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ABSTRACT

Electrochemical determination of dopamine (DA) has received considerable attention in recent years, with current research

primarily focused on improving sensor sensitivity and selectivity. In this study, a printed electrochemical sensor modified with

a hybrid material comprising polyoxometalates (POMs), metal-organic frameworks (MOFs), and molecularly imprinted polymers
(MIPs) is fabricated for DA detection. The POM@MOF component enhances charge transfer, thereby improving sensitivity, while
the MIP acts as a selective receptor for DA, providing high selectivity. The fabricated sensor exhibits selective recognition of DA
from interferents with similar electrochemical behaviors using cyclic voltammetry (CV), and the CV responses are linear with DA

concentration in the range 200-800 pM, with a limit of detection (LOD) of 59.03 pM. Moreover, the sensors show good stability,

regeneration ability, and reproducibility. The results demonstrate that the proposed material can facilitate the electrochemical

sensing performance toward DA, providing a basis for the future design and optimization of material-based electrochemical DA

sensing platforms.

1 | Introduction

Dopamine (DA), an essential catecholamine neurotransmitter
widely distributed in humans and some mammals [1, 2], plays
critical roles in learning [3], cognition [4], and the regulation
of gastrointestinal motility [5] and blood pressure [6].
Abnormal DA levels in the body have been proven to be closely
associated with neurological disorders such as Parkinson’s
disease [7], Alzheimer’s disease [8], motor and urinary dysfunc-
tion [9], and depression [10]. Moreover, the effects of DA on
immune cells have recently attracted growing scientific interest
[11]. Therefore, the qualitative and quantitative detection of DA
in vivo or in vitro is crucial for monitoring physiological condi-
tions and facilitating the early clinical diagnosis of associated

diseases. Numerous traditional analytical methods with high
sensitivity and selectivity have been developed for the determi-
nation of DA, including high-performance liquid chromatogra-
phy [12, 13], mass spectrometry [14, 15], and capillary
electrophoresis [16, 17]. However, these laboratory-based techni-
ques are time-consuming, require expensive and sophisticated
equipment, and demand skilled operators for accurate readouts.
Therefore, there is a strong demand for the development of DA
detection techniques that are user-friendly and capable of
real-time analysis.

Electrochemical sensors have gained significant attention as
effective candidates for the precise detection of DA, due to their
cost-effectiveness, rapid response, and high sensitivity and
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selectivity [18, 19]. Additionally, their compatibility with
miniaturization and integration into electronic systems further
highlights their potential for point-of-care testing. In developing
electrochemical methods for DA detection, two main factors,
sensitivity and selectivity, must be considered, as DA typically
has a low concentration in biological samples and coexists with
several interfering species with overlapping electrochemical
signals, complicating the detection of DA. To address the
limitations mentioned above, much effort has been made to
modify the sensors with functional materials, such as metals
and metal oxides [20, 21], conductive polymers [22], carbon-
based nanomaterials [23], and metal-organic frameworks
(MOFs) [24], in order to enhance detection performance.

Polyoxometalates (POMs) are a family of metal-oxide clusters
with tailorable structures and versatile physicochemical
properties [25]. Owing to their capacity for reversible multi-
electron acceptance and transfer properties without structural
changes, POMs can function as “electron sponges” with rapid
redox kinetics, establishing them as promising electrode active
materials for electrochemical sensors aimed at improving
sensitivity [26]. However, the high solubility of POMs in water
limits their direct application as modifiers or active compo-
nents on electrochemical sensor surfaces, since they tend to
leach into the solution during measurements, resulting in poor
sensor stability. As a strategy to improve their operational
stability in liquid environments, POMs have been anchored
on various high-surface-area substrates or incorporated into
functional materials, including porous silica [27], metal oxides
[28], carbon-based materials [29], polymers [30], and porous
framework materials [31]. MOFs, a well-known class of porous
materials with a large surface area and the ability to absorb
various guest molecules, can provide a possible support to
immobilize the POMs on the surface [32]. Meanwhile, MOFs
have demonstrated considerable potential in electrochemical
sensors due to their tunable chemical functionalities, as exem-
plified by sulfonate-functionalized MOF-808 for modulating
the selectivity and electrochemical reaction rates [33],
MOF/carbon nanotubes composite for the dual fluorescence
and electrochemical detection of DA [34], and 2D conductive
MOFs enabling facet-dependent control over DA-electrode
interfacial interactions [35]. Therefore, the composites of
POM and MOF have attracted interest in DA electrochemical
sensing, and some related studies have been reported [36-38].
However, the selectivity of most POM@MOF-based sensors
primarily relies on the nonspecific affinity between DA and
the composites, which is insufficient to discriminate structur-
ally similar molecules in complex matrices. Molecularly
imprinted polymers (MIPs) represent a well-established strat-
egy for achieving specific selectivity toward target analytes.
MIPs are synthesized by polymerizing a crosslinked polymer
matrix in the presence of the target molecules, which are then
removed to generate specific recognition cavities within the
polymer network that are complementary in shape, size, and
chemical functionality to the target analytes [39]. MIPs are
extensively utilized as recognition elements in electrochem-
ical sensors due to their straightforward synthesis, cost-
effectiveness, precise selectivity, and high stability [40-42].
Nonetheless, the combination of POM@MOF and MIP in
the field of electrochemical sensing remains insufficiently
investigated.

Hence, in this work, a hybrid POM@MOZF/MIP material was
synthesized as an electrode modifier of the electrochemical
sensor for DA detection. H;PW;,0,4, (PW;,), a widely studied
Keggin-type POM, and MIL-101(Cr), a water-stable MOF, were
employed to enhance sensitivity, while pyrrole was used in the
synthesis of the polypyrrole (PPy) MIP to impart selectivity.
Following synthesis, the PW;,@MIL-101(Cr)/PPy-MIP was
deposited on the electrode of the electrochemical sensor via
capillary printing, which offers significant advantages in device
miniaturization and direct on-chip sensor fabrication over
conventional spin coating or drop casting methods. Under
conditions of a pyrrole-to-DA ratio of 4:1, deposition of two
printed modifier layers on the electrode, and a pH 1.0 electrolyte,
the prepared PW,,@MIL-101(Cr)/PPy-MIP sensor achieved good
sensitivity and selectivity toward the electrochemical detection of
DA. Moreover, it maintained excellent stability, regeneration
ability, and reproducibility in DA detection.

2 | Results and Discussion
2.1 | Design of Material and Sensor Architecture

The synthesis strategy of PW ,@MIL-101(Cr)/PPy-MIP is
illustrated in Scheme la. PW,;,@MIL-101(Cr), first prepared
via a one-pot method, was copolymerized with pyrrole and
DA at a pyrrole-to-DA ratio of 4:1 (applied in all cases unless
otherwise specified), producing a PPy matrix that entrapped both
PW,,@MIL-101(Cr) and DA. Removing DA leaves behind
specific binding cavities complementary to DA within the
polymer network. The MOF MIL-101(Cr) serves as a porous car-
rier that enables the dispersion of the incorporated POM, PWy,,
and simultaneously prevents its dissolution in the electrolyte
solution. Moreover, the synergistic effect of n=-n conjugation
between MOFs and pyrrole and the ionic interactions between
POMs and pyrrole facilitate pyrrole polymerization and stabilize
PPy on the surface of the framework [43]. The pristine
PW;,@MIL-101(Cr) appeared as a green powder. After polymer-
ization with pyrrole, the resulting composite turned black
(Figure S1), which is consistent with the characteristic color of
PPy. The synthesized hybrid material was subsequently depos-
ited on the electrode as a surface modifier, as illustrated in
Scheme 1b.

