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ABSTRACT: Electrochemical sensing has shown great promise in monitoring neurotransmitter
levels, particularly dopamine, essential for diagnosing neurological illnesses like Parkinson’s
disease. Such techniques are easy, cost-effective, and extremely sensitive. The present
investigation discusses the synthesis, characterization, and potential use of a cysteine-grafted
Cu MOF/ZnO/PANI nanocomposite deposited on the modified glassy carbon electrode surface
for nonenzymatic electrochemical sensing of dopamine. The synthesized nanocomposite was
confirmed through X-ray diffraction, Fourier transform infrared, Raman, and scanning electron
microscopy characterization techniques. Additionally, electrochemical analysis was conducted
using cyclic voltammogram, differential pulse voltammetry, and chronoamperometry. The process
was determined to be the diffusion-controlled oxidation of dopamine. Dopamine underwent
spontaneous adsorption on the electrode surface through an electrochemically reversible mechanism. Despite various biological
interfering factors, the nonenzymatic electrochemical sensor demonstrated a remarkable level of selectivity toward dopamine.
Cysteine-grafted Cu MOF/ZnO/PANI produced the lowest dopamine detection limit, at 0.39 μM, and the sensitivity was observed
as 122.57 μAmM−1 cm−2. Results have demonstrated that enhanced catalytic and conductive properties of MOFs, combined with
nanostructured materials, are the primary factors affecting the sensor’s performance.

1. INTRODUCTION
The catecholamine neurotransmitter known as dopamine
(DA) was first identified in 1957 by Carlsson.1 The endocrine,
central nervous, renal, and cardiovascular systems are all
affected by this substance, which plays a crucial role in
regulating several physiological processes, including behavior,
mood, memory, learning, and mental cognition.2 Multiple
disorders, such as Depression, Parkinson’s disease, Attention
Deficit Hyperactivity Disorder (ADHD), Alzheimer’s disease,
and Schizophrenia can be attributed to inadequate levels of
DA.3 Hence, developing a simple, economical, and responsive
technique for measuring DA levels in the human body is
crucial. Various methods, including calorimetric fluorescence,
spectrophotometry, chemiluminescence, and high-performance
liquid chromatography (HPLC), are now employed to detect
DA.4 Nevertheless, these techniques are costly, arduous, time-
consuming, and need expensive analytical reagents, delaying
early disease detection.5 Hence, the electrochemical method is
the most direct, uncomplicated, and economical approach for
detecting DA. The measurement of DA electrochemically
reveals that biological substances, specifically uric acid (UA),
ascorbic acid (AA), and glucose (Glu), have comparable
reduction and oxidation potentials.6 Several materials have
been developed to modify the electrode surface to enhance the
selectivity toward DA.
Metal−organic frameworks (MOFs) represent a novel

category of extremely crystalline nanoporous materials formed
through coordination bonds that connect metal ions or clusters
to their organic ligands or serve as intermediaries between the

metal ions or clusters and the organic ligands. In recent years,
metal−organic frameworks (MOFs) have garnered heightened
interest due to their remarkable attributes, including high
crystallinity, adjustable pore structure, extensive specific surface
area, and customizable chemical characteristics. These notable
qualities render them adaptable for many applications,
including electrocatalysis, gas adsorption, controlled drug
release, and energy storage.7,8 Nevertheless, pristine MOFs
are unsuitable for fabricating electrochemical sensors owing to
their inherent low conductivity and electrochemical instability.
Metal−organic frameworks (MOFs) are frequently combined
with conductive materials, particularly carbon-based substan-
ces, to resolve this issue. MOFs-based composites preserve
their inherent porous architectures and extensive specific
surface areas while significantly improving electrical con-
ductivity and electrochemical stability.9 Cu-MOF, also known
as CuBTC or HKUST-1, is a well-studied material with
advantages such as simple preparation, numerous metal sites,
and a large surface area.10 Cu MOF was selected as an
alternative MOF because of its exceptional features that meet
the criteria for efficient sensing. Cu MOF exhibits excellent
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conductivity, crucial for efficient electron transfer in electro-
chemical reactions, making it particularly effective in redox-
based sensors. The copper ions in Cu MOF exhibit superior
catalytic activity, improving the sensor’s sensitivity and
selectivity. Furthermore, Cu MOF demonstrates a substantial
surface area and porosity, facilitating enhanced interaction with
analytes and augmenting the sensor’s overall efficacy. In
addition, the capacity of Cu MOF to create composites with
ZnO and PANI significantly augments its conductivity and
stability in electrochemical settings, resulting in enhanced
sensing performance. These composites use the distinct
characteristics of each material, including the elevated electron
mobility of ZnO and the conductive qualities of PANI,
culminating in a synergistic effect that enhances sensor
performance. The selection of Cu MOF over other MOFs is
frequently motivated by its superior electrochemical activity,
adaptability in composite synthesis, and compatibility with
diverse sensing platforms, as evidenced by research high-
lighting its improved efficacy in particular sensing applica-
tions.11,12

Additionally, materials such as conductive polymers (e.g.,
polypyrrole and polythiophene) have also become increasingly
significant in several fields due to their potential applica-
tions.13−16 Polyaniline (PANI), a polymer with inherent
conductivity, holds significant importance due to its diverse
redox states, exceptional stability, cost-effectiveness as a
monomer, simplicity in synthesis, and extensive utilization in
various fields such as electronics, electrochromic devices,
separating membranes, anticorrosion treatments, and sen-
sors.17−20

