover, the CNT-2/Cu/C/MIP/GCE sensor demonstrates exceptional sensitivity,
specificity, consistency, and durability. Furthermore, this approach has proven effective in detecting
4,4’-ODA in spiked nylon spatula samples, with recovery rates ranging from 86.3% to 103.5%.

Keywords: electrochemical sensor; molecularly imprinted polymer; 4,4’-Oxydianiline; Cu-BTC MOF;
carbon nanotubes

1. Introduction

Plastic packaging materials play a crucial role in today’s industries, and strict ad-
herence to safety standards is necessary. However, concerns have arisen regarding the
safety of food due to the potential transfer of Primary Aromatic Amines (PAAs) from
packaging into food items. Primary Aromatic Amines (PAAs) are a series of organic com-
pounds, commonly including benzidine, 2-naphthylamine, 4,4’-diaminodiphenylmethane,
4,4'-Oxydianiline, 4,4-diaminodiphenyl sulfide, 2,4,5-trimethylaniline, and 21 other kinds
of substances, commonly used as intermediates for the synthesis of some compounds, such
as azo dyes and antioxidants. These toxic chemicals are commonly found in polyurethane
(PU) adhesives, food dyes, kitchen utensils, and rubber, and pose significant health risks.
In particular, 4,4'-Oxydianiline (Oxy), one of the typical PAAs specified in REACH [1],
was extensively utilized in dyeing processes of leather manufacturing as well as an inter-
mediate in the manufacturing of epoxy resins. Regulatory bodies such as the European
Commission and the U.S. Environmental Protection Agency (EPA) have imposed stringent
regulations [2,3] to restrict the presence of PAA residues in consumer goods due to the
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health hazards associated with exposure to PAAs, including carcinogenicity and mutagenic-
ity [4,5]. According to European Regulation 1416/2016, plastic materials and articles shall
not release PAAs in detectable quantities into food or food simulants. The total migration
for the PAAs not listed in REACH shall not exceed 0.01 mg/kg food or food simulant. How-
ever, the illegal use of azo dyes, which can transform into carcinogenic aromatic amines,
persists due to their cost-effectiveness and antimicrobial properties. The molecule 4,4'-
Oxydjianiline is toxic to aquatic organisms. Its toxicity is listed by the EPA [6] as LC 50 for
Ceriodaphnia dubia, Pimephales promelas (Fathead minnow), and Selenastrum capricor-
nutum (algae). The concentrations are 223.6 ug/L for 48 h, 22 mg/L for 96 h, and 7.9 mg/L
for 72 h. Therefore, there is an immediate requirement for precise, prompt, and efficient
analytical methods to detect PAAs. Although several technological methods are available
to identify derivatives of aromatic amines, such as gas chromatography [7], fluorescence
spectroscopy [8], ultraviolet spectrophotometry [9], and liquid chromatography [10], they
are often impeded by their high cost and complexity.

Molecular imprinting technology (MIT) is a promising option for specific detection
in sensor technology due to its simplicity, strong selectivity, and durability. Molecu-
larly imprinted polymers (MIPs) are designed with cavities complementary to template
molecules [11-14] and offer a wide range of applications, including enrichment and sepa-
ration [15-17], biosensors [18,19], biomimetic antibodies [20], and electrochemical detec-
tion [21]. In recent years, MIPs based on template imprinting have been employed for the
recognition and extraction of aromatic amines [22-30]. For instance, Liu et al. synthesized
a MIP using 4,4’-methylenedianiline as the template and applied it for electrochemical
detection of 4,4'-methylenedianiline in food-contact materials [27]; Dang et al., developed
an MIPs-PTSPE combined with HPLC method for selective recognition and determination
of six aromatic amines in polyamide food contact materials [30]. Conventional molecularly
imprinted polymers (MIPs) suffer from poor conductivity, which results in low sensitivity in
electrochemical sensors. To address this issue, researchers have employed nanocomposites
consisting of metal-organic frameworks (MOFs) and carbon nanotubes (CNTs) to enhance
sensor conductivity. MOFs are known for their porous structure and high specific surface
area, while CNTs boast superior electrical conductivity and biocompatibility. Through
high-temperature carbonization, MOFs serve as ideal precursors for building advanced
graphitized carbon-based electrode materials.

This study focuses on the development of a molecularly imprinted electrochemical
sensor modified with a CNT/Cu/C coating for the analysis of 4,4’-oxydianiline (4,4'-ODA).
The resulting sensor exhibits enhanced conductivity and current response, making it highly
sensitive, selective, reproducible, and stable. By utilizing electrochemical techniques, such
as cyclic voltammetry and differential pulse voltammetry, this sensor offers a practical
solution for detecting 4,4-ODA in plastic packaging materials. The simplicity of its design
and its compatibility with practical applications in food safety underscores its potential
significance.