DA is an electroactive molecule that undergoes reversible redox
reactions at the electrode surfaces, where it is oxidized at specific
potentials to form its corresponding quinone, which can subse-
quently be reduced back to DA (Figure S2). These redox
processes can generate measurable current responses, enabling
electrochemical detection [44]. In this study, a three-electrode
system comprising a working electrode (WE), counter electrode
(CE), and reference electrode (RE) was employed to investigate
the electrochemical behavior of DA at the surface of WE.
Scheme 1b illustrates the schematic configuration and fabrica-
tion process of the PW,,@MIL-101(Cr)/PPy-MIP electrochemical
sensor. In this design, gold served as the base material for all the
electrodes, which were thereafter modified according to their
functional requirements. The WE was functionalized with
PW;,@MIL-101(Cr)/PPy-MIP to enhance both sensitivity and
selectivity. A printed Ag/AgCl electrode, which does not contain
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SCHEME 1 | (a) Synthesis process of PW;,@MIL-101(Cr)/PPy-MIP, (b) Configuration (left) and fabrication process (right) of the PW;,@MIL-

101(Cr)/PPy-MIP-based sensor.

the saturated KCI/NaCl filling solution or protective layer
typically found in conventional Ag/AgCl REs, was used here
as a quasi-reference electrode (q-RE) [45]. According to the
fabrication scheme, a basic Au three-electrode pattern was
initially generated on the substrate via laser ablation. Ag nano-
particles were then deposited onto the Au RE pattern through
capillary printing and subsequently sintered at 200 °C to form
a compact Ag layer, which was chlorinated using commercial
bleach (containing approximately 2.6% (w/w) NaClO) to produce
the Ag/AgCl q-RE [46]. The WE was further functionalized with
the PW;,@MIL-101(Cr)/PPy-MIP using capillary printing, and
all the conducting lines were finally insulated with electrical
insulating tapes to avoid undesired signal contributions.

2.2 | Material Characterization and Sensor
Morphology

The structures and compositions of the PW,,@MIL-101(Cr)/PPy-
MIP were investigated by powder X-ray diffraction (PXRD) and
Fourier transform infrared (FT-IR) spectroscopy, respectively,
with the results presented in Figure S3. The PXRD patterns of
PW,,@MIL-101(Cr) are consistent with literature reports, and
the FT-IR spectrum displays characteristic bands of both PW,,
and the carboxylate group in the MIL-101(Cr) framework,
validating the successful incorporation of PW;, and phase purity
of the material [47, 48]. After encapsulation within the polymer
network, the PXRD patterns of MIL-101(Cr) remained largely
unchanged, with only slight shifts observed in certain diffraction

peaks. Meanwhile, the diffraction peak intensities of PW,,
decreased noticeably, which may be attributed to the electrostatic
interaction between positively charged PPy and (PW,,04)%,
thereby leading to a loss of crystallinity in PW;, [49]. In the
FT-IR spectrum of PW;,@MIL-101(Cr)/PPy-MIP (Figure S3b),
characteristic signals of PWy, (1077, 975, and 896cm™) and
MIL-101(Cr) (1508 and 1395cm™") can be distinctly observed,
indicating their preserved structural features. Additionally,
new absorption bands appear at 3112cm™* (N—H stretching
vibration), 1570cm™' (C=C stretching vibration), 1214 cm™*
(C—N stretching vibration), and 1046cm™" (C—H in-plane
bending vibration). These bands are characteristic of the pyrrole
ring in PPy [50]. Their assignments are further confirmed by the
difference spectrum in Figure S3b, which excludes interference
from the characteristic POM and MOF vibrational bands, thereby
providing additional evidence of PPy formation. These results
confirm the successful synthesis of the hybrid material of
PW,,@MIL-101(Cr)/PPy-MIP.

The surface morphologies of the synthesized materials were
characterized by scanning electron microscopy (SEM).
PW;,@MIL-101(Cr) revealed well-defined crystalline structures
with sizes of several hundred nanometers, as evidenced in
Figure la. In contrast, PW;,@MIL-101(Cr)/PPy (Figure 1b for
MIP and Figure S4 for nonimprinted polymer (NIP)) featured
a rougher surface morphology and diminished crystallinity
compared with PW,@MIL-101(Cr), indicative of successful
encapsulation of the PW;,@MIL-101(Cr) within the PPy
network. Furthermore, high-angle annular dark-field scanning
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FIGURE 1 | SEM images of (a) PW;,@MIL-101(Cr) and (b) PW;,@MIL-101(Cr)/PPy-MIP, (c) HAADF-STEM images and corresponding EDX
elemental mapping of PW;,@MIL-101(Cr)/PPy-MIP. Scale bar: 1 pm for (a,b); 20 nm for (c).

transmission electron microscopy (HAADF-STEM) combined
with energy-dispersive X-ray spectroscopy (EDX) elemental
mapping was employed to further verify the structure of
PW,,@MIL-101(Cr)/PPy (Figures 1c and S5a—c). In the elemen-
tal distribution maps of PW,@MIL-101(Cr) and PW,,@MIL-
101(Cr)/PPy-NIP, the W signal from PW,, overlaps with the
Cr signal from MIL-101(Cr). The spatial distributions of W
and Cr in PW;,@MIL-101(Cr)/PPy-MIP are generally correlated;
however, slight deviations can be observed, with W showing local-
ized enrichment in certain regions. This phenomenon may be
related to the rigorous DA removal process. MIL-101(Cr) contains
small and large cages with pentagonal windows of approximately
1.2 nm and hexagonal windows of 1.6 X 1.45 nm, respectively [47].
As the size of PWy, (around 1.3 nm) is smaller than the hexagonal
windows of the larger cage in MIL-101(Cr) but is larger than the
pentagonal windows of smaller cages [47], partial leaching of PW,
from the larger cages may occur during prolonged soaking in the
washing solution, leading to local variations of PW;, within
PW,@MIL-101(Cr)/PPy-MIP. The high-magnification HAADF-
STEM images of PW;,@MIL-101(Cr)/PPy-MIP (Figure S5d)
exhibited numerous bright areas within the particles, likely result-
ing from the stronger W signal. The dimensions of these bright
areas are approximately 1-2 nm, which is in good agreement with
the cage size of PW;, and the MIL-101(Cr) framework, providing
further evidence for the encapsulation of PW,, within the pores of
the MIL-101(Cr). The presence of a PPy network around the
PW;,@MIL-101(Cr) particles was identified by the N signal.
The slightly broader distribution of N compared to Cr in the
PW1,@MIL-101(Cr)/PPy confirms the successful attachment of
PPy on the MOF framework, as shown by the intensity profiles
in Figure S5a-c.

X-ray photoelectron spectroscopy (XPS) measurements were
performed to further determine elemental composition and

chemical bonding states. The XPS spectrum of MIL-101(Cr)
contains characteristic signals of Cr, O, and C (Figure S6).
Compared with MIL-101(Cr), an additional W signal was
observed in the spectrum of PW;,@MIL-101(Cr), while both N
and W signals were detected in the spectrum of PW;,@MIL-
101(Cr)/PPy-MIP. As shown in Figures S7-S9, the O 1s spectra
can be fitted into three peaks at 533, 532, and 530 eV, which are
assigned to metal oxides (O1), hydroxide/C=0 groups (02), and
C—O0 groups (03), respectively. The relative contribution of O1 in
PW,,@MIL-101(Cr) and PW;,@MIL-101(Cr)/PPy-MIP is higher
than that in MIL-101(Cr), indicating the incorporation of PWj,.
The C 1s spectra exhibit three typical peaks at 288.9, 286.2, and
285.0 eV, corresponding to —COOR, C—0O/C—N, and C—C/C—H
bonds, respectively. In PW ,@MIL-101(Cr)/PPy-MIP, the
proportion of C—O/C—N increased compared with the other
samples, which can be attributed to the presence of C—N bonds
in PPy. These findings confirm the successful encapsulation of
PW;, and the formation of PPy in PW;,@MIL-101(Cr)/PPy-MIP.

The surface area and porosity of the synthesized MIP materials
play crucial roles in determining the sensing performance of
the electrochemical sensor. These properties were evaluated
by nitrogen adsorption-desorption measurements, and the
corresponding isotherms and fitting results are presented in
Figure S10 and Table S1, respectively. The Brunauer-Emmett-
Teller (BET) surface area and pore volume of MIL-101(Cr) were
calculated to be 3223.59m* g~' and 1.82cm® g™, respectively,
which are consistent with previously reported values [51, 52].
After the incorporation of PW,,, the BET surface area and pore
volume of PW,,@MIL-101(Cr) decreased to 1695.63 m? g™ and
0.73cm® g, respectively. Moreover, the PW,,@MIL-101(Cr)/
PPy-MIP composite still exhibited a relatively high BET surface
area (1748.62m” g~') and pore volume (0.74 cm® g™*), with both
values remaining comparable to those of PW,;,@MIL-101(Cr)
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despite being slightly higher. This can be attributed to the partial
leaching of PW;, from the larger cages of MIL-101(Cr), which
increased the surface area and pore volume of PW,,@MIL-
101(Cr), whereas the imprinted polypyrrole did not completely
hinder pore accessibility. In contrast, the NIP material exhibited
significantly lower surface area and pore volume values of
44379 m* g~' and 0.19cm® g™, indicating that dense nonim-
printed PPy covered the surface of PW;,@MIL-101(Cr) and
blocked a substantial fraction of the accessible pores.