Metal oxides, including ZnO, TiO2, and CuO, exhibit
nanostructured forms with increased surface areas, increasing
analyte adsorption and markedly enhancing sensor sensitivity.
The enhanced surface-to-volume ratio of metal oxides
facilitates additional reactive sites for electron transfer
processes, leading to diminished detection limits.21 Metal
oxides have chemical and thermal stability, rendering them
suitable for electrochemical sensing across many environ-
mental conditions. The stability of metal oxides enhances the
long-term functionality of sensors, particularly under difficult
or extreme conditions.22 Numerous metal oxides are available
and cost-effective to manufacture, particularly in contrast to
noble metals or other advanced materials. This attribute makes
them economically feasible for extensive sensor manufactur-
ing.23 Metal oxides have adjustable electrical characteristics,
including broad bandgaps, which can be altered via doping or
the formation of composite materials. This facilitates the
optimization of the sensor’s performance based on the target
analyte.24 Due to their intrinsic characteristics, metal oxides,
namely zinc oxide (ZnO), boost the sensitivity and selectivity
in identifying biomolecules such as DA. The nanostructured
metal oxides have notable characteristics such as a substantial
specific surface area, catalytic efficiency, and robust adsorption
capability. These properties are critical in developing electro-
chemical sensors and biosensors with exceptional sensitivity.
These sensors are widely utilized in various fields, such as
medical diagnostics, pharmaceutical analysis, and environ-
mental monitoring. They are essential for accurately detecting
analytes like DA.25 However, they also have limitations, such as
inadequate selectivity and sensitivity. Nanomaterials possess
many physical characteristics that improve their catalytic
efficiency, such as a high surface area-to-volume ratio, quantum
size effects, and surface imperfections, which collectively

increase the number of active sites and reduce activation
energy for reactions.26 Moreover, their capacity to enable fast
charge transfer and reveal catalytically active crystal aspects
enhances their efficiency.26,27 In specific nanomaterials,
plasmonic effects can augment photocatalytic processes by
producing hot electrons, enhancing catalytic activity when
exposed to light.28

Also, incorporating amino acids, such as cysteine, in
developing electrochemical sensors for DA shows promise
due to the distinctive binding interactions exhibited by such
biomolecules. The thiol group in cysteine enables it to
establish robust covalent interactions with specific functional
groups in DA. This relationship facilitates an enhanced and
precise sensing mechanism, vital in differentiating DA from
other analogous chemicals found in intricate biological
specimens. The possible binding of the thiol group in cysteine
to the catechol structure in DA can enhance the electro-
chemical signal by promoting an efficient electron transfer
pathway. This approach improves the sensor’s sensitivity and
enhances its selectivity, which is crucial in achieving precise
DA measurements. Incorporating amino acids, such as
cysteine, into electrochemical sensing platforms signifies a
notable progression in creating biosensors with enhanced
specificity and sensitivity for detecting neurotransmitters.
Therefore, the main focus of the present investigation is
integrating the above-discussed materials in exploring the
synergistic effect and fabricating a highly sensitive and selective
sensing system for detecting DA.29

This study focused on developing a novel composite
material comprising cysteine-grafted Cu-MOF/ZnO/PANI
and fabricating a sensing surface on a glassy carbon electrode
(GCE) for dopamine (DA) detection.

2. MATERIALS AND METHODS
2.1. Materials. Urea, L-Cysteine hydrochloride Monohy-

drate,), 1,3,5-benzene tricarboxylic acid (BTC) and copper(II)
nitrate trihydrate (Cu (NO3)2·3H2O, methanol (≥99.8%), and
distilled aniline (≥20%). (L+)-Ascorbic acid, Ammonium
persulfate (APS), and (D+)-Glucose anhydrous were acquired
from Merck, Germany. The HCl (≥40%) and (DMF) N,N-
dimethylformamide (5%) were acquired from Honeywell
(USA) and AnalaR (UK), respectively, while ethanol (40%)
was procured from the RCI Labscan (Thailand). The
dopamine hydrochloride (≥98%) was obtained from Solar
Bio (China), and NaOH and zinc acetate were obtained from
Daejung Chemicals (S. Korea). All chemicals were utilized
without any additional purification or treatment.
2.2. Synthesis of Cu MOF (HKUST-1, Cu-BTC, or MOF-

119). Cu MOF was synthesized by a hydrothermal method.30

Briefly, in 45 mL of 1:1 solution of absolute ethanol/N,N-
dimethylformamide (DMF), 1.50 g (7.1 mM) of 1,3,5-benzene
tricarboxylic acid were dissolved, and the mixture was allowed
to stir at the room temperature for 20 min. Subsequently, 3.11
g (16.58 mM) of copper(II)nitrate trihydrate was added to
22.5 mL deionized water, and stirring continued for an
additional 20 min at room temperature. The mixture was then
shifted to a Teflon-lined stainless-steel 100 mL autoclave and
heated at 120 °C for 24 h. After the autoclave was cooled to
room temperature, the obtained blue crystals were filtrated and
rinsed with deionized water and ethanol. The material
obtained was dried in a vacuum oven at 60 °C overnight.
Following the postmodification of the prepared Cu MOF with
cysteine,31,32 0.372 g (3.07 mM) of cysteine crystals were fully
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ground, dissolved in absolute ethanol at 50 °C, and left for
continuous stirring for 1 h. The synthesized Cu MOF was
introduced into the solution and subjected to constant stirring
for 24 h on a hot plate maintained at 50 °C. The residual
solution was then repeatedly rinsed with ethanol at room
temperature, and the obtained powder was dried in a vacuum
oven at 60 °C overnight.
2.3. Synthesis of Polyaniline (PANI). Polyaniline nano-

fibers (PANI) were synthesized using the literature proce-
dure.33 In an ice bath, 3 mL of aniline monomer was added to
25 mL of 1 M HCl solution in a round-bottom flask and stirred
for 25 min. Subsequently, 2.5 g (0.01 M) of APS was added to
25 mL of 1 M HCl solution, stirred for 20 min, and added
dropwise to the aniline solution. The stirring continued for
another 4 h, then polymerizing the mixture in the refrigerator
for 24 h. Finally, the obtained precipitate was washed and
filtered many times with ethanol and deionized water, and the
obtained polymer was dried in a vacuum oven at 60 °C
overnight.
2.4. Synthesis of Cu MOF and Polymer Composite.