In summary, this study aims to advance the understanding of MIPs in creating highly
sensitive electrochemical sensors and suggests avenues for further research in this domain.
The insights gained are expected to foster the development of more reliable strategies for
detecting 4,4’-ODA and other harmful food additives, thereby contributing to food safety
and quality control efforts.

2. Materials and Methods
2.1. Chemicals and Apparatus

Analytical grade chemicals, including copper nitrate trihydrate, trimesic acid,
polyvinylpyrrolidone (PVP), carbon nanotubes (CNTs), and various solvents, such as
methanol, ethanol, acetic acid, acetonitrile, and DMF, were procured from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Additionally, 4,4’-oxydianiline (4,4’-ODA),
azobisisobutyronitrile (AIBN), ethylene glycol dimethacrylate (EGDMA), acrylamide (AM),
and methacrylic acid (MAA) were obtained from Taitan Technology Co., Ltd. (Shanghai,
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China). A phosphate-buffered saline (PBS) solution was prepared by mixing potassium
dihydrogen phosphate, dipotassium hydrogen phosphate, and ultrapure water.

Fourier transform infrared (FT-IR) spectroscopy was performed using a Nicolet IS50
FT-IR spectrometer (Thermo Fisher Scientific, Madison, WI, USA) within the range of
4000-400 cm~!. Powder X-ray diffraction (PXRD) measurements were conducted on an
Ultima IV diffractometer with Cu-Ko radiation (A = 1.5418 A) in the range of 10-80°. The
morphology and structure were analyzed using scanning electron microscopy (SEM) (JEOL
JSM 6510) (JEOL, Akishima-shi, Tokyo, Japan) and transmission electron microscopy (TEM)
(JEOL TEM 2100) (JEOL, Akishima-shi, Tokyo, Japan). X-ray photoelectron spectroscopy
(XPS) analysis was performed using an ESCA Lab 250 spectrometer from Thermo in
Shanghai, China, with a monochromatic Al Ko excitation source at 1486.6 eV. Cyclic
voltammetry (CV), differential pulse voltammetry (DPV), and electrochemical impedance
spectroscopy (EIS) were conducted using Zahner-Zennium Pro (Kronach, Gundelsdorf,
Germany). The electrochemical cell employed in this study was comprised of a glassy
carbon electrode (GCE), with a diameter of 2 mm and modified with various electrochemical
materials, acting as the working electrode; a platinum electrode as the auxiliary electrode;
and an Ag/AgCl electrode as the reference electrode.

2.2. Sample Preparation

The CNT-n/Cu-BTC composite was synthesized by dissolving 0.9 g of Cu(NO3),-3H,0
and 0.4 g of polyvinylpyrrolidone (PVP) in 50 mL of methanol. Then, 0.43 g of 1,3,5-
benzenetricarboxylic acid (BTC) was dissolved in 50 mL of methanol. The two solu-
tions were mixed to form a homogeneous solution. Various amounts of CNTs (0.05, 0.1,
0.2, 0.3, 0.4 g) were dispersed into the mixed solution, which was vigorously stirred for
10 min. The suspension was aged for 24 h, then subjected to centrifugation and three
washes in methanol and ethanol. Afterward, the resulting samples were dehydrated in
a vacuum oven overnight at 60 °C. The products were designated as CNT-1/Cu-BTC to
CNT-5/Cu-BTC based on the amount of CNT added. Furthermore, pure Cu-BTC was
prepared using a similar method without the addition of CNTs. Subsequently, specific
amounts of CNT-n/Cu-BTC were calcined at 800 °C for 12 h in a continuous N, flow, with
a heating rate of 5 °C/min. This resulted in the production of the CNT-n/Cu/C product.

2.3. Preparation of MIP, CNT-n/Cu/C/MIP/GCE

A solution was prepared by dissolving 5 mM 4,4'-ODA, 15 mM acrylamide, and
15 mM methacrylic acid in a mixture of 20 mL dimethyl sulfoxide and 100 mL acetonitrile.
The solution was sonicated for 30 min and then incubated for 24 h at 4 °C. Next, 0.125 g of
azobisisobutyronitrile and 1.25 mL of ethylene glycol dimethacrylate were added to 50 mL
of the mixture, followed by sonication for one hour. A suspension of MIP with 4,4'-ODA
was produced by subjecting the solution to N, gas for 30 min and agitating at 65 °C for
24 h, after eliminating oxygen. The suspension was washed with ethanol and water after
centrifugation and then dried under vacuum at 65 °C. The dried solid was eluted with a
methanol-acetic acid solution (8:2 v/v) under stirring, then dried under vacuum at 60 °C
to yield a MIP powder without template molecules. Similarly, a non-imprinted polymer
(NIP) was created without including 4,4’-ODA.