The fabricated electrode was characterized at each stage using an
optical microscope, SEM, and a 3D optical profilometer to verify
the success of each step, as shown in Figure 2. The dimensions of
the three-electrode configuration were defined by the laser-
ablated Au pattern, featuring a WE diameter of 1000 and a
100 pm gap between the WE and the CE/RE. The bright metallic
luster and a compact continuous nanoparticle film with particle
sizes of 30-50 nm were observed for the printed Ag. EDX result
(inset in the SEM image) confirmed the high purity of the Ag
deposition. According to the 3D surface morphology, the printed
Ag formed a uniform layer with an average thickness of
approximately 1.25 pm. After chlorination with the bleach, the
Ag surface lost its metallic luster and darkened due to the
formation of the AgCl layer. This transformation was accompa-
nied by an increase in particle size to over 200 nm and a thickness
growth to approximately 1.5 pm. EDX verified the presence of the
Cl element, with an Ag:Cl atomic ratio of 61.23%:38.77%,
demonstrating the successful construction of the Ag/AgCl

100 pm

Modified WE

g-RE. Microscopy analyses verified uniform deposition of
PW;,@MIL-101(Cr)/PPy-MIP on the surface of WE.

2.3 | Electrochemical Properties of the MIP
Sensor

Cyclic voltammetry (CV), a widely used potential sweep
technique for investigating the redox behavior of molecules,
was then performed to evaluate the electrochemical properties
of the fabricated sensors. Measurements were conducted in
1M KCI (pH 1.0), since the PW, is highly stable under acidic
conditions, and the autoxidation of DA can be suppressed in
an acidic environment [53, 54]. According to the CV curve of
the bare Au electrodes recorded in the presence of DA (Figure
S1la), the oxidation (anodic peak) of DA occurs at 0.63 V versus
Ag/AgCl, with a corresponding reduction peak (cathodic peak)
located at 0.29V versus Ag/AgCl during the reverse scan.
Theoretically, a reversible electrochemical redox reaction with
rapid electron transfer reveals symmetrical anodic and cathodic
peaks, with a peak-to-peak separation (AE,,) of 59/n mV, where n
is the number of electrons involved in the reaction [55, 56].
However, DA-O-quinone is prone to side reactions, such as
intramolecular cyclization, which prevents complete reversibility
[54]. As a result, only a portion of the DA-O-quinone can be
reduced back to DA, leading to a decreased current of the
cathodic peak and an increased AE, [55]. Under these condi-
tions, the anodic peak current was selected for further statistical

150 300
Distance (um)

FIGURE 2 | Optical microscope images (left), SEM images with corresponding EDX spectra (middle), and 3D surface morphology images with
height profiles along the indicated arrow (right) of the three-electrode systems at each fabrication stage. Scale bar: 500 pm for microscope images;
200 nm for SEM images of Ag and Ag/AgCl q-RE; 1 pm for SEM image of modified WE.
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analysis. However, a small peak at 0.64V versus Ag/AgCl was
observed for the Au electrodes in KCl solution in the absence
of DA, which is attributed to the intrinsic response of the electro-
des and also observed for the other modified electrodes.
Therefore, the background curve of each electrode was recorded
prior to DA detection and subtracted from the corresponding CV
curve obtained with the same electrode in the presence of DA to
eliminate background interference for subsequent data analysis.
Figure S11b-g represents the CV curves of the modified electro-
des in the absence and presence of DA, and Figure 3a compares
the electrochemical responses of 200 pM DA at electrodes
modified with different MIP/NIP materials (a comprehensive
comparison of all investigated modified electrodes is provided
in Figure S11h). Functionalization with PW;,@MIL-101(Cr)/
PPy-MIP resulted in an enhanced anodic peak current compared
to the bare Au electrode. In contrast, electrodes modified with
MIL-101(Cr), PW,,@MIL-101(Cr), and MIL-101(Cr)/PPy-MIP
had relatively weaker electrochemical responses toward DA.
These results highlight the synergistic effect among PWi,,
MIL-101(Cr), and PPy in improving the electrochemical
detection performance for DA. The PW,@MIL-101(Cr)/PPy
NIP introduced a higher non-Faradaic current, likely due to
the denser PPy network. The anodic peak current after
background subtraction (I,,, with I,,” denoting the current before
subtraction) and AE, were calculated and are plotted in
Figure 3b. Among the tested modified electrodes, the
PW;,@MIL-101(Cr)/PPy-MIP-based electrode demonstrated
good electrochemical performance, showing the highest I,
and the smallest AE, The decreased AE, value of the
PW;,@MIL-101(Cr)/PPy-MIP electrode indicates that the
PW;,@MIL-101(Cr)/PPy-MIP composite effectively facilitated
the electrochemical oxidation of DA and enhanced the charge
transfer rate. Moreover, upon extending the potential window
toward a more negative direction, a significant pair of redox
peaks, consisting of an anodic peak at 0.07V versus Ag/AgCl
and a cathodic peak at —0.24V versus Ag/AgCl, appeared in
the CV curve of the PW,@MIL-101(Cr)/PPy-MIP electrode in
the absence of DA (Figure S11i). These peaks are likely attributed
to the one-electron redox process of PW,, suggesting that PW,
is electrochemically active under the measurement conditions
[57, 58]:

(PW1,04)* + e« (PW5040)*

The AE, of PW;, was calculated to be 310 mV, suggesting a
quasi-reversible process. Such behavior is generally associated
with sluggish electron-transfer kinetics and/or uncompensated
iR drop, which can be affected by electrolyte concentration
and composition, scan rate, and electrode interface properties
[59-61].

2.4 | Optimization of Experimental Parameters

Since the electrochemical behavior of DA is pH-dependent, I,
and AE, may vary with changes in pH [62]. Additionally, the
electrochemical properties of PW,, are also influenced by the
pH [58]. In the pH range of 2.0-7.0, PW, tends to decompose
into its lacunary form, PW;;, which exhibits distinct electro-
chemical characteristics [53]. Therefore, the effect of pH on
the electrochemical response of PW;,@MIL-101(Cr)/PPy-MIP
sensor toward DA was explored, and the results are presented
in Figure 4a,b. In the pH range of 1.0-3.0, the sensors displayed
similar I, values, with a slight increase in AE,, observed as the
pH increased. Meanwhile, the anodic peak potential (E,) shifted
negatively, suggesting the involvement of protons in the
electrode reaction [63]. However, as the pH increased further
to 4.0-6.0, the CV curves became asymmetrical, indicating a loss
of electrochemical reversibility. This irreversible behavior of the
DA redox reaction at higher pH may result from the enhanced
kinetics of DA autoxidation and the intramolecular cyclization of
DA-O-quinone [54]. Therefore, the pH 1.0 KCI solution was
employed in subsequent analytical experiments. Although the
current operating pH remains far from the physiological
conditions, the hydrolysis of PW;, to PWy; in aqueous solution
is influenced not only by pH, but also by the concentration and
the composition of the buffer, both of which can facilitate the
stabilization of PW, at a relatively higher pH [64]. Hence, the
operational pH range could be modestly extended in future
studies through careful optimization of the buffer concentration
and buffer composition. In addition, various POMs exhibit higher
pH tolerance, such as [V3010]>~ and [V,0;5]°", making them
promising alternatives for applications under neutral pH condi-
tions [65].