Synthesis of the composite was carried out using an already
published method.34 Briefly, a 33.2 g (0.158 M) solution of
trimesic acid was prepared in a mixture containing 11.25 mL of
DMF and 11.25 mL of ethanol. Simultaneously, 87.7 g (0.468
M) of copper nitrate trihydrate was prepared in 11.25 mL of
deionized water. Subsequently, 0.1 g (0.001 mM) of the above-
prepared polymer was added to this mixture and stirred for 5
min. Finally, both solutions were combined and stirred for 15
min at room temperature. The mixture was transferred to a
hydrothermal reactor lined with Teflon and kept at 100 °C for
10 h. The resulting product was filtrated and rinsed with
ethanol thrice to eliminate any remaining unreacted sub-
stances. The acquired sample was dried overnight in a vacuum
oven at 50 °C. The material was homogenized and stored in a
closed vial.
2.5. Postsynthetic Modification of Cu MOF/PANI with

Cysteine. The above-prepared composite was functionalized
with cysteine using a method reported previously.31,32 Briefly,
0.372 g (3.07 mM) of cysteine crystals were fully ground,
dissolved in absolute ethanol at 50 °C, and left for continuous
stirring for 1 h, followed by the addition of Cu MOF/PANI
into the solution and stirring for 24 h on a hot plate at 50 °C.
After the solution was cooled to room temperature, the
remaining solution was washed with ethanol many times, and
the obtained powder was dried in a vacuum oven at 60 °C
overnight.
2.6. Synthesis of ZnO Nanoparticles. ZnO nanoparticles

(NPs) were synthesized using the method described in the
literature with certain modifications.35 Briefly, zinc acetate
solution was prepared by dissolving 4.4 g (0.023 M) of
Zn(CH3CO2)2·2H2O in 20 mL of distilled water, and it was
added dropwise with NaOH solution to maintain the pH at
4.6, followed by stirring for 12 h and centrifuged for 30 min at
5000 rpm. The obtained material was washed thrice with
ethanol and water to remove impurities, and the obtained
product was dried in an oven at 50 °C for 3 h. Subsequently,
the material was calcined at 350 °C for 2 h to obtain ZnO NPs.
2.7. Synthesis of the Cu MOF/ZnO Nanocomposite.

For the synthesis of the above nanocomposite, a 33.2 g (0.158
M) solution of trimesic acid was prepared in a mixture of 11.25
mL of DMF and 11.25 mL of ethanol. Simultaneously, an 87.7
g (0.468 M) solution of copper nitrate trihydrate was prepared
in 11.25 mL of DI water, followed by adding 0.1 g (0.001 M)

of the ZnO NPs into the copper nitrate mixture and stirring for
5 min. Following the procedure, both mixtures were combined,
stirred for 15 min at room temperature, transferred to a
hydrothermal reactor lined with Teflon, and kept the same at
100 °C for 10 h. The resulting product was filtrated and rinsed
with DI water and ethanol three times to eliminate any
remaining unreacted substances. The acquired material was
dried overnight in a vacuum oven at 50 °C.
2.8. Postsynthetic Modification of PANI with the Cu

MOF/ZnO Nanocomposite. The above product was
prepared by using an already-published method.36 Briefly, in
a round-bottomed flask, 3 mL of aniline monomer was added
in 25 mL of 1 M HCl solution and stirred for 25 min at 50 °C
followed by the addition of 0.05 g (0.0727 mM) of Cu MOF/
ZnO nanocomposite to this solution and stirring continued for
25 min to obtain a homogeneous mixture. Following the
procedure, a solution of 2.5 g (0.01 M) of APS in 25 mL of 1
M HCl was added dropwise to the above mixture, and stirring
continued for 4 h at 50 °C. After removing the excess solvent
by drying it in an oven, the obtained precipitate was washed
and filtered many times with ethanol and DI water. The
material was finally dried overnight in a vacuum oven at 60 °C.
2.9. Postsynthetic Modification of the Cu MOF/ZnO/

PANI Nanocomposite with Cysteine. The synthesized Cu
MOF/ZnO/PANI was functionalized with cysteine by employ-
ing previously reported methods.31,32 Briefly, 0.372 g (3.07
mM) of cysteine crystals were fully ground, dissolved in
absolute ethanol at 50 °C, and stirred for 1 h. Then,
synthesized Cu MOF/ZnO/PANI was added to this solution,
and stirring continued for another 24 h at 50 °C. Finally, the
solution was cooled to room temperature, and the mixture was
washed with ethanol thrice to obtain powder, which was
further dried overnight in a vacuum oven at 60 °C.
2.10. Preparation of the Modified Electrode. Before

conducting measurements, the glassy carbon electrode (GCE)
was subjected to a polishing procedure involving alumina
slurry on a cloth polishing pad. The process was performed by
moving in a figure-eight pattern to guarantee a uniformly
polished surface of the electrode. Afterward, the tip of the
electrode was placed into a solution of 100% ethanol and
distilled water in a small glass vial with a volume of 15 mL. The
solution was subsequently exposed to ultrasonication briefly to
get a pristine and lustrous electrode surface. To create the
slurry, 2 mg of the sample material was evenly distributed in
150 μL of ethanol and subjected to sonication for 15 to 20
min. Subsequently, 10 μL of Nafion, employed as a binding
agent, was introduced into the suspension, and the
amalgamation was subjected to sonication for an extra 30
min to guarantee a consistent suspension. The prepared slurry
was ultimately carefully applied onto the working electrode
using drop-casting. Subsequently, it was dried at room
temperature to obtain modified GCE.

3. RESULTS AND DISCUSSION
3.1. Scanning Electron Microscopy. Scanning electron

microscopy (SEM) was used to analyze the surface
morphological examinations of the as-synthesized samples.
Figure 1 demonstrates the morphological characteristics of Cu
MOF, Cys/Cu MOF/PANI, Cu MOF/PANI, Cys/Cu MOF/
PANI, ZnO, Cu MOF/ZnO, Cu MOF/ZnO/PANI, and Cys/
Cu MOF/ZnO/PANI nanocomposite. Figure 1A vividly
depicts the porous octahedral form of the Cu MOF crystals.
The Cu MOF samples exhibited crystal sizes ranging from 5 to
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10 μm, with no signs of aggregation. The Cu MOF samples’
morphology in their original state exhibited a similar structure
in the SEM pictures previously reported.37 The SEM pictures
of the Cu MOF functionalized with cysteine revealed
elongated spindle-shaped crystals of cysteine, as depicted in
Figure 1B. However, the structural characteristics of the
original Cu MOF are not effectively maintained following the
addition of cysteine functional groups, as demonstrated.32 The
uniform growth of nanotubes with branched geometry and an
average diameter ranging from 60 to 100 nm is shown by the
neat PANI in Figure 1C. The nanotubes appear porous and
agglomerated.38 The PANI/MOF composite displayed more
refined morphological characteristics than pure PANI. Because
there was less PANI in the composite, it is also evident that the
MOF crystal structures are visible, as shown in Figure 1D.39