Before modification, the uncoated GCE was polished with 50 nm Al,O3 powder
on chamois leather. Subsequently, it was treated with EtOH and nitric acid solutions
(v/v, 1:1) through sonication. The electrode was washed and dried at room temperature.
A combination of 480 uL water, 480 uL ethanol, and 40 uL naphthol (total volume of 1 mL)
was used to disperse the CNT-n/Cu/C (0.005 g), while 1 mL water was used to disperse the
MIPs (0.005 g). After sonication for 30 min, a 6 pL droplet of the CNT-n/Cu/C suspension
was dip-coated onto the GCE surface and left to dry at ambient temperature. Next, 6 puL of
the MIP suspension was applied and allowed to dry at room temperature, resulting in the
formation of CNT-n/Cu/C/MIP/GCE.
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2.4. Electrochemical Measurements

Cyclic voltammetry was conducted within the voltage range of from —0.2 V to 0.6 V
compared to Ag/AgCl, using a scan rate of 50 mV /s in a 0.1 M KCl solution with 5 mM
K3Fe(CN)g/K4Fe(CN)g. Electrochemical impedance spectroscopy (EIS) tests were per-
formed in a 0.1 M KCl solution with 5 mM KsFe(CN)¢ /K4Fe(CN)g, covering a frequency
range of from 0.1 Hz to 100.0 kHz. The DC and AC voltages were 0 V and 10 mV. Differen-
tial pulse voltammetry (DPV) was conducted in a 0.1 M phosphate-buffered saline (PBS)
solution with a pH of 7, using varying quantities of 4 4'-ODA. The DPV parameters were
as follows: start potential: —0.9 V; end potential 0.1 V; potential step 5 mV; pulse width
50 ms; pulse period 200 ms.

2.4.1. Analytical Application Tests of the Sensor

The CNT-2/Cu/C/MIP/GCE electrode was modified and utilized to quantitatively
detect 4,4’-ODA under optimized experimental conditions. A quantitative analysis was
conducted using differential pulse voltammetry (DPV) in a phosphate-buffered saline (PBS)
solution with a pH of 7. The concentration range of 4,4'-ODA was from 0.15 uM to 10 uM
and from 10 uM to 100 pM.

2.4.2. Evaluation of the Sensor’s Selectivity

The specificity of the CNT-2/Cu/C/MIP/GCE electrochemical sensor towards 4,4'-
ODA was evaluated by differential pulse voltammetry (DPV) current responses of 10 uM
4,4'-ODA and 100 pM (methionine, 4,4’ -methylenedianiline, biphenyl, urea, benzidine) in a
phosphate-buffered saline (PBS) solution.

2.4.3. Reproducibility and Stability of the Sensor

The reproducibility of the CNT-2/Cu/C/MIP/GCE electrochemical sensor was evalu-
ated by DPV response towards 10 uM 4,4’-ODA with five different electrodes. The stability
of the sensor was subjected to continuous testing every seven days for a period of 28 days.

2.5. Real Sample Test

The performance of the modified electrode was assessed in real-world conditions
according to the methodology described in the Chinese National Standard GB 31604.52-
2021 [31]. Nylon spatula samples, each with a surface area of 1.8 square decimeters, were
submerged in a 300-milliliter solution containing 10% volume/volume ethanol in water.
The samples were conventionally sterilized by heating them at 100 °C for 60 min using
a heating and drying oven. The migration test was repeated three times. The soaking
solution obtained from the third migration was used for further experimentation. After
sterilization, 4,4’-ODA was added to a 20 mL soaking solution with PBS in a 1:1 ratio.
The concentration of 4,4’-ODA was measured using amperometry to determine the final
recovery rate of the substance.