The monomer-to-template ratio in the MIP matrix influences the
MIP structure, its affinity for template molecules, and the

(a) Au (b)| o4l Au 2: PW,@MIL-101(Cr)/PPy-MIP L1o
1.04 MIL-101(Cr)/PPy-MIP 3: PW ,@MIL-101(Cr)/PPy-NIP  4: MIL-101(Cr)/PPy-MIP
———PW,,@MIL-101(Cr)/PPy-NIP 5: MIL-101(Cr) ~ 6: PW ,@MIL-101(Cr)  7: PPy
——PW ,@MIL-101(Cr)/PPy-MIP 0.8 F0.8
0.5 o
- ——AE,
2 S— 2 S
S 2 e
— 0.0 & Z
=0.5
-1.0 T T

E,e (V vs. Ag/AgCl)

0.0 0.2 0.4 0.6 0.8

Materials

FIGURE3 | (a)CVs of electrodes incorporating different components in 1 M KCI (pH 1.0) containing 200 uM DA at the scan rate of 50 mV s™*. MIP:
molecularly imprinted polymer; NIP: nonimprinted polymer, (b) Comparison of I, and AE, for electrodes modified with different materials.
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FIGURE 4 | (a) CVs of the PW,@MIL-101(Cr)/PPy-MIP electrochemical sensor in 1 M KCI at various pH values. Scan rate: 50 mV s DA

concentration: 200 uM, (b) Corresponding I,

and AE, extracted from (a), (c) CV curves of the PW;,@MIL-101(Cr)/PPy-MIP electrochemical sensor

in 1M KCI (pH 1.0) with DA concentrations ranging from 200 to 800 pM. Scan rate: 50 mV s™", (d) Corresponding calibration plot of I, versus Cpa

for (c).

number of active imprinted cavities available for analyte binding,
thereby affecting the electrochemical performance [66]. The I,,
values for 200 pM DA on modified sensors with monomer-to-
template mole ratios of 4:1, 3:1, and 2:1 are shown in Figure
S12a. The highest I, occurred at the 4:1 ratio. At high DA
concentrations during polymerization, the pyrrole monomer
cannot efficiently react with DA molecules in solution, resulting
in a portion of monomers failing to form a stable polymer.
Meanwhile, excess free DA may interfere with polymerization,
causing disorder within the polymer matrix structure
and consequently influencing electron transfer efficiency.
Therefore, a monomer-to-template mole ratio of 4:1 was selected.

The morphology of the modification layer on the WE,
determined by the quality of the printing process, plays a critical
role in the electrochemical properties of the system [56].
Accordingly, the electrochemical responses toward DA were
evaluated on MIP sensors with different printed PW,,@MIL-
101(Cr)/PPy-MIP layers on the WE. The I,, values for 200
pM DA reached the maximum when two layers of the
PW,@MIL-101(Cr)/PPy-MIP composite were printed (Figure
S12b), while further increases in layer number led to a decline
in Ip,, likely due to excessive thickness and surface roughness
from multilayer printing hindering the electron transfer
efficiency.

2.5 | Performance of the MIP Sensor for DA
Detection

Under an optimized pH environment, the determination of DA
was performed using a PW;,@MIL-101(Cr)/PPy-MIP electro-
chemical sensor in 1 M KCl. The CV responses for the determi-
nation of DA over a concentration range of 200-800 pM and the
calibration plots are depicted in Figure 4c,d, respectively. At all
tested concentrations, the shape of the CV curves and the E,,, and
cathodic peak potentials (E,.) remained unchanged, while the
anodic and cathodic peak currents increased proportionally with
the DA concentration. The calibration plot of I,, versus DA
concentration exhibits a good linear relationship, described by
the regression equation I,, (pA)=0.003C (uM) + 0.03409, with
a correlation coefficient (R?) of 0.9972. The limit of detection
(LOD) and limits of quantification (LOQ) for DA were calculated
as 59.03 and 178.87 pM, respectively, according to the calibration
plot. The comparison of the sensing performance of the
PW;,@MIL-101(Cr)/PPy-MIP sensor with other reported compos-
ite-based DA sensors is presented in Table S2. Although the
PW;,@MIL-101(Cr)/PPy-MIP electrochemical sensor currently
lacks sufficient sensitivity to directly detect DA in biological
samples at physiological concentrations (0.01-1 pM) [67], this
limitation, which arises not only from the material or electrode
modification itself but also from the electrode configuration,
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measurement parameters, and experimental conditions [56, 68],
can be overcome through appropriate enhancements in
electrode design. Nevertheless, the sensor displays a strong
linear response at higher concentrations, indicating the
potential of the PW;,@MIL-101(Cr)/PPy-MIP composite for
electrochemical detection of DA in biofluids when combined
with appropriate sample pretreatments, such as preconcentra-
tion or resuspension of lyophilized samples.

Additionally, CVs were recorded in the 1 M KCI (pH 1.0) solution
containing 200 pM DA using the PW;,@MIL-101(Cr)/PPy-MIP
sensor at various scan rates (Figure S13a). The I,,, increased line-
arly with scan rate, accompanied by a slight positive shift in the
Epa. A strong linear relationship was observed (Figure S13b) with
R? of 0.9921, demonstrating that the electron transfer process of
DA at the PW,;,@MIL-101(Cr)/PPy-MIP sensor was controlled by
surface adsorption [69]. Hence, the possible sensing mechanism
of the PW{,@MIL-101(Cr)/PPy-MIP can be proposed as follows
(illustrated in Figure 5): DA molecules were adsorbed and
enriched within the PPy matrix through interactions with the
specific binding cavities, where the redox reaction of DA
occurred. PPy enhanced the conductivity of the composite and
facilitated electron transfer. Meanwhile, the large surface area
and porous structure of MIL-101(Cr) allowed electrolyte ions
to penetrate the framework and form an electrochemical double
layer in favor of charge transport. The charge acceptance and
donation processes occurred with PWj, confined within the
framework via the transformation of W (W*" < W°"). Despite
the limited transfer kinetics, this process nevertheless promoted
charge transfer throughout the MOF, as evidenced by the
comparison of the electrochemical properties of MIL-101(Cr)/
PPy-MIP and PW,@MIL-101(Cr)/PPy-MIP shown in Figure 3b.

2.6 | Selectivity of the MIP Sensor
Ascorbic acid (AA) and uric acid (UA) are two common electro-

active interferents that coexist with DA in biological fluids.
Their presence greatly complicates the electrochemical

PPy MIP

5% MIL-101(Cr)

- % o,

FIGURE 5 | Schematic illustration of the possible mechanism for the
DA detection using PW;,@MIL-101(Cr)/PPy-MIP sensor.

detection of DA, particularly since AA is typically present at
higher concentrations and undergoes oxidation at a potential
similar to that of DA [70]. Glucose (Glu) is also considered
a potential interferent in DA detection because it coexists with
DA in blood and can be electrochemically detected. Therefore,
the selectivity of the prepared PW;,@MIL-101(Cr)/PPy-MIP
sensors was evaluated toward DA, AA, UA, and Glu at the same
concentration (200 pM). Figure 6a reveals that the NIP sensors
failed to distinguish between DA and AA as their anodic peaks
were nearly overlapping and their I,,” were similar. Within the
measured potential range, AA produced a response exclusively
at the E,,, while UA and Glu generated no measurable
signals in either anodic or cathodic regions. However, for
the PW ,@MIL-101(Cr)/PPy-MIP sensor (Figure 6b), the
current response toward DA exceeded that of AA, whereas
AA exhibited a slightly higher Ep, than DA. Notably, similar
to the NIP sensor, no significant signals were observed for
UA and Glu. The imprinting factor, defined as the ratio of ana-
lyte binding on the MIP to the NIP ((signal of MIP)/(signal of
NIP)), is commonly used to evaluate imprinting efficiency and
is expected to be greater than one for successful imprinting
[71]. In this work, the imprinting factor ((I,a of MIP)/(I,, of
NIP), the specific values are shown in Table S3) for
PW,,@MIL-101(Cr)/PPy-MIP was calculated to be 2.56, indi-
cating a specific recognition ability of the synthesized material
toward the DA.

The effects of varying the monomer-to-template mole ratios or
number of printed MIP layers on sensor selectivity were also
evaluated, as illustrated in Figure 6¢. The responses of the four
analytes were recorded at 0.63 V versus Ag/AgCl, correspond-
ing to the Ep, of DA. The selectivity of DA on the PW;,@MIL-
101(Cr)/PPy-MIP sensor varied with changes in the properties
and thickness of the modifier on the WE, while these factors
had minimal impact on responses to AA, UA, and Glu. With a
monomer-to-template ratio of 4:1 and two layers of material
deposited on the WE, the MIP sensor displayed optimal
selectivity, with responses to AA, UA, and Glu accounting
for only 25.07%, 12.14%, and 5.56% of the response to DA,
respectively, highlighting the potential of the PW;,@MIL-
101(Cr)/PPy-MIP to enhance the selectivity of electrochemical
DA detection. The partial responses toward AA and UA suggest
that the selectivity of the current PW;,@MIL-101(Cr)/PPy-MIP
system remains governed by a combination of imprinting-
specific recognition and residual nonspecific electrochemical
contributions, and further optimization of the imprinting
process and fabrication quality is therefore expected to
improve the discrimination between the target and
interferents.