The Cu MOF surface exhibited a consistent distribution of
spindle-shaped cysteine crystals and PANI nanotubes, as
depicted in Figure 1E. ZnO NPs exhibit a roughly spherical
form and homogeneous morphology (Figure 1F) with particle
size ranging from 60 to 80 nm. Lack of simultaneous control
over particle size, shape, and size distribution is the main
obstacle for making ZnO NPs.40 Similarly, Figure 1G illustrates
the deposition of ZnO NPs onto the MOF surface, which is
nearly spherical. The composition of ZnO distribution on the
MOF surface is nonuniform. Figure 1H displays spherical ZnO
nanoparticles and PANI nanotubes onto the MOF surface;
nevertheless, the Cu MOF’s shape did not remain intact. The
significantly high abundance of PANI overshadowed the
almost spherical ZnO NPs (Figure 1I).
3.2. X-ray Diffraction Analysis. In the X-ray diffraction

(XRD), intensities were measured across the range of 10° to
80°. Figure 2 demonstrates the reflections due to Cu MOF,
Cys/Cu MOF/PANI, Cu MOF/PANI, Cys/Cu MOF/PANI,
ZnO, Cu MOF/ZnO, Cu MOF/ZnO/PANI, and Cys/Cu
MOF/ZnO/PANI nanocomposite. The XRD pattern of the
Cu MOF exhibited distinct peaks at 2θ values of 11.6°, 13.5°,
17.4°, 19.04°, 26.1°, 29.5°, 35.1°, and 39.2°, corresponding to
the crystal planes (222), (400), (333), (440), (553), (751),
(951), and (882). These peaks were consistent with the crystal
planes reported in the literature (JCPDS No. 00-065-1028).30

The clearly defined sharp peaks imply a high degree of
crystallinity in the structure. The XRD pattern of the
functionalized Cu MOF reveals additional peaks associated
with the cysteine at specific 2θ values of 14.85°, 19.0°, 22.2°,
25.4°, 33.9°, and 37.5°, which correspond to the crystallo-
graphic planes (20-2), (11-1), (401), (311), (800), and (512)
crystal planes reported in the literature (JCPDS No. 00-056-
1617).32 These reflections confirm the functionalization of the
Cu MOF. When comparing the diffraction peaks of the
functionalized sample with the original Cu MOF, a certain
degree of amorphous character could be observed. Also, a
slight shift in the planes’ degrees of the Bragg diffraction angle
could be observed, which could be due to the pore-filling effect
of the channel in the porous material. The XRD pattern of
PANI exhibited distinct peaks at 2θ values of 15.4°, 19.05°,
25.4°, and 45.1° as reported in the literature (JCPDS No. 00-
067-1544).41 One can notice broad and diffuse humps in the
material, which indicate the uneven distribution of interatomic
distances. The XRD analysis of the Cu MOF/PANI composite
showed diffraction peaks that matched those of the original
MOF structure. Significantly, there were no identifiable
diffraction peaks associated with PANI, most likely because
the crystalline structure of the MOF was more prominent and
overshadowed the distinctive features of PANI. This finding
indicates that the degree of crystallinity of the MOF has a
considerable impact on the structural characteristics of the
composite, hence modifying the naturally noncrystalline
structure of PANI.
Similarly, the XRD pattern of the Cys/Cu MOF/PANI

composite exhibited distinct peaks, suggesting the presence of
crystalline Cu MOF. The diffraction peaks exhibited decreased
intensity, which can be attributed to the functionalization of
the MOF with cysteine. The functionalization process also led
to the displacement of certain crystallographic planes, which

Figure 1. SEM results of (A) Cu MOF, (B) Cys/Cu MOF composite,
(C) PANI nanotubes, (D) Cu MOF/PANI composite, (E) Cys/Cu
MOF/PANI composite, (F) ZnO NPs, (G) Cu MOF/ZnO
composite, (H) Cu MOF/ZnO/PANI composite, and (I) Cys/Cu
MOF/ZnO/PANI nanocomposite.

Figure 2. XRD Results of Cu MOF, Cys/Cu MOF composite, PANI
nanotubes, Cu MOF/PANI composite, Cys/Cu MOF/PANI
composite, ZnO NPs, Cu MOF/ZnO composite, Cu MOF/ZnO/
PANI composite, and Cys/Cu MOF/ZnO/PANI nanocomposite.
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may be associated with the filling of pores within the MOF
structure. Furthermore, broad peaks specific to polyaniline
were observed, confirming that its amorphous nature is still
present in the composite. These observations emphasize the
intricate relationship between the crystalline Cu MOF and the
functionalized components, emphasizing the structural alter-
ations caused by the inclusion of cysteine and polyaniline.
Also, the XRD analysis of ZnO NPs revealed distinct peaks

at 2θ values = 31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.8°, 66.3°,
69.1°, and 76.9°. These peaks correspond to the crystal planes
(100), (002), (101), (102), (110), (103), (200), (201), and
(202) as reported in the literature (JCPDS No. 01-071-
6424).42 These peaks align with the established crystal planes
of ZnO. The presence of well-defined and intense diffraction
peaks in the ZnO indicates a highly crystalline structure,
highlighting its remarkable sharpness and intensity. The XRD
analysis of the Cu MOF/ZnO composite revealed well-defined
peaks corresponding to the MOF component, indicating a
significant level of crystallinity in the composite structure and a
considerable particle size. The reduced magnitude of the ZnO
peaks in the composite can be ascribed to the elevated
concentration of the MOF. This observation indicates that the
inclusion of the MOF in the composite has a considerable
effect on the overall diffraction pattern, explicitly affecting the
visibility of the distinctive peaks of ZnO. The XRD analysis of
the Cu MOF/ZnO/PANI composite revealed a higher
intensity at the 19.04° peak, which was absent in the pure
PANI. The increased peak can be associated with overlapping
diffraction peaks originating from the MOF and PANI
constituents. Furthermore, a decrease in the intensity of the
ZnO peaks was noted, confirming its incorporation into the
composite matrix. The XRD results and the observed changes
in the Cu MOF’s shape validate the successful formation of the
Cu MOF/ZnO/PANI composite. Each component plays a
role in shaping and affecting the overall structure of the
composite. The XRD analysis of the Cys/Cu MOF/ZnO/
PANI nanocomposite revealed peaks at 19.0° and 25.4°,
attributable to the overlapping diffraction peaks from the
cysteine and PANI components.
3.3. Fourier Transform Infrared Spectroscopy. The