3. Results
3.1. Material Characterizations

The functional groups present in the synthesized material were characterized by
performing chemical analysis on the created sensor, utilizing ATR-FTIR spectra in the
range of 4000400 cm . Figure 1 illustrates the FTIR spectra displaying specific peaks of
4,4'-ODA at 3440, 1638, 1500, and 800 cm 1, representing -NH, stretching, aromatic C-N
heterocycle stretching, C-O-C stretching, and aromatic C-C stretching, respectively [32].
The FTIR spectra of both molecularly imprinted polymers (MIPs) and non-imprinted
polymers (NIPs) exhibited a similar pattern due to their analogous structures. Both spectra
showed bands at 2955, 1720, 1455, 1389, 1252, and 1150 cm ™1, respectively. The absorption
band at 2955 cm~! can be attributed to the presence of C-H stretching in the polymer
network, while the band at 1720 cm ™! corresponds to asymmetric stretching vibration
modes of the carbonyl group (C=0) [28]. The band at 1455 cm~! indicates C=C stretching of
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aromatic hydrocarbons, while the bands at 1389, 1252, and 1150 cm 1 signify aromatic C-N,
C-C, and C-O stretching vibration, respectively [30]. These results confirm the successful
incorporation of the functional monomer into the polymeric matrix.

(c)

(b)

T%

(@)

4000 3500 3000 2500 2000 1500 1000 500
1
)

Figure 1. The ATR-FTIR spectra of (a) 4,4’ —ODA, (b) MIP, and (c) NIP surfaces.

Wavenumber(cm

XRD powder patterns were obtained to analyze the structures of the prepared samples
(see Figure 2). The XRD pattern of Cu-BTC is consistent with previously reported data [33].
The observed diffraction peaks at 26.6°, 43.0°, 44.7°, 50.8°, and 54.8° correspond to the
(004), (101), (102), (104), and (008) planes of CNT [34,35], respectively, which are consistent
with standard data (JCPDS 26-1080). Representative CNT-2/Cu-BTC was selected for
further calcination at 800 °C in a nitrogen atmosphere, followed by XRD analysis. Upon
calcination, the peaks corresponding to the (222), (400), (551), and (440) planes of Cu-BTC
disappeared at 11.6°, 13.4°, 17.6°, and 20.4°, respectively. Instead, three distinct diffraction
peaks appeared at angles of 26.6°, 43.3°, 50.4°, and 74.1°, representing the (004) crystal
planes of hexagonal carbon (JCPDS 26-1080) and the (111), (200), and (220) crystal planes of
face-centered cubic (fcc) Cu (JCPDS 04-0836) [36].

SEM and TEM microscopy were used to analyze the morphology of the synthesized
hybrid nanocomposites. The SEM images of the CNT-2/Cu-BTC sample reveal the presence
of octahedral Cu-BTC nanoparticles (NPs), with particle sizes of approximately 400 nm,
distributed and closely attached to the surface of CNTs (Figure 3a). This observation
indicates the successful growth of Cu-BTC on the surface of CNTs. Subsequently, the
CNT-2/Cu-BTC sample was calcined at 800 °C to produce CNT-2/Cu/C material. As
shown in Figure 3b, the CNT-2/Cu/C material maintains the octahedral morphology
of Cu-BTC, but with smaller particle sizes, and the tubular morphology of CNT. The
overall framework composition remains the same after calcination, as evidenced by the
high-angle annular dark-field transmission electron microscopy (HAADF-TEM) images of
CNT/Cu/C (Figure 3d). Additionally, the hybrid sample shows an even distribution of Cu,
N, and C elements at the nanometer scale, as revealed by elemental mapping (Figure 3e-g).
The Cu and C elements are a result of the calcination and decomposition of CNT-2/Cu-
BTC composites, while the N element originates from the calcination and decomposition
of residual polyvinylpyrrolidone (PVP), which may have participated in complexation
with the Cu-BTC composite. The HRTEM image in Figure 4 shows octahedral Cu NPs
surrounded by amorphous carbon and tubular CNT nanotubes. The spacing between
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lattice fringes, measuring 0.21 nm, corresponds to the (111) orientation of Cu, which is
consistent with the findings from XRD analysis.

004 CNT-2/Cu/C

i ——CNT

101 102 104
PP L

Intensity (a.u.)

C PDF: 26-1080

10 20 30 40 50 60 70 80
20 (degree)

Figure 2. XRD patterns of the CNT/Cu/C samples.

Figure 3. SEM and TEM spectra were obtained for each modified material, including CNT-2/Cu-
BTC (a), CNT-2/Cu/C (b), and HAADT-STEM images of CNT-2/Cu/C (c,d), as well as elemental
mapping images of the CNT-2/Cu/C composite (e-g).
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/5 Cu (111)
0.21 nm

Figure 4. TEM images (a), HRTEM image (b), and theSAED pattern (c) of CNT-2/Cu/C composite.