2.7 | Stability, Regeneration Ability, and
Reproducibility of the MIP Sensor

The stability, regeneration ability, and reproducibility of an
electrochemical sensor are critical parameters for its practical
analytical applications. To investigate the short-term stability
of the PW,,@MIL-101(Cr)/PPy-MIP sensor, CV measurements
were performed under 200 pM DA in 1M KCl (pH 1.0) over
50 consecutive scan cycles. Since electrochemical systems
typically do not reach equilibrium immediately during the initial
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scan, the results presented begin from the second scan cycle
(Figure 7a,b). The CV curves remained consistent in shape
throughout the scanning process, demonstrating stable electro-
chemical behavior of the sensor. As the number of scan
cycles increased, the anodic peak current showed a slight
decrease, while the cathodic peak current increased
correspondingly. Specifically, I,,” decreased by only 8.05%
within the first ten cycles and then stabilized in the subsequent
cycles. In addition, the AE, stayed unchanged during the
entire measurement. These observations confirm that the
PW,@MIL-101(Cr)/PPy-MIP sensor possessed satisfactory
stability during the measurement. Furthermore, the MIP
sensor can be regenerated by removing the template molecules
through successive washing with isopropanol and water,
allowing it to be reused for another determination. As shown
in Figure 7c,d, after exposure to a high concentration of
DA (800 pM) over six rebinding-removal cycles using a single
sensor, no significant change in the current responses to DA
was observed, indicating that the PW,,@MIL-101(Cr)/PPy-
MIP sensor retains its functionality and can be reused
effectively for at least six regeneration cycles. Figure S14 shows
the morphology of PW;,@MIL-101(Cr)/PPy-MIP on the WE
after the stability and regeneration test, with no obvious
morphological changes observed compared to the pristine
sensor (Figure 2). This result further confirms the structural
stability of the synthesized hybrid material, as well as the func-
tional stability and regeneration capability of the fabricated
sensors. In addition to stability and regeneration ability, the
reliability of printed sensors is also closely associated with
their reproducibility. To assess this parameter, CV responses
to DA in 1 M KCI1 (pH 1.0) solution were recorded using seven
PW,@MIL-101(Cr)/PPy-MIP sensors that were fabricated
independently under identical experimental conditions. All
MIP sensors demonstrated similar electrochemical behavior,
with consistent I,, and AE, (Figure 7e,f). The mean I,,, value
of seven MIP sensors was 0.66 pA, with a relative standard
deviation of 4.09%, confirming that the fabricated MIP sensor
has excellent reproducibility.

3 | Conclusion

In summary, a sensitive and selective electrochemical sensor for
DA detection was fabricated using a PW;,@MIL-101(Cr)/PPy-
MIP hybrid-modified three-electrode system. The PW,@MIL-
101(Cr)/PPy-MIP sensor exhibited good recognition capacity for
DA, along with excellent stability, regeneration ability, and
reproducibility, and showed a linear relationship between DA
concentration and current response in CV with a LOD of 59.03
pM. The good discrimination ability of the MIP sensor toward
DA was proven by its capability to distinguish DA from AA, UA,
and Glu. These findings highlight the synergistic advantages
of POMs, MOFs, and MIPs in electrochemical sensing and
the potential of the fabricated MIP sensor for DA measurement.
Future work will focus on fabricating various POM@MOF/MIP
hybrid materials with higher sensitivity and selectivity, as
well as optimizing sensor configurations, both of which are
expected to improve the performance of electrochemical
Sensors.

4 | Experimental Section
4.1 | Reagents and Chemicals

Sodium tungstate dihydrate (Na,WO,2H,0, >99%), disodium
hydrogen phosphate dihydrate (Na,HPO,-2H,O, >99%),
chromium nitrate nonahydrate (Cr(NO3);-9H,O, 99%), 1,
4-benzenedicarboxylate (BDC, 98%), NaOH (>98%), pyrrole
(98%), DA hydrochloride (>98%), UA (>99%), AA (>99%), Glu
(299.5%), iron(III) chloride hexahydrate (FeCls;-6H,0, >98%),
commercial available silver nanoparticle ink (Sigma-Aldrich,
particle <50nm, 30-35 wt% in triethylene glycol monoethyl
ether), DMSO (>99.9%), KCl (99%), and HCl (37%) were
purchased from Sigma-Aldrich (Germany). Ethanol (99.98%)
was obtained from VWR (Germany). Distilled water was
produced in the laboratory using an Arium Pro system
(Sartorius, Germany).

4.2 | Synthesis of H;[PW;,0,0] (PW1,)

PW,, was obtained according to the reported procedure [72].
Generally, 6.48g (19.64 mmol) Na,WO,2H,0 and 1.04g
(5.84 mmol) Na,HPO42H,0 were dissolved in 10 mL boiling
water with stirring to get a clear solution. Subsequently,
5.2 mL of HCI solution was added dropwise to the above solution
under stirring, leading to a white precipitate. After cooling the
suspension in an ice bath, the white precipitate was collected
by filtration and quickly washed with cold water to remove
residual impurities.

4.3 | Synthesis of PW;,@MIL-101(Cr)

PW,,@MIL-101(Cr) was prepared using the one-pot method
following the published protocol in Ref. [47] with slight modifi-
cations [47]. Thus, a dispersion containing 5g (12.5 mmol)
Cr(NO3);-9H,0, 2.08 g (12.5mmol) BDC, and 3 g (1.04 mmol)
PW,, was prepared in 60 mL of distilled water with stirring,
followed by the addition of 1M NaOH solution to adjust the
pH to 3.0. The mixture was sealed in a Teflon-lined autoclave
(100 mL) and kept at 180 °C for 24 h. The resulting green product
was thoroughly washed with ethanol and water. The synthesis
process of MIL-101(Cr) was the same as the aforementioned
method, but without the addition of PW;, and pH adjustment.

4.4 | Synthesis of PW;,@MIL-101(Cr)/PPy
Composite

The PW,,@MIL-101(Cr)/PPy-MIP composite was prepared by
mixing 0.1 mL pyrrole, 68.33 mg DA, and 100 mg as-synthesized
PW;,@MIL-101(Cr) in 30 mL of 1 M HCl solution under vigorous
stirring with a stirring bar (800-1000 rpm), subsequently adding
FeCl;/HCI (0.4 g/5mL) solution dropwise. The black product
formed gradually from the suspension, which was kept at 8 °C
overnight to ensure the complete polymer formation after 2h
of stirring. The final solid was washed with distilled water
and ethanol until all the DA templates in the polymer network
were removed. The PW;,@MIL-101(Cr)/PPy NIP was synthe-
sized using the same procedure but without the addition of DA.
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4.5 | Electrode Fabrication

The base gold three-electrode structure was laser ablated
on a gold-coated glass slide (gold thickness: 100 nm, Sigma-
Aldrich) using a TruMicro 5000 ps laser (Trumpf, Germany)
and, afterward, cleaned with chloroform, ethanol, and water with
30 min of sonication for each solvent. The silver nanoparticle ink
was patterned on the electrode surface by capillary printing in an
NLP 2000 system (Nanoink, USA) equipped with a glass
capillary. The glass capillary was prepared with a fine tip using
a pipette puller, and the tip was cut to obtain an opening
diameter of 100-200 pm. The capillary tip was then immersed
in the ink, allowing the ink to be drawn into the tip via the
capillary effect. Upon contact with the substrate, the ink was
transferred from the tip, resulting in the deposition of the Ag
nanoparticles. The obtained Ag layer was exposed to bleach
for 1min to form the Ag/AgCl RE. Subsequently, the WE
was modified via capillary printing with the PW;,@MIL-
101(Cr)/PPy hybrid material, which was dispersed in water
(4 mg mL™") containing 10% DMSO. Finally, the conducting lines
were covered with electrical insulating tape, and the sensors
were rinsed with water and stored in a dark condition until
further use.