FTIR spectra of all the produced samples were compared in
the wavenumber range of 4000 cm−1 to 500 cm−1, as shown in
Figure 3. The spectra of Cu MOF exhibit a distinct vibration
around 724 cm−1, attributed to the stretching of Cu−O bonds.
This suggests that oxygen atoms are coordinating with Cu ions.
The band noticed at a wavenumber of 1425 cm−1 is associated
with the vibrations of C−C bonds within the aromatic ring.
Furthermore, the peak observed at 1357 cm−1 corresponds to
the stretching of C−O bonds in carboxylic acid functional
groups.
The asymmetric stretching vibrations of the carboxylate

groups produce the 1636 cm−1 vibrational band in the MOF
linker. However, this band may also arise via the benzene ring’s
elongation and the water molecules’ vibrational distortion.
Furthermore, a broad peak ranging from 3100 to 3600 cm−1

suggests the presence of water molecules that are weakly
bound to the Cu MOF complex. This peak arises from the
stretching vibrations of OH groups in the water molecules.30,43

The FTIR spectra of the Cysteine-grafted Cu MOF exhibited
all the distinctive peaks of the parent Cu MOF, along with an
additional prominent peak at 3237 cm−1. The presence of this
peak can be associated with the stretching vibrational modes of
the N−H group, providing evidence that the Cu MOF has

been successfully functionalized with the cysteine. Further-
more, there is a distinct peak at 573 cm−1, which suggests the
existence of S−S bond stretching vibrations. A distinctive
vibrational band related to the S−H bond is observed at a
frequency of 2555 cm−1. In addition, the presence of
absorption peaks at 1442 cm−1 in the cysteine grafted Cu
MOF can be attributed to the stretching vibrations of the C−N
bonds, which further confirms the incorporation of cysteine
into the structure of the Cu MOF.32,44

In the case of PANI’s FTIR spectra, the bending C−H peak
of the aromatic ring, found at 558 cm−1, is a sign of the
aromatic structure of the PANI. The C−H vibration in the
para-coupled benzene and benzenoid rings is responsible for
the peak at 779 cm−1. A peak resulting from the benzenoid
ring’s C−N stretching is seen at 1053 cm−1, emphasizing the
nitrogen present in the PANI backbone. The peak further
confirms the distinctive structure of PANI at 1442 cm−1, which
is associated with the C�C stretching of the benzenoid ring.
The quinonoid ring’s C�C stretching peak, a key element of
PANI’s conductive qualities, is at 1636 cm−1. Lastly, the peak
at 3428 cm−1 is ascribed to secondary amines’ N−H stretching
vibration, which denotes the amine functional groups that are a
part of PANI’s molecular structure.45,46

In the case of Cu MOF/PANI composite, the peaks at 1369
and 1449 cm−1 represent the C−N stretching of the aromatic
ring and the C�C stretching of the benzenoid ring,
respectively. Furthermore, the successful formation of the Cu
MOF/PANI composite is further confirmed by the appearance
of bands at 1105 and 1645 cm−1, which could be due to the
C−O stretching of the primary alcohol and the asymmetric
stretching vibration of the carboxylate group in the MOF
linker, respectively.
Similarly, in the case of the Cys/Cu MOF/PANI composite,

the carboxylate group’s asymmetric and symmetric stretching

Figure 3. FTIR analysis of Cu MOF, Cys/Cu MOF composite, PANI
nanotubes, Cu MOF/PANI composite, Cys/Cu MOF/PANI
composite, ZnO NPs, Cu MOF/ZnO composite, Cu MOF/ZnO/
PANI composite, and Cys/Cu MOF/ZnO/PANI nanocomposite.
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vibrations result in peaks at 1381 and 1623 cm−1, respectively.
The OH stretching vibration at 3422 cm−1 indicates the
hydroxyl groups linked to the MOF. The C−N stretching
vibration is attributed to a peak at 1111 cm−1, whereas a peak
indicates the N−H stretching vibration at 3235 cm−1. The
peak that represents the cysteine thiol group is weak and not
very noticeable.
The dominant peak observed in FTIR spectra for ZnO is

commonly located at a wavenumber of 573 cm−1. This peak is
attributed to the stretching vibrations of the Zn−O bonds, an
inherent feature of ZnO’s crystal structure. The absorption
peak at 3433 cm−1 relates to the stretching of the O−H bond,
whereas the peak at 1635 cm−1 corresponds to the stretching
of the C−C bond in an aromatic compound.42,47 The FTIR
spectra of Cu MOF/ZnO exhibit a significantly diminished
peak at approximately 1700 cm−1 and the emergence of two
new peaks at 1642 and 1447 cm−1. This observation suggests
the coordination of the carboxyl group with the Zn metal.
When carboxylate groups bind with metal ions, they usually
experience a decrease in the stretching frequency of the
COOH group from around 1700 cm−1 to the lower values.
This change occurs because a metal-carboxylate connection is
formed.
The creation of this bond impacts the electrical surroundings

of the C�O and C−O bonds, resulting in a change in their
vibrational frequencies. This is a prevalent process observed in
MOF-metal oxide composites, wherein the functional groups
in the MOF connect with the metal oxide particles, creating a
composite material with modified characteristics.48 The FTIR
spectrum of the Cu MOF/ZnO/PANI ternary composite
exhibits the distinct peaks associated with PANI. The vibration
peaks around 496 cm−1 confirmed the presence of Zn−O
bonds, notably associated with ZnO. The peaks observed at
1295 and 1120 cm−1 can be attributed to the stretching
vibrations of the C−N bond in the benzenoid ring and the in-
plane bending vibrations of the C−H bond, respectively. These
peaks are indicative of the structural characteristics of PANI.
Furthermore, a broad peak ranges from 3100 to 3600 cm−1,
indicating water molecules loosely attached to the Cu MOF
structure. The presence of separate spectral characteristics for
each component in a single spectrum suggests the effective
creation of the Cu MOF/ZnO/PANI ternary composite.49