The MIPs obtained through the precipitation polymerization method exhibit a spher-
ical morphology, as shown in Figure 5a. The modified electrodes are more sensitive
due to the selective recognition of 4,4"-ODA through hydrogen bonding. The SEM im-
age in Figure 5b reveals a rough surface on the electrode, that has been modified using
CNT/Cu/C/MIP/GCE, containing numerous voids. These voids facilitate electron transfer
and enhance the electrochemical reaction to 4,4'-ODA.

Figure 5. SEM images of MIP (a) and CNT-2/Cu/C/MIP/GCE (b).

XPS measurements were utilized to investigate the chemical states and surface compo-
sition of the elements. The survey analysis of CNT-2/Cu/C reveals the presence of Cu, C,
N, and O elements, consistent with the elemental mapping findings (Figure 6a). The peaks
detected at 284.8 eV, 285.4 eV, and 286.6 eV correspond to the C-C bond, C-N bond, and C-O
bond, respectively, in the C 1s spectrum (Figure 6b) [37]. The generation of C-O primarily
stems from the oxidation of carbon materials, while MOF materials exhibit high porosity,
which promotes increased exposure to air and facilitates extensive interaction with ions in
solution during reactions. The N 1s spectrum (Figure 6¢) shows peaks at 398.7 eV, 401.1 eV,
and 403.3 eV, corresponding to pyridinic N, graphitic N, and oxidized N, respectively [38].
This indicates the successful introduction of nitrogen into the material (consistent with the
mapping results mentioned above), and the incorporation of nitrogen effectively enhances
the material’s electrical conductivity [39]. Figure 6d displays the Cu 2p spectrum, with
peaks at 932.2 eV and 934.7 eV representing Cu 2p3/2, and peaks at 954.8 eV and 952.5 eV
representing Cu 2p1/2 [40]. These results confirm the successful decoration of Cu-BTC
MOFs using the CNT-based platform.
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Figure 6. The XPS survey spectrum (a) and XPS analysis of CNT-2/Cu/C revealed peaks for the
C1s (b), N 1s (c), and Cu 2p (d).

To gain a better understanding of the electron-transfer conductivity of the modified
electrode, Raman scattering spectra were recorded and the results can be seen in Figure 7.
It has been demonstrated that defects inherent to carbon surfaces are crucial active sites
for conducting electricity. The significant flaw in graphitic carbon can lower electrical
conductivity, hindering the movement of carriers and transfer of charge. Figure 7 shows
the Raman spectrum of the calcination process resulting in the CNT-n/Cu/C materials.
The spectrum displays two characteristic bands: the D band at 1345 cm ! and the G band
at 1589 cm~!. The D band signifies inherent defects and irregularities in carbon materials,
while the G band indicates the graphitization process. The intensity ratio of the D and G
bands can be used to determine the degree of defects/orders. The CNT-2/Cu/C with the
lowest Ip /I ratio of 0.49 exhibited the best electrochemical property due to the presence
of more graphitic carbon. It is widely accepted that a higher degree of graphitization
results in greater electrical conductivity of carbon materials, making it easier to expose
the active sites.



Chemosensors 2024, 12,121 9o0f17

——CNT | =0.56

——CNT-1/CulC J\.A pflc=0-51

o)
~
S 1,/1,=0.49
>
—
o | ——CNT-3/CcuiC A_k” .=0.51
c
k-
= 1,/1,=0.57

——CNT-5/Cu/C J\J\" -=0.59

500 1000 1500 2000
Raman shift (cm ")

Figure 7. The Raman spectra of CNT-n/Cu/C materials with different I /Ig.

3.2. Electrochemical Behavior

The Cyclic voltammetry (CV) testing was performed on various electrodes, includ-
ing bare GCE, CNT/GCE, Cu/C/GCE, CNT-n/Cu/C/GCE, CNT-2/Cu/C/NIP/GCE,
CNT-2/Cu/C/MIP/GCE before elution, and CNT-2/Cu/C/MIP/GCE (after elution), to
examine their electrochemical characteristics. They were measured in a 0.1 M KCl solution
containing 5 mM K3Fe(CN)s /K4Fe(CN)g. As illustrated in Figure 8a, the Cu/C/GCE elec-
trode exhibited a peak current of 68 nA. With the increase in CNT content, the peak shifted
negatively, and the peak current exhibited a notable increase, which subsequently declined.
This suggests that the appropriate Cu/C modification can effectively enhance the increase
in active sites. As shown in Figure 8b, a comparison of several major curves is presented.
The bare electrode exhibited a distinct pair of redox peaks of potassium ferricyanide with
a peak current of 18 pA. By comparing the test results in the figure, it can be observed
that the peak intensity of sample CNT-2/Cu/C/GCE (176 pA) is significantly higher than
CNT/GCE, and approximately 10 times higher than that of the bare GCE, indicating that
modifying the CNT surface with Cu/C can effectively enhance the electrode’s performance.
Furthermore, compared to the CNT-2/Cu/C/NIP/GCE and CNT/MIP/GCE, the electrode
with introduced MIP after elution (CNT-2/Cu/C/MIP/GCE 220 pA) shows a greater peak
intensity, demonstrating its effectiveness in increasing electron conductivity during the
process. The CNT-2/Cu/MIP/GCE before elution exhibited significantly lower values
because MIP possesses more imprinting cavities on its surface, accelerating the electron
transfer of the [Fe(CN)s]>~/4~ probe.