4.6 | Characterization

PXRD analyses were carried out on a D8 Advance X-ray
diffractometer (Bruker, USA) using a Cu Ka radiation
source (1=1.54056 A). FT-IR spectra were recorded with a
NicoletTM iS50 spectrometer (Thermo Scientific, USA)
equipped with an ATR accessory. SEM images were acquired
with a Leo Gemini 1530 scanning electron microscope (Carl
Zeiss, Germany) operated at 5kV after coating the samples
with a 10.3nm layer of gold using a 108 auto sputter
coater (Cressington, UK). STEM images were acquired using
a HAADF detector (Fischione, USA) on a Themis-300
(Thermofisher Scientific, USA) transmission electron
microscope, equipped with a probe aberration corrector and
Super-X EDX detector. The powder specimens were directly
dispersed on lacy carbon-coated Au TEM grids, and the micro-
scope was operated at an accelerating voltage of 300 kV. STEM
EDX spectrum imaging was acquired, and maps of the relevant
elements were extracted using Velox software (Thermofisher
Scientific, USA). 3D surface morphology was analyzed using
a Profilm3D optical profilometer (Filmetrics, USA) employing
white-light interferometry (WLI), and optical microscope
images were captured with an Eclipse 80i upright microscope
(Nikon, Japan). Cyclic voltammograms were recorded in 1 M
KCI solution over a potential range of 0 to 0.7V under opti-
mized conditions (pH 1.0, scan rate 50 mV s~ ') using a
VMP3 Multichannel Potentiostat (Biologic, France). The XPS
measurements were carried out with a photoelectron spectrom-
eter (Thermo VG Scientific, USA). Monochromatic Al-K,
X-rays were used for the measurements (Al K, hv =
1486.6 eV). The basic pressure of the measuring chamber is
typically approx. 2 x 107 mbar. The N, adsorption—desorption
isotherms at 77K were measured on a 3Flex adsorption
analyzer (Micromeritics, USA) after the samples were degassed
overnight at 100 °C.

Acknowledgments

This work was partly carried out with the support of the Karlsruhe Nano
Micro Facility (KNMFi, www.knmfkit.edu), a Helmholtz Research
Infrastructure at Karlsruhe Institute of Technology (KIT, www.kit.
edu). W.W. acknowledges support by the China Scholarship Council
fellowship (No. 202106240010, CSC, www.csc.edu.cn). M.H., and J.A.-
H. acknowledge funding by the Helmholtz Research Program
Materials System Engineering (MSE). J.A.-H. was funded by the
Deutsche  Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy via the Excellence
Cluster 3D Matter Made to Order (EXC2082/1-390761711).

Open Access funding enabled and organized by Projekt DEAL.

Funding

This study was supported by the China Scholarship Council (No.
202106240010), Helmholtz Research Program Materials System Engineering
(MSE), Deutsche Forschungsgemeinschaft (DFG) (EXC2082/1-390761711).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. F. Bischoff and A. Torres, “Determination of Urine Dopamine,”
Clinical Chemistry 8 (1962): 370-377.

2. A. Bertler and E. Rosengren, “Occurrence and Distribution of
Dopamine in Brain and Other Tissues,” Experientia 15 (1959): 10-11.

3. R. A. Wise, “Dopamine, Learning and Motivation,” Nature Reviews
Neuroscience 5 (2004): 483-494.

4. A. Nieoullon, “Dopamine and the Regulation of Cognition and
Attention,” Progress in Neurobiology 67 (2002): 53-83.

5. C. Bove, L. Anselmi, and R. A. Travagli, “Altered Gastric Tone and
Motility Response to Brain-Stem Dopamine in a Rat Model of
Parkinsonism,” American Journal of Physiology-Gastrointestinal and
Liver Physiology 317 (2019): G1-G7.

6. R. C. Harris and M.-Z. Zhang, “Dopamine, the Kidney, and
Hypertension,” Current Hypertension Reports 14 (2012): 138-143.

7. J. Lotharius and P. Brundin, “Pathogenesis of Parkinson’s Disease:
Dopamine, Vesicles and A-Synuclein,” Nature Reviews Neuroscience 3
(2002): 932-942.

8. M. Asanuma, I. Miyazaki, and N. Ogawa, “Dopamine- or L-DOPA-
Induced Neurotoxicity: The Role of Dopamine Quinone Formation
and Tyrosinase in a Model of Parkinson’s Disease,” Neurotoxicity
Research 5 (2003): 165-176.

9. N. Yoshimura, M. Miyazato, T. Kitta, and S. Yoshikawa, “Central
Nervous Targets for the Treatment of Bladder Dysfunction,”
Neurourology and Urodynamics 33 (2014): 59-66.

10. A. S. Brown and S. Gershon, “Dopamine and Depression,” Journal of
Neural Transmission 91 (1993): 75-109.

11. B. Channer, S. M. Matt, E. A. Nickoloff-Bybel, et al., “Dopamine,
Immunity, and Disease,” Pharmacological Reviews 75 (2023): 62-158.

12. G. E. De Benedetto, D. Fico, A. Pennetta, et al., “A Rapid and Simple
Method for the Determination of 3,4-Dihydroxyphenylacetic Acid,

Small Science, 2026

11 of 13

85UB017 SUOLLILLIOD BAR1D) 3|cedl|dde aus Aq peusenob a1e Sapiie VO ‘SN J0 SaINn1 104 Afeiq1T 8UIUO AB|IAA UO (SUOIPUOD-pUR-SUBYW0D" AB| 1M ARe.q 11BUI|UO//SARY) SUORIPUOD PUe SWIB | 84} 885 *[9202/80/T2] U0 Ariqiaulluo AB|IM ‘ 81B0jouyde L Ind INHsu| JeUnss|ey - ZUIH BeydliN AQ 08E0L 9SWS/Z00T OT/I0p/L0d A8 1M Atelq feul|uo//sdny wou papeojumoq ‘8 ‘9202 ‘9r0r889Z


http://www.knmf.kit.edu
http://www.kit.edu
http://www.kit.edu
http://www.csc.edu.cn

Norepinephrine, Dopamine, and Serotonin in Mouse Brain Homogenate
by HPLC With Fluorimetric Detection,” Journal of Pharmaceutical and
Biomedical Analysis 98 (2014): 266-270.

13. V. Carrera, E. Sabater, E. Vilanova, and M. A. Sogorb, “A Simple and
Rapid HPLC-MS Method for the Simultaneous Determination of
Epinephrine, Norepinephrine, Dopamine and 5-Hydroxytryptamine:
Application to the Secretion of Bovine Chromaffin Cell Cultures,”
Journal of Chromatography B 847 (2007): 88-94.

14. A. Bertazzo, C. V. L. Costa, G. Allegri, D. Favretto, and P. Traldi,
“Application of Matrix-Assisted Laser Desorption/Ionization Mass
Spectrometry to the Detection of Melanins Formed From Dopa and
Dopamine,” Journal of Mass Spectrometry 34 (1999): 922-929.

15. M. E. P. Hows, L. Lacroix, C. Heidbreder, A. J. Organ, and
A. J. Shah, “High-Performance Liquid Chromatography/Tandem Mass
Spectrometric Assay for the Simultaneous Measurement of Dopamine,
Norepinephrine, 5-Hydroxytryptamine and Cocaine in Biological
Samples,” Journal of Neuroscience Methods 138 (2004): 123-132.

16. A. T. Woolley, K. Lao, A. N. Glazer, and R. A. Mathies, “Capillary
Electrophoresis Chips With Integrated Electrochemical Detection,”
Analytical Chemistry 70 (1998): 684-638.

17. Y. Zhao, S. Zhao, J. Huang, and F. Ye, “Quantum Dot-Enhanced
Chemiluminescence Detection for Simultaneous Determination of
Dopamine and Epinephrine by Capillary Electrophoresis,” Talanta 85
(2011): 2650-2654.

18. Y. J. Yang and W. Li, “CTAB Functionalized Graphene
Oxide/Multiwalled Carbon Nanotube Composite Modified Electrode
for the Simultaneous Determination of Ascorbic Acid, Dopamine, Uric
Acid and Nitrite,” Biosensors & Bioelectronics 56 (2014): 300-306.

19. A. Numan, M. M. Shahid, F. S. Omar, K. Ramesh, and S. Ramesh,
“Facile Fabrication of Cobalt Oxide Nanograin-Decorated Reduced
Graphene Oxide Composite as Ultrasensitive Platform for Dopamine
Detection,” Sensors and Actuators B: Chemical 238 (2017): 1043-1051.

20. M. 1. Khan, N. Muhammad, M. Tariq, et al., “Non-Enzymatic
Electrochemical Dopamine Sensing Probe Based on Hexagonal Shape
Zinc-Doped Cobalt Oxide (Zn-Co,0,) Nanostructure,” Microchimica
Acta 189 (2022): 37.