There are distinct peaks in the FTIR spectrum of the Cys/Cu
MOF/ZnO/PANI nanocomposite that correspond to each
component but with observable variations in peak positions.
These shifts demonstrate the interactions between the
components inside the nanocomposite structure. Moreover,
the spectrum has a distinct ‘laid down’ appearance, marked by
decreased peak intensities.
3.4. Raman Spectroscopy. Raman analysis confirmed the

interaction between Cystenine, Cu MOF, ZnO, and PANI
nanomaterials (Figure 4). During the Raman spectroscopy
investigation of the Cu MOF, distinct vibrational bands are
seen within the 1000 to 1520 cm−1 frequency range. The bands
correspond to the vibrational modes (v) of the C�C bonds
present in the benzene rings of the organic linker molecules.
Moreover, the presence of bands at 710 and 810 cm−1 suggests
the occurrence of ring C−H bending vibrations. The detection
of lower frequency bands aligns with the vibrations caused by
stretching Cu−O bonds, supporting the findings previously
documented in the literature. The spectrum evidence confirms
the structural integrity and composition of the Cu MOF by
identifying the specific vibrational fingerprints of its organic

and inorganic components.39,50 The Raman spectra of Cu
MOF grafted with Cysteine exhibit all the characteristic peaks
of Cu MOF and extra peaks corresponding to an amino acid.
The S−H stretching vibrations exhibit significant Raman
activity and produce a signal with great strength, making
Raman spectroscopy the optimal method for observations.
Additional vibrations related to sulfur are detected, such as an
S−H bending mode at 941 cm−1, a cluster of C−S stretching
modes at 616 cm−1, 660 cm−1, and 678 cm−1, and S−S
stretching modes at 498 cm−1, 512 cm−1, and 529 cm−1.51 The
modes seen at 512 and 529 cm−1 correspond to two distinct
conformers of the disulfide bond, namely the gauche−gauche−
gauche (GGG) and gauche−gauche−trans (GGT) con-
formers.52 These modes are anticipated to undergo significant
modifications when the Cys thiol is altered and can serve as a
means to detect such alterations. Several other modes can be
observed in the 250−1500 cm−1 range, originating from
different Cys vibrations. One example is the CH2 rocking
vibration at 775 cm−1, which has been extensively documented
in other sources.53,54

An additional peak at 1158 cm−1 in amino acid-modified Cu
MOFs can be attributed to the N−H stretching vibrational
mode, which confirms the successful modification of Cu MOF
by amino acids.32,55 The Raman spectra of PANI indicate the
presence of an absorption band at 806 cm−1, which
corresponds to the out-of-plane deformation bending of the
C−H bonds in the benzene ring. The presence of the
absorption band at 1138 cm−1 can be attributed to the
vibration mode of the N−H. The band observed at 1493 cm−1

corresponds to the stretching vibration of the C�N bond,
while the peak at 1575 cm−1 is related to the stretching
vibration of the C�C bond. These vibrations indicate the
deformation of the benzenoid and quinoid rings.39,56

Figure 4. RAMAN spectra observed for Cu MOF, Cys/Cu MOF
composite, PANI nanotubes, Cu MOF/PANI composite, Cys/Cu
MOF/PANI composite, ZnO NPs, Cu MOF/ZnO nanocomposite,
Cu MOF/ZnO/PANI nanocomposite, and Cys/Cu MOF/ZnO/
PANI nanocomposite.
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Similarly, the composite spectrum shows distinct bands at
665, 826, and 1164 cm−1 corresponding to the bending of C−
H bonds within the plane of the quinoid structure, stretching
of the benzoic symmetry ring, and deformation of the
semiquinoid ring. A distinct peak at 1394 cm−1 can be
attributed to the electrostatic interactions between the partially
negative charge of the organic linker on the MOF and the
partially positive nitrogen of PANI. Furthermore, the
composite’s peak corresponding to MOF changed from 605
to 665 cm−1. The apparent alterations indicated the presence
of a correlation between MOF and PANI, as the transition
metal Cu has a propensity to create coordination compounds
with the nitrogen atom in PANI.57,58

The Raman spectra of ZnO NPs exhibit a prominent peak at
437 cm−1, corresponding to the E2 (high) mode. This peak
indicates the wurtzite structure and is a reliable indicator of
high-quality crystalline structure. The spectrum characteristics
observed at 570 and 860 cm−1 are associated with the specific
vibrational modes of the Zn−O link, indicating the existence
and creation of ZnO particles. The absorption peaks offer vital
insights into the ZnO lattice’s structural integrity and chemical
connectivity.59,60 The Raman spectra of the Cu MOF/ZnO
exhibit distinct peaks that represent the structural character-
istics of both components. Significantly, a Raman shift occurs,
leading to two distinguishable peaks at around 450 and 577
cm−1. These peaks are ascribed to the A1 longitudinal optical
(LO) mode and the E2 (high) mode of the ZnO wurtzite
structure, respectively. These peaks indicate the high
crystallinity of ZnO in composite, which is essential for
applications that depend on the material’s distinct optical and
electrical characteristics.61

Similarly, the Cu MOF/ZnO/PANI nanocomposite signal
observed at 437 cm−1 corresponds to ZnO’s E2 (high) mode,
indicating its wurtzite structure. The peak shows conducting
polymer chains at 1643 cm−1, which is associated with the C�
C stretching vibrations in the quinoid structures of PANI.
Furthermore, the presence of a peak shift in the Cu MOF
provides evidence for the successful combination of these
elements, indicating the formation of the composite. The
Raman spectra of the Cys/Cu MOF/PANI/ZnO nano-
composite exhibit peak position shifts, which provide evidence
for the presence of all constituent components and indicate
their successful integration. These modifications imply
interactions between the different elements, suggesting the
possibility of a synergistic impact.
3.5. Electrochemical Studies. The modified GCE was

subjected to electrochemical testing in a 0.1 M phosphate
buffer saline (PBS) electrolytic solution with a pH of 7. 0.1 M
PBS tablet was dissolved in 200 mL of deionized water. After
the complete absorption of the solution, 0.2 mM of dopamine
(3 mg in 100 mL) was added in the solution. Electrochemical
investigations were performed with a three-electrode config-
uration, comprising a platinum wire as the counter electrode,
an Ag/AgCl electrode as the reference electrode, and the
working electrode was glassy carbon modified with each
nanocomposite. The electrochemical experiments were con-
ducted using a scan rate of 50 mVs−1 within a potential range
from −0.4 to 0.6 V. This potential range is frequently used as it
adequately includes both the oxidation and reduction peaks of
electroactive species while avoiding excessive overpotentials
that may compromise the integrity of the electrode material. It
facilitates excellent electron transmission and offers an
opportunity to examine the redox behavior of materials such