Electrochemical impedance spectroscopy (EIS) was performed on each modified elec-
trode to analyze its electron transfer properties. The internal resistances associated with
the electron transfer mechanism were evaluated using the arc radius of the EIS Nyquist
plot. A smaller radius of curvature generally indicates a greater ability for electron transfer.
Figure 9a shows a significant decrease in the resistance of CNT-2/Cu/C/GCE compared to
the other electrodes. This is due to the composite’s excellent electrical conductivity. From
Figure 9b, it can be seen that the introduction of MIP increases the electrode’s resistance
due to the poor conductivity of MIP; however, its resistance is still lower compared to other
electrodes with MIP.
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Figure 9. The EIS plots for each electrode modification were obtained in a solution containing 5 mM
[Fe(CN)¢]?~/4~ and 0.1 M KCL (a) The plots included a bare glassy carbon electrode (GCE), a GCE
modified with CNT-2/Cu/C, CNT-2/Cu/C/NIP, CNT/MIP, and CNT-2/Cu/C/MIP, as well as their
(b) magnified sections. (¢) A GCE modified with Cu/C, CNT-1/Cu/C, CNT-2/Cu/C, CNT-3/Cu/C,
and CNT-5/Cu/C, as well as their (d) magnified sections.
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Differential pulse voltammetry (DPV) was used to investigate the response of the
glassy carbon electrode and modified electrodes to the detection of 4.4/ -oxydianiline
(Figure 10). The bare GCE electrode (curve a) did not exhibit any reaction to 4,4'-ODA. Mod-
ification with calcination resulted in the material of CNT-1/Cu/C with Cu nanocomposite
and CNT tubular CNTs, which exhibited a significant improvement in the current response.
This modification led to a significant increase in current response (70 nA) compared to the
unmodified electrode (trace b). After modification with CNT-2/Cu/C, a significant increase
in measurement was observed, as evidenced by the oxidation peak of 95 pA (trace c). This
increase was due to the enhanced electron transfer rate and larger specific surface area
of the composite electrode. However, with an increase in the amount of CNT, the peak
current gradually decreased (trace e). The electrochemical performance of the electrode was
further improved by combining CNT-2/Cu/C with MIPs, resulting in a maximum current
response of 115 LA (curve g). After removing the template molecule, the MIPs created
multiple imprinted cavities that match the structure of 4,4’-ODA and have the ability to
selectively detect 4,4'-ODA via hydrogen bonding. The CNT-2/Cu/C/MIP/GCE exhibits
superior electrochemical reactivity to 4,4-ODA compared to CNT-2/Cu/C/NIP/GCE. The
polymer membrane surface in CNT-2/Cu/C/NIP/GCE lacks a molecularly imprinted
cavity, resulting in the absence of a specific recognition site for detecting 4,4’-ODA.

120 1
100 -
80;
60 -

(nA)

S 40+

204 =

-20 T T T
-0.8 -0.6 -0.4 -0.2
Potential (V)

Figure 10. The DPV electrochemical behavior curve of each modified electrode was measured
in a 0.1 M PBS solution at pH 7 with a constant concentration of 4,4-ODA at 10 uM. The elec-
trodes tested included a bare GCE (a), CNT-1/Cu/C/GCE (b), CNT-2/Cu/C/GCE (c), CNT-
3/Cu/C/GCE (d), CNT-5/Cu/C/GCE (e), CNT/MIP/GCE (f), CNT-2/Cu/C/NIP/GCE (g), and
CNT-2/Cu/C/MIP/GCE (h).

