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Abstract

The Zr-based metal-organic framework (NH2-UiO-66(Zr))/graphene oxide (GO) nanocom-
posite was synthesized via a simple approach and used as a voltammetric sensing
platform. By integrating NH>-UiO-66 (Zr) with GO, the resulting nanocomposite exhibits
superior sensor performance due to synergistic effects. The sensor was fabricated using a
straightforward drop-casting method, where a suspension of NH2-UiO-66 (Zr)/GO was
applied to a screen-printed carbon electrode (NH»-UiO-66 (Zr)/GO/SPCE). The NH,-UiO-66
(Zr)/GO/SPCE sensor was then employed to determine dopamine (DA) using differential
pulse voltammetry (DPV). The NH>-UiO-66 (Zr)/GO/SPCE sensor demonstrated a linear
response to DA over a concentration range of 0.001 to 800.0 uM, with a high sensitivity
of 0.1002 uA uM. Using the DPV method, a limit of detection (LOD) of 0.5 nM was
achieved. It was further employed as a sensing platform for the simultaneous detection of
DA and serotonin (STN). The DA and STN peak separation were 245 mV. The NH,-UiO-66
(Zr)/GO/SPCE sensor was successfully used to analyse DA and STN in a human urine
sample, achieving satisfactory recovery rates of 97.8 to 104.2 %.
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Introduction

As an essential neurotransmitter in the catecholamine family, dopamine (DA) is ubiquitously
present throughout the brains of mammals. Its chemical structure is defined as 4-(2-aminoethyl)
benzene-1,2-diol. DAis indispensable for the proper operation of several physiological systems, such
as the central nervous, cardiovascular, hormonal and renal systems. Significant deviations from
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normal DA levels, however, are recognized as a contributing factor in disorders like Parkinson's
disease, Tourette's syndrome, schizophrenia, and the development of pituitary tumours. Conse-
guently, quantifying DA concentrations in biological samples provides critical diagnostic insights for
numerous pathologies, making it a central focus of contemporary biological investigation [1-3].
Serotonin (5-hydroxytryptamine) (STN), also known as 5-HT, is a monoamine neurotransmitter with
a widespread presence in the brain. It exerts a considerable influence on a diverse array of
pharmacological, physiological, and biological functions, including endocrine control, liver regenera-
tion, muscle contraction, thermoregulation, and mood disorders such as depression [4-6]. Research
has established that the DA and STN engage in reciprocal regulation, with each influencing the
release of the other. Hence, the development of techniques for the simultaneous determination of
DA and STN is of paramount importance, given their common presence and functional overlap in
biological systems [7]. Numerous analytical techniques have been employed for the quantification
of DA and STN, including chromatography [8], mass spectrometry [9], electrophoresis [10], fluori-
metry and chemiluminescence-based assays [12,13]. Electrochemical techniques have emerged as
a practical alternative for detecting redox-active species such as DA and STN, overcoming the
common drawbacks of other methods. Namely, their high cost, prolonged analysis time, and large
sample requirements [14].

Electrochemical techniques offer several distinct advantages, including high selectivity and
sensitivity, straightforward miniaturization, low operational cost, and simplified sample preparation
and handling. Due to their notable advantages, electrochemical sensors are the focus of extensive
research aimed at advancing their use in fields such as food safety, medical diagnostics, and environ-
mental monitoring [15-22]. The standard architecture of an electrochemical sensor is a three-
electrode system, which can be readily fabricated on a chosen substrate using techniques such as
patterning and printing. Screen-printed electrodes (SPEs) are planar instruments fabricated by
sequentially printing layers of specialized ink onto a plastic, ceramic, or glass substrate. A variety of
inks have been employed in electrode fabrication, particularly those based on carbon or noble
metals, such as Ag, Au, and Pt. The principal advantages of these systems are their low cost,
portability, operational simplicity, and reliable, compact design, which have led to their widespread
adoption in biomedical, environmental, and analytical chemistry applications [23-28].

Bare electrodes are generally unsuitable for electrochemical detection, particularly for
simultaneous analysis of DA and STN. Their limitations include susceptibility to surface fouling by
molecules, poor sensitivity and selectivity in the presence of interferents, and the overlapping
oxidation potentials of DA and STN, which prevent their resolution [29-31]. To circumvent these
problems, one promising solution is the development and application of chemically modified
electrodes. Modifying the electrode with various materials can dramatically enhance detection
performance. Effective modifier materials are essential for significantly enhancing the selectivity
and sensitivity of the electrochemical analysis. Therefore, the strategic design of these materials to
possess high conductivity, a wealth of active sites, and a large surface area is crucial for maximizing
this effect [32-35].