as Cu MOFs in a stable environment.62,63 During the
electrochemical process, dopamine (DA) is oxidized, convert-
ing the catechol group into o-quinone�the oxidation of DA
results in the creation of dopamine o-quinone via a two-
electron transfer mechanism. When dopamine undergoes
oxidation, it releases electrons, which generate currents directly
proportional to the concentration of electroactive dopamine
biomolecules. Various electroanalytical techniques, such as
cyclic voltammetry (CV) and chronoamperometry, can be
employed to detect dopamine.
Figure 5 illustrates the cyclic voltammograms (CVs) of

various electrode setups, including bare GCE, Cu MOF, Cys/

Cu MOF, Cu MOF/PANI, Cu MOF/ZnO, Cys/Cu MOF/
PANI, Cu MOF/ZnO/PANI, Cys/Cu MOF/ZnO/PANI in
the presence of 0.2 mM dopamine. The oxidation peak
currents for the different nanocomposites were measured at
specific potentials. The values observed for the bare GCE, Cu
MOF, Cys/Cu MOF, Cu MOF/PANI, Cu MOF/ZnO, Cys/
Cu MOF/PANI, Cu MOF/ZnO/PANI nanocomposites were
5.9 μA, 10.9 μA, 13.9 μA, 17.9 μA, 25.8 μA, 36.4 μA, and 52.4
μA, respectively. These measurements were taken at potentials
of 0.344, 0.229, 0.324, 0.215, 0.210, 0.260, and 0.114 V. For
comparison, CV graphs for each material on modified GCE are
presented in Figure S1. The peak current values indicate that
the Cu MOF-modified electrode has a considerably higher
peak current than the bare GCE. This is likely due to its large
surface area, distinctive porous structure, and enhanced
adsorption capability, allowing for a more excellent DA
collection on the modified electrode surface. The addition of
cysteine in Cys/Cu MOF results in a more significant peak
current. This is because cysteine has a thiol group that forms
bonds with metals, enhancing the sensitivity and selectivity of
the electrode. Incorporating PANI into Cu MOF/PANI and
Cys/Cu MOF/PANI composites further enhances oxidation
peak currents. PANI’s conductive character enhances the
electrode’s active sites by promoting ions’ passage and
electrons’ transport in redox reactions. Furthermore, adding
ZnO in Cu MOF/ZnO and its resulting composites enhances
peak current. This is due to the advantageous properties of
ZnO, such as its high electron mobility, stability, biocompat-
ibility, and nanostructured morphology. These properties
increase electrode surface area, improving sensitivity and
reaction kinetics. The Cys/Cu MOF/ZnO/PANI nano-
composite exhibits a remarkably elevated peak current,
suggesting a substantial enhancement in the electron transfer
reaction. This enhancement is most likely attributed to the

Figure 5. Cyclic voltammograms recorded in the presence of 0.2 mM
dopamine (DA) and 0.1 M PBS electrolyte at a scan rate of 50 mVs−1
for bare GCE, Cu MOF, Cys/Cu MOF, Cu MOF/PANI, Cu MOF/
ZnO, Cys/Cu MOF/PANI, Cu MOF/ZnO/PANI, and Cys/Cu
MOF/ZnO/PANI nanocomposite.
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synergistic effects resulting from the combination of ZnO
nanoparticles and PANI. These nanoparticles enhance the
catalytic activity of the electrode toward dopamine oxidation
because of their tiny size and large surface area. The combined
effect of the conductive nanomaterials (ZnO and PANI) and
the functional properties of cysteine and Cu MOF results in a
highly efficient catalytic performance and a higher current
density of the redox peak. This demonstrates a significant
improvement compared to the individual material compo-
nents.
Dopamine typically experiences a two-electron, two-proton

oxidation reaction, resulting in the formation of dopamine
quinone. Under standard conditions, this oxidation process
occurs rapidly and typically yields a single, clearly defined
anodic peak. Nonetheless, the interaction between dopamine
and the electrode is transformed when the electrode surface is
altered with materials such as Cu MOFs, Cys/Cu MOFs,
PANI, and ZnO. These compositions can affect the electro-
chemical environment, introducing supplementary redox
processes that provide multiple anodic peaks or irregularities.
The factors contributing to these supplementary peaks could
be due tomodified surfaces which can enhance or modify
electron transport kinetics. For instance, Cu MOFs may
generate distinct active sites or routes for dopamine oxidation,
leading to peaks at varying potentials. The interaction of
dopamine with these complex surfaces may result in
intermediate oxidation states or numerous phases in the
oxidation process, exhibiting more than one peak. Also, the
altered electrode surfaces may influence the adsorption of
dopamine or its oxidation products, resulting in supplementary
peaks. Adsorbed species can generate novel oxidation and
reduction peaks due to their distinct interactions with the
electrode material.
The Cys/Cu MOF/ZnO/PANI modified GCE CV curves at

various scan rates are displayed in Figure 6, along with the

linear relationship between the anodic and cathodic peak
currents and the square root of the scan rates. Figure 6a shows
that the anodic and cathodic peak currents for the Cys/Cu
MOF/ZnO/PANI modified electrode increased with the
increased potential scan rate (10 to 100 mVs−1). The faster
scan rates caused the diffusion layer size to decrease, leading to
higher currents. The square root of the scan rates is plotted
between the anodic peak currents in Figure 6b, revealing a
linear relationship with a correlation coefficient value of

0.99718 for the anodic peak, respectively, indicating that the
oxidation process is diffusion-controlled.
The Cys/Cu MOF/ZnO/PANI CV curves show the anodic

peak currents increased linearly with the increase in DA
concentration, as measured in 0.1 M PBS with a modified
electrode for DA concentrations ranging from 0.05 mM to 0.8
mM (Figure 7). This suggests that the Cys/Cu MOF/ZnO/
PANI has excellent catalytic activity for the electro-oxidation of
DA.