21. M. Bekmezci, H. Ozturk, M. Akin, et al., “Bimetallic Biogenic Pt-Ag
Nanoparticle and Their Application for Electrochemical Dopamine
Sensor,” Biosensors 13 (2023): 531.

22. J. Peng, X. Li, Y. Liu, W. Zhuge, C. Zhang, and Y. Huang,
“Photoelectrochemical Sensor Based on Zinc Phthalocyanine
Semiconducting Polymer Dots for Ultrasensitive Detection of
Dopamine,” Sensors and Actuators B: Chemical 360 (2022): 131619.

23. X. Xi, W. Tang, D. Wu, et al., “All-Carbon Solution-Gated Transistor
With Low Operating Voltages for Highly Selective and Stable Dopamine
Sensing,” ACS Sensors 8 (2023): 1211-1219.

24. S. Chowdhury, A. S. Nugraha, R. O’May, et al, “Bimetallic
Metal-Organic Framework-Derived Porous One-Dimensional Carbon
Materials for Electrochemical Sensing of Dopamine,” Chemical
Engineering Journal 492 (2024): 152124.

25. L. Cui, K. Yu, J. Lv, C. Guo, and B. Zhou, “A 3D POMOF Based on a
{AsW;,} Cluster and a Ag-MOF With Interpenetrating Channels for
Large-Capacity Aqueous Asymmetric Supercapacitors and Highly
Selective Biosensors for the Detection of Hydrogen Peroxide,” Journal
of Materials Chemistry A 8 (2020): 22918-22928.

26. Y. Chen, F. Li, S. Li, L. Zhang, and M. Sun, “A Review of
Application and Prospect for Polyoxometalate-Based Composites in
Electrochemical Sensor,” Inorganic Chemistry Communications 135
(2022): 109084.

27. N. Vila, P. de Oliveira, A. Walcarius, and I. M. Mbomekallé, “pH-
Modulated Ion Transport and Amplified Redox Response of Keggin-

Type Polyoxometalates Through Vertically-Oriented Mesoporous Silica
Nanochannels,” Electrochimica Acta 309 (2019): 209-218.

28. A. Xu, M. Xu, F. Luo, et al, “Realizing High-Performance
Glucose Sensing in Sweat: Synergistic use of Nickel Oxide Nanosheets
as Photoelectrodes and the Masking Effect of Mo-POM for
Photoelectrochemical Detection,” Sensors and Actuators B: Chemical
403 (2024): 135135.

29. B. Ertan, T. Eren, 1. Ermis, H. Saral, N. Atar, and M. L. Yola, “Sensitive
Analysis of Simazine Based on Platinum Nanoparticles on
Polyoxometalate/Multi-Walled Carbon Nanotubes,” Journal of Colloid
and Interface Science 470 (2016): 14-21.

30. D. Zhang, H. Ma, Y. Chen, H. Pang, and Y. Yu, “Amperometric
Detection of Nitrite Based on Dawson-Type Vanodotungstophosphate
and Carbon Nanotubes,” Analytica Chimica Acta 792 (2013): 35-44.

31. L. Zhang, C. Li, F. Li, S. Li, H. Ma, and F. Gu, “A Sensing Platform
Based on Cu-MOF Encapsulated Dawson-Type Polyoxometalate Crystal
Material for Electrochemical Detection of Xanthine,” Microchimica Acta
190 (2023): 24.

32. Y. V. Kaneti, J. Tang, R. R. Salunkhe, et al., “Nanoarchitectured
Design of Porous Materials and Nanocomposites From Metal-Organic
Frameworks,” Advanced Materials 29 (2017): 1604898.

33. C.-H. Shen, Y.-N. Chang, Y.-L. Chen, and C.-W. Kung, “Sulfonate-
Grafted Metal-Organic Framework—a Porous Alternative to Nafion for
Electrochemical Sensors,” ACS Materials Letters 5 (2023): 1938-1943.

34. G. Radha, K. S. Kumar, K. N. Chappanda, and H. Aggarwal, “Zr-NDI
MOF Based Optical and Electrochemical Dual Sensor for Selective
Detection of Dopamine,” The Journal of Physical Chemistry C 127
(2023): 8864-8872.

35.R. M. Stolz, A. F. Kolln, B. C. Rocha, et al., “Epitaxial Self-Assembly of
Interfaces of 2D Metal-Organic Frameworks for Electroanalytical
Detection of Neurotransmitters,” ACS Nano 16 (2022): 13869-13883.

36. T. Zhao, L.-P. Cui, K. Yu, et al, “Porous {P¢Mo0;303}-
Type Poly(oxometalate) Metal-Organic Frameworks for Improved
Pseudocapacitance and Electrochemical Sensing Performance,” ACS
Applied Materials & Interfaces 14 (2022): 30099-30111.

37. W. Zhang, G. Jia, Z. Li, C. Yuan, Y. Bai, and D. Fu, “Selective
Electrochemical Detection of Dopamine on Polyoxometalate-Based
Metal-Organic Framework and Its Composite With Reduced
Graphene Oxide,” Advanced Materials Interfaces 4 (2017): 1601241.

38. W. H. Ho, T.-Y. Chen, K. Otake, et al., “Polyoxometalate Adsorbed in a
Metal-Organic Framework for Electrocatalytic Dopamine Oxidation,”
Chemical Communications 56 (2020): 11763-11766.

39. E. Mazzotta, T. Di Giulio, and C. Malitesta, “Electrochemical Sensing
of Macromolecules Based on Molecularly Imprinted Polymers:
Challenges, Successful Strategies, and Opportunities,” Analytical and
Bioanalytical Chemistry 414 (2022): 5165-5200.

40. W. Zhang, D. Duan, S. Liu, et al., “Metal-Organic Framework-Based
Molecularly Imprinted Polymer as a High Sensitive and Selective Hybrid
for the Determination of Dopamine in Injections and Human Serum
Samples,” Biosensors and Bioelectronics 118 (2018): 129-136.

41. M. Zhong, Y. Teng, S. Pang, L. Yan, and X. Kan, “Pyrrole-
Phenylboronic Acid: A Novel Monomer for Dopamine Recognition
and Detection Based on Imprinted Electrochemical Sensor,” Biosensors
and Bioelectronics 64 (2015): 212-218.

42.T. Qian, C. Yu, X. Zhou, et al., “Ultrasensitive Dopamine Sensor Based
on Novel Molecularly Imprinted Polypyrrole Coated Carbon Nanotubes,”
Biosensors and Bioelectronics 58 (2014): 237-241.

43. T. Li, P. He, Y. Dong, et al., “Polyoxometalate-Based Metal-Organic
Framework/Polypyrrole Composites Toward Enhanced Supercapacitor
Performance,” European Journal of Inorganic Chemistry 2021 (2021):
2063-2069.

12 of 13

Small Science, 2026

85UB017 SUOLLILLIOD BAR1D) 3|cedl|dde aus Aq peusenob a1e Sapiie VO ‘SN J0 SaINn1 104 Afeiq1T 8UIUO AB|IAA UO (SUOIPUOD-pUR-SUBYW0D" AB| 1M ARe.q 11BUI|UO//SARY) SUORIPUOD PUe SWIB | 84} 885 *[9202/80/T2] U0 Ariqiaulluo AB|IM ‘ 81B0jouyde L Ind INHsu| JeUnss|ey - ZUIH BeydliN AQ 08E0L 9SWS/Z00T OT/I0p/L0d A8 1M Atelq feul|uo//sdny wou papeojumoq ‘8 ‘9202 ‘9r0r889Z



44. F. B. Kamal Eddin, and Y. Wing Fen, “Recent Advances in
Electrochemical and Optical Sensing of Dopamine,” Sensors 20 (2020):
1039.

45. M. Sophocleous and J. K. Atkinson, “A Review of Screen-Printed
Silver/Silver Chloride (Ag/AgCl) Reference Electrodes Potentially
Suitable for Environmental Potentiometric Sensors,” Sensors and
Actuators A: Physical 267 (2017): 106-120.

46. E. T. S. G. da Silva, S. Miserere, L. T. Kubota, and A. Merkogi, “Simple
on-Plastic/Paper Inkjet-Printed Solid-State Ag/AgCl Pseudoreference
Electrode,” Analytical Chemistry 86 (2014): 10531-10534.