3.3. Analytical Application of CNT-2/Cu/C/MIP/GCE for 4,4-ODA

The CNT-2/Cu/C/MIP/GCE electrode was modified and used to quantitatively
detect 4,4’-ODA under optimized experimental conditions. The oxidation peak current
remained discernible even at lower concentrations of 4,4’-ODA. Quantitative analysis was
performed using DPV in a pH 7 PBS buffer due to its heightened sensitivity and reduced
background current compared to traditional CV techniques. Figure 11a, shows a clear
correlation between the amount of 4,4’-ODA and the peak current, ranging from 0.15 uM to
10 uM and from 10 pM to 100 uM. The relationship is expressed by the following equations:
Ip(nA) = 10.05C(uM) — 0.27 (R% = 0.998) and Ip(nA) = 0.21C(uM) + 98.78 (R? = 0.997)
(Figure 3b,d). The Limit of Detection (LOD) of 0.05 uM (S/N = 3) was determined using
LOD = (3 x standard deviation of peak current in blank PBS solution (n = 10))/slope of
the calibration curve of 4,4’-ODA. The sensor fabricated with CNT-2/Cu/C/MIP/GCE



Chemosensors 2024, 12,121

12 0of 17

120 -

demonstrated a remarkable linear range and a low limit of detection, highlighting its
analytical usefulness for accurately quantifying 4,4’-ODA.

(b)
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Figure 11. (a) DPV curves of CNT-2/Cu/C/MIP/GCE in a 0.1 M PBS buffer with pH of 7 with varying
concentrations of 4,4’-ODA under ideal experimental settings. (b) Linear relationship between 4,4'-
ODA at different concentrations and Ip. The concentrations (a—n) range from 0.15 to 100 uM.

3.4. Selectivity Assessment of the Imprinted Sensor

The specificity of the CNT-2/Cu/C/MIP/GCE electrochemical sensor towards 4,4'-
ODA was assessed by comparing molecules of comparable sizes and having the same
or similar functional groups that could potentially disrupt the detection of the desired
molecule. To assess this, DPV current responses of various potential interferents were
compared both individually and in a mixed state in a PBS solution containing 10 uM 4,4’-
ODA at a 10-fold concentration (100 uM). The potential interferents assessed for detecting
4,4'-ODA comprised methionine, 4,4’ -methylenedianiline, biphenyl, urea, and benzidine.
Figure 12 illustrates the current response and peak contrast of these interferents.

(b) 120

Met  4,4'-MDA E"I'P urea BZ Al 4,4'-0DA

Ip (A)

06 04 0.2 a b c¢c d e f g
Potential (V) Concentration (uM)

Figure 12. (a) The DPV signal of CNT-2/Cu/C/MIP/GCE in response to 10 uM 4,4’-ODA (with
background subtracted) and (b) the bar graph showing peak current and potential interferents in the
buffer solution at 10 times their concentration under ideal experimental conditions. The potential
interferents include (a) methionine(Met), (b) 4,4’-methylenedianiline(4,4’-MDA), (c) biphenyl(BP),
(d) urea, (e) benzidine(BZ), (f) all, and (g) 4,4’-Oxydianiline(4,4’-ODA).
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It was observed that methionine, 4,4’-methylenedianiline, and biphenyl exerted mini-
mal influence on the measurement of 4,4’-ODA. Nonetheless, there was a small amount
of interference from urea and benzidine. Urea, benzidine, and 4,4’-ODA share similar
molecular structures and functional groups, but urea is smaller in size than 4,4’-ODA. The
difference in size could allow urea to reach and attach to the binding site, which could
affect the electrochemical measurement of 4,4’-ODA by the imprinting sensor. In order
to determine the specificity of the detection system, various potential interferences were
introduced at the same time, resulting in reliable quantitative analysis results.

3.5. Sensor Reproducibility and Stability

The sensor made of CNT-2/Cu/C/MIP/GCE showed great consistency in detecting
10 uM 4,4’-ODA in five successive trials, resulting in a relative standard deviation (RSD) of
3.5% for DPV current. Additionally, five different electrodes, prepared under optimized
conditions, exhibited satisfactory reproducibility with an RSD of 4.8% for DPV values
recorded after the adsorption of 10 uM 4,4’-ODA. Monitoring the DPV response towards
10 uM 4,4’-ODA every 7 days showcased the sensor’s stability. Initially, the modified
electrode displayed a consistent electrochemical response, followed by refrigeration at
4 °C. Over subsequent 7-day intervals, the peak current decreased marginally: by 1.2%
after 7 days, 3.4% after 14 days, and 5.6% in the fourth period, indicating relatively stable
performance. The enduring capability of CNT-2/Cu/C/MIP/GCE highlights its promise
for extended monitoring of 4,4'-ODA.