3.6. Detection of Dopamine through Differential
Pulse Voltammetry (DPV). DPV was used to quantify
various concentrations of DA on GCE modified with Cys/Cu
MOF/ZnO/PANI under the most suitable experimental
conditions. We used DPV to qualify dopamine because it
provides a distinct oxidation peak at a specific potential,
allowing clear molecule identification. DPV is ideal for this, as
the peak corresponds directly to dopamine’s redox reaction.
The scanning potential window ranged from −0.1 to 0.3 V
(Figure 8). Figure 8a shows that increasing the dopamine

concentration from 0.02 mM to 1 mM elevated Ipc. The
calibration curve in Figure 8b demonstrates that as the
dopamine concentration is increased to higher values, there is a
corresponding increase in the current response. At more
significant dopamine concentrations, the dopamine molecules
are absorbed onto the surface of the electrode, covering all the
active sites. The sensor achieved a sensitivity of 122.57
μAmM−1 cm−2 and a detection limit of 0.39 μM. These values
are also compared with the other nanocomposites in Table 1.
3.7. Influence of Solution pH. The pH of the solution

significantly influences the electrical signal response of
dopamine due to protons participating in the electrooxidation
process.75,76 Consequently, the impact of different pH levels

Figure 6. (a) Cyclic voltammograms recorded for Cys/Cu MOF/
ZnO/PANI in the presence of 0.2 mM dopamine (DA) and 0.1 M
PBS electrolyte at different scan rates from 10−100 mVs−1. (b)
Corresponding plot of oxidation peak current (Ipa) against the square
root of the scan rate.

Figure 7. Cyclic voltammogram of Cys/Cu MOF/ZnO/PANI
modified GCE in the presence of different concentrations of
dopamine (DA) at a scan rate of 50 mVs−1.

Figure 8. (a) DPV curves of different concentrations of DA, i.e., 0.02
mM to 1 mM in 0.1 M PBS on Cys/Cu MOF/ZnO/PANI in the
range of −0.1 to 3.0 V at a scan rate of 50 mVs−1. (b) Corresponding
linear calibration curve of peak current vs DA concentration.
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(1.0−11.0) was examined utilizing the Cys/Cu MOF/ZnO/
PANI modified GCE for 0.2 mM DA in 0.1 M PBS at a scan
rate of 50 mVs−1 (Figure 9). The anodic peak current of DA

increased with pH rising from 1.0 to 7.0, then declined at pH
11.0. The peak sensitivity is noted at pH 7.0, attributed to full
deprotonation, making it potentially acceptable for biological
applications. Consequently, a pH of 7.0 is the most suitable
value for subsequent investigations.
3.8. Reproducibility, Repeatability, and Stability of

the Cys/Cu MOF/ZnO/PANI Modified GCE. The reprodu-
cibility, repeatability, and stability of the Cys/Cu MOF/ZnO/
PANI modified GCE for DA determination were examined, as
illustrated in Figure 10. The repeatability of the modified
electrode was assessed through sequential measurements of 11
0.1 M PBS (pH 7.0) solutions containing 0.2 mM DA,
resulting in a relative standard deviation of 2.91%, as illustrated
in Figure 10a. Subsequently, Figure 10b illustrates the
reproducibility of the produced sensor, achieved by producing
four independently modified Cys/Cu MOF/ZnO/PANI GCEs
under identical conditions, used to detect 0.2 mM DA in 0.1 M
PBS at pH 7.0 (RSD is 1.23%). Furthermore, the stability of
the fabricated sensor was assessed in 0.1 M PBS at ambient
temperature. For 2 weeks, no notable change in the oxidation
peak potential of DA was observed, accompanied by a 4.07%
decrease in current, as illustrated in Figure 10c. Consequently,
all these findings suggest that the Cys/Cu MOF/ZnO/PANI
modified GCE has excellent reproducibility, repeatability, and
stability.
3.9. Selectivity Study. To assess the selectivity of the

Cys/Cu MOF/ZnO/PANI nanocomposite-modified GCE
toward DA, chronoamperometric measurements were con-
ducted at a particular applied potential. While it monitors
current changes over time, it does not provide the specific
redox potentials needed for molecular qualification. Therefore,
DPV was used for dopamine qualification, and it was used to
assess sensor selectivity under constant potential conditions.
The voltage measured is 0.25 V in a 0.1 M PBS solution
despite common biological interferences such as glucose
(Glu), ascorbic acid (AA), and urea. It is evident that the

Table 1. Comparison of Different Sensitivity Values of
Dopamine Sensors

electrode materials
LOD
(μM)

sensitivity
(μAmM−1 cm−2) reference

CHCF-FMF 13 100.64 64
Zn-MOF-U 0.003 15.6 65
CuO/Cu2O 0.388 0.00922 66
PANI/1Tm:ZnO 1.92 0.0002568 67
LaFeO3 NPs@CNTs 0.05 0.005980 68
In2O3·ZnO@MC 0.024 0.0002153 69
g-C3N4/GO 0.0054 70
G-SnO2 1 71
Fe2O3/N-rGO 0.49 418.6 72
GO/WO3 0.306 392 73
PPy-MCM-48/Au 0.70 74
Cysteine Grafted Cu MOF/
ZnO/PANI

0.39 122.57 this work

Figure 9. Cys/Cu MOF/ZnO/PANI modified GCE was tested with
CVs of 0.2 mM DA in 0.1 M PBS at different pHs (1.0, 3.0, 7.0, and
11.0) at a scan rate of 50 mVs−1.

Figure 10. Measurements of the anodic peak current of 0.8 mM DA in 0.1 M PBS (pH 7.0) at a scan rate of 50 mVs−1 were conducted for (a) 11
instances at the Cys/Cu MOF/ZnO/PANI modified GCE, (b) four distinct electrodes, and (c) different storage periods.
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current value significantly increases when 0.2 mM DA is added
(Figure 11). However, when other interfering biological

chemicals are introduced, even at a hundred times greater
concentrations, there is no apparent change in the current
value. Additionally, the addition of the DA increases current,
providing further evidence that the manufactured Cys/Cu
MOF/ZnO/PANI modified electrode exhibits more excellent
selectivity toward DA.

4. CONCLUSIONS
This study presents a novel electrochemical sensor based on
Cys/Cu MOF/ZnO/PANI nanocomposite for detecting
dopamine. The primary objective of this study was to showcase
the combined impact of Cys/Cu MOF/ZnO/PANI in the
advancement of a dopamine sensor. The electrode we created
has a high sensitivity of 122.57 μAmM−1 cm−2 and can
selectively detect dopamine within a detection limit of 0.39
μM. Furthermore, the electrochemical sensor exhibited
remarkable selectivity for dopamine, even when glucose,
urea, and ascorbic acid were present. The electrochemical
investigations indicate that the GEC modified with the
investigated nanocomposite, Cysteine grafted Cu MOF/
ZnO/PANI, exhibits significant promise as an electrochemical
sensor for detecting Dopamine.
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