47. X. Lai, Y. Liu, G. Yang, et al., “Controllable Proton-Conducting
Pathways via Situating Polyoxometalates in Targeting Pores of a
Metal-Organic Framework,” Journal of Materials Chemistry A 5
(2017): 9611-9617.

48. L. Bromberg, Y. Diao, H. Wu, S. A. Speakman, and
T. A. Hatton, “Chromium(III) Terephthalate Metal-Organic
Framework (MIL-101): HF-Free Synthesis, Structure, Polyoxometalate
Composites, and Catalytic Properties,” Chemistry of Materials 24
(2012): 1664-1675.

49. Y.-Y. Chen, Y. Zhang, W.-J. Jiang, et al.,, “Pomegranate-Like N,
P-Doped Mo,C@C Nanospheres as Highly Active Electrocatalysts for
Alkaline Hydrogen Evolution,” ACS Nano 10 (2016): 8851-8860.

50. H.-N. Wang, M. Zhang, A.-M. Zhang, et al., “Polyoxometalate-Based
Metal-Organic Frameworks With Conductive Polypyrrole for
Supercapacitors,” ACS Applied Materials & Interfaces 10 (2018):
32265-32270.

51. G. Férey, C. Mellot-Draznieks, C. Serre, et al., “A Chromium
Terephthalate-Based Solid With Unusually Large Pore Volumes and
Surface Area,” Science 309 (2005): 2040-2042.

52. P. B. S. Rallapalli, M. C. Raj, S. Senthilkumar, R. S. Somani, and
H. C. Bajaj, “HF-Free Synthesis of MIL-101(Cr) and Its Hydrogen
Adsorption Studies,” Environmental Progress & Sustainable Energy 35
(2016): 461-468.

53. R. 1. Maksimovskaya and G. M. Maksimov, “*'P NMR Studies of
Hydrolytic Conversions of 12-Tungstophosphoric Heteropolyacid,”
Coordination Chemistry Reviews 385 (2019): 81-99.

54. N. Umek, B. Gersak, N. Vintar, M. Sostari¢, and J. Mavri, “Dopamine
Autoxidation Is Controlled by Acidic pH,” Frontiers in Molecular
Neuroscience 11 (2018): 467.

55. N. Elgrishi, K. J. Rountree, B. D. McCarthy, E. S. Rountree,
T. T. Eisenhart, and J. L. Dempsey, “A Practical Beginner’s Guide to
Cyclic Voltammetry,” Journal of Chemical Education 95 (2018): 197-206.

56. C. W. Foster, Screen-Printing Electrochemical Architectures (Springer
International Publishing AG, 2016).

57. S.-M. Wang, Y. Kim, B. Kim, M. Han, and E. Kim, “Ultrathin
Polyoxometalate Coating as the Redox Shuttle for Acid-Free
Electrochromic Polymer Capacitive Windows,” Advanced Functional
Materials 29 (2019): 1806590.

58. M. Sadakane and E. Steckhan, “Electrochemical Properties of
Polyoxometalates as Electrocatalysts,” Chemical Reviews 98 (1998):
219-238.

59. M. A. Rahman, S.-X. Guo, M. Laurans, et al., “Thermodynamics,
Electrode Kinetics, and Mechanistic Nuances Associated With the
Voltammetric Reduction of Dissolved [n-BuyN|,[PW;;056{Sn(CsH,)
C=C(C¢Hy)(N3C4Hyp)}] and a  Surface-Confined  Diazonium
Derivative,” ACS Applied Energy Materials 3 (2020): 3991-4006.

60. M. Dagar, A. De, Z. Lu, E. M. Matson, and A. E. Thorarinsdottir,
“Implications of Charge and Heteroatom Dopants on the
Thermodynamics and Kinetics of Redox Reactions in Keggin-Type
Polyoxometalates,” ACS Materials Au 5 (2025): 200-210.

61.J.-J.J. Chen and M. A. Barteau, “Electrochemical Properties of Keggin-
Structure Polyoxometalates in Acetonitrile: Effects of Countercation,
Heteroatom, and Framework Metal Exchange,” Industrial & Engineering
Chemistry Research 55 (2016): 9857-9864.

62. S. Schindler and T. Bechtold, “Mechanistic Insights Into the
Electrochemical Oxidation of Dopamine by Cyclic Voltammetry,”
Journal of Electroanalytical Chemistry 836 (2019): 94-101.

63. Q. Huang, H. Zhang, S. Hu, et al., “A Sensitive and Reliable Dopamine
Biosensor Was Developed Based on the Au@carbon Dots—-Chitosan
Composite Film,” Biosensors and Bioelectronics 52 (2014): 277-2380.

64. M. Zdrnja, N. 1. Gumerova, and A. Rompel, “Exploring
Polyoxometalate Speciation: The Interplay of Concentration, Ionic
Strength, and Buffer Composition,” Frontiers in Chemical Biology 3
(2024): 1444359.

65. N. I. Gumerova and A. Rompel, “Polyoxometalates in Solution:
Speciation Under Spotlight,” Chemical Society Reviews 49 (2020): 7568
7601.

66. C. R. Rawool and A. K. Srivastava, “A Dual Template Imprinted
Polymer Modified Electrochemical Sensor Based on Cu Metal Organic
Framework/Mesoporous Carbon for Highly Sensitive and Selective
Recognition of Rifampicin and Isoniazid,” Sensors and Actuators B:
Chemical 288 (2019): 493-506.

67. X. Liu and J. Liu, “Biosensors and Sensors for Dopamine Detection,”
VIEW 2 (2021): 20200102.

68. M. J. Whittingham, N. J. Hurst, R. D. Crapnell, et al., “Electrochemical
Improvements Can Be Realized via Shortening the Length of Screen-
Printed Electrochemical Platforms,” Analytical Chemistry 93 (2021):
16481-16488.

69. S.-M. Wang, W.-Y. Su, and S.-H. Cheng, “A Simultaneous and
Sensitive Determination of Hydroquinone and Catechol at Anodically
Pretreated Screen-Printed Carbon Electrodes,” International Journal of
Electrochemical Science 5 (2010): 1649-1664.

70. L. Zhang and X. Lin, “Electrochemical Behavior of a Covalently
Modified Glassy Carbon Electrode With Aspartic Acid and Its Use for
Voltammetric Differentiation of Dopamine and Ascorbic Acid,”
Analytical and Bioanalytical Chemistry 382 (2005): 1669-1677.

71. T. Curk, J. Dobnikar, and D. Frenkel, “Rational Design of Molecularly
Imprinted Polymers,” Soft Matter 12 (2016): 35-44.

72.J. A. Dias, S. C. L. Dias, E. Caliman, J. Bartis, and L. Francesconi, in
Inorganic Syntheses (John Wiley & Sons, Ltd., 2014), 210-217.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Small Science, 2026

13 of 13

85UB017 SUOLLILLIOD BAR1D) 3|cedl|dde aus Aq peusenob a1e Sapiie VO ‘SN J0 SaINn1 104 Afeiq1T 8UIUO AB|IAA UO (SUOIPUOD-pUR-SUBYW0D" AB| 1M ARe.q 11BUI|UO//SARY) SUORIPUOD PUe SWIB | 84} 885 *[9202/80/T2] U0 Ariqiaulluo AB|IM ‘ 81B0jouyde L Ind INHsu| JeUnss|ey - ZUIH BeydliN AQ 08E0L 9SWS/Z00T OT/I0p/L0d A8 1M Atelq feul|uo//sdny wou papeojumoq ‘8 ‘9202 ‘9r0r889Z



	Polyoxometalate@Metal-Organic Framework-Based Imprinted Electrochemical Sensor for Dopamine Detection
	1. Introduction
	2. Results and Discussion
	2.1. Design of Material and Sensor Architecture
	2.2. Material Characterization and Sensor Morphology
	2.3. Electrochemical Properties of the MIP Sensor
	2.4. Optimization of Experimental Parameters
	2.5. Performance of the MIP Sensor for DA Detection
	2.6. Selectivity of the MIP Sensor
	2.7. Stability, Regeneration Ability, and Reproducibility of the MIP Sensor

	3. Conclusion
	4. Experimental Section
	4.1. Reagents and Chemicals
	4.2. Synthesis of H3[PW12O40] (PW12)
	4.3. Synthesis of PW12@MIL-101(Cr)
	4.4. Synthesis of PW12@MIL-101(Cr)/PPy Composite
	4.5. Electrode Fabrication
	4.6. Characterization