3.6. Real Sample Test

In order to more accurately assess the functionality of the constructed CNT-2/Cu/C/
MIP/GCE sensor, the developed sensor was subjected to a spiking recovery test and
LC-MS/MS analysis. Given that no 4,4'-ODA was detected in the sample, the standard
addition method was employed to assess the potential of the CNT-2/Cu/C/MIP/GCE
sensor in real-world applications. The outcomes of the proposed method were validated
by comparison with the 4,4’-ODA calibration curve. Table 1 illustrates the exemplary
performance of the CNT-2/Cu/C/MIP/GCE, with 4,4'-ODA recovery rates ranging from
86.3% to 103.5%. Similar experiments conducted using LC-MS/MS produced comparable
results. In comparison to previous electrochemical methods, including those based on
molecularly imprinted sensors (see Table 2) for the determination of 4,4'-ODA as reported
in the literature, the sensor demonstrated a high sensitivity and a wide linear range for
the detection of 4,4’-ODA. This can be attributed to the integration and synergy effect of
these functional materials. These findings underscore the sensor’s potential for detecting
4,4’-ODA migration in standard packaging laboratory settings, rendering it suitable for
quality control purposes.

Table 1. The recovery of real samples detected by CNT-2/Cu/C/MIP/GCE and LC-MS/MS (n = 3).

Sample Method No. Add (uM) Found (uM)  Recovery (%) RSD (%)
— 0 — — —
- rermical L 4 4.14 103.5 1.58
Nylon ecgoc emical 6 6.06 101.0 0.51
Spatula ensor 3 10 9.97 99.7 3.9
Sample 1 1 4 4.05 101.25 1.26
LC-MS/MS 2 6 6.06 101 0.45
3 10 9.98 99.8 3.65
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Table 1. Cont.
Sample Method No. Add (uM) Found (uM)  Recovery (%) RSD (%)
— 0 — — —
) hemical 1 4 4.06 101.5 3.01
Nylon ~ Flecttochemical 6 5.83 97.2 157
Spatula ensor 3 10 9.63 96.3 4.25
Sample 2 1 4 3.96 99.0 2.62
LC-MS/MS 2 6 5.90 98.3 1.46
3 10 9.85 98.5 3.85
— 0 — — —
El hemical 1 4 3.99 99.8 2.82
Nylon ecg"c emical 5 6 5.18 86.3 3.01
Spatula ensor 3 10 9.81 98.1 2.98
Sample 3 1 4 4.08 102 252
LC-MS/MS 2 6 5.68 94.7 2.88
3 10 9.92 99.2 243
“—": not found.
Table 2. Comparison of electrochemical analysis methods for determination of 4,4’-ODA.
Linear Range Detection Limit
Electrode Method (uM) (LM) Reference
4 4/-DIADPE-MIP-G-PCEs  nterfacial potentiometry 0.10-500 M 0.0463 [41]
with double poles
C18 modified Au electrode 0.05-1.50 0.04
C8 modified Au electrode SWv 0.1-1 0.06 [42]
MoS, /GCE DPV 0.24-1 0.08 [43]
CNT-2/Cu/C/MIP/GCE DPV 0.15-10, 10-100 0.05 This work

4. Conclusions

This study presents a novel electrochemical sensor tailored for the rapid detection of
4,4'-ODA, a potential carcinogenic primary aromatic amine, offering a wide detection range
and a low limit of detection. The sensor’s working electrode was augmented by surface
modification with pyrolyzed copper/carbon material derived from Cu-BTC MOF and car-
bon nanotubes (CNTs), resulting in increased surface area and electroconductivity, thereby
enhancing electrocatalytic performance. The incorporation of molecularly imprinted poly-
mers (MIPs) further enhances the sensor’s selectivity for 4,4'-ODA. The electrochemical
sensor CNT-2/Cu/C/MIP/GCE demonstrates a significant linear correlation across a
concentration range of from 0.15 pM to 10 uM and from 10 uM to 100 uM under optimal
experimental conditions, with a detection limit of 0.05 uM (S/N = 3). The sensor exhibits
outstanding sensitivity, detection threshold, and durability for precise measurement of
4,4'-ODA. Real sample experiments validate the reliability of the CNT-2/Cu/C/MIP/GCE
in quantifying 4,4'-ODA. Therefore, its robust performance, combined with enhanced
specificity and sensitivity, positions it as a crucial tool for advancing safety standards in
the plastic manufacturing industry. Future research endeavors could explore real-world
applications and broaden the sensor platform to detect other relevant compounds across
diverse matrices.
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