Considerable research interest has been focused on nanomaterials as advanced modifiers for
chemically modified electrodes. Nanomaterials exhibit distinctive physicochemical, structural, and
electrical properties due to their nanoscale size, which is distinct from that of bulk materials. This
has established them as a prominent subject of study across multiple scientific disciplines [36-42].
Metal-organic frameworks (MOFs) represent a new class of crystalline and porous materials,
synthesized by linking molecular building blocks of both metallic (metal clusters) and organic (ligand)
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origin. These materials are attracting significant interest due to their permanent porosity, flexible
structure, and greater surface area compared to other traditional porous materials, such as silica,
zeolites, and activated carbon. Furthermore, the chemical landscape within these porous materials
can be precisely engineered, allowing properties like polarity, functionality, and reactivity to be
tailored in ways that are unattainable with conventional aluminosilicate zeolites. This remarkable
versatility, with potential uses spanning from gas storage and separation to catalysis and pharma-
ceutical engineering, has positioned MOFs at the forefront of scientific inquiry [43-49]. MOFs have
attracted significant attention in electrocatalysis, particularly for sensing platforms. This is largely
due to their outstanding properties, including exceptionally large surface areas, tuneable pore
architectures, and customizable surface chemistry. Specifically, a high density of accessible metal-
active sites provides them with superior electrocatalytic performance. Furthermore, their extensive
surface area and well-defined porous networks facilitate rapid and efficient transport of both
analyte molecules and electrons. In recent studies, NH,-UiO-66, a prominent member of the MOF
family, has shown exceptional promise for electrochemical sensing platforms [50-53]. The utility of
NH,-UiO-66 in electrochemical sensors, however, is hampered by its limited electrical conductivity.
A promising route to overcome this challenge lies in combining the MOF with conductive compo-
nents, thereby effectively improving electron-transfer kinetics and boosting sensing efficacy [54,55].
Among these, carbon nanomaterials such as graphene and carbon nanotubes are considered an
ideal combination for constructing MOF composites. This preference stems from their straight-
forward synthesis, exceptional conductivity, and cost-effectiveness. The discovery of graphene, the
first 2D material, introduced a substance with unparalleled versatility. Its single-layer sheets exhibit
exceptional characteristics, such as ultra-high charge carrier mobility, superior electrical and
thermal conductivity, optical transparency, and remarkable mechanical strength. Capitalizing on this
unique profile, graphene derivatives like graphene oxide (GO) and reduced graphene oxide (rGO)
have been extensively developed for use in sensing platforms [56-60].

In this research, an NH>-UiO-66 (Zr)/GO nanocomposite was synthesized to create a highly
effective modifier for a screen-printed carbon electrode (SPCE). The resulting modified electrode
served as a sensitive analytical platform for the simultaneous detection of DA and STN. Due to the
electrocatalytic activity of NH,-UiO-66 (Zr)/GO nanocomposite, the created electrode (NH>-UiO-66
(Zzr)/GO/SPCE) demonstrated high sensitivity for DA oxidation. Cyclic voltammetry (CV) was
employed to investigate the electrochemical behaviour of DA at the surface of both the modified
and bare electrodes. Voltammetric analysis revealed a substantially enhanced oxidation peak
current for DA at the NH»-Ui0-66 (Zr)/GO/SPCE compared to the unmodified SPCE. The NH,-UiO-66
(Zr)/GO/SPCE sensor displayed good sensitivity (0.1002 pA/uM), linear concentration range (0.001
to 800.0 uM) and good LOD (0.5 nM) for DA. Furthermore, the NH,-UiO-66 (Zr)/GO/SPCE platform
enabled significant peak separation, enabling simultaneous detection of DA and STN. The practical
use of the NH,-UiO-66 (Zr)/GO/SPCE sensor was successfully demonstrated by detecting DA and STN
in a human urine sample, with highly satisfactory recovery rates.

Experimental

Chemicals and apparatus

All chemical reagents were obtained at the highest available commercial grade and used without
further purification. All electrochemical investigations were conducted using a PGSTAT302N
(Metrohm, The Netherlands). All experiments utilized disposable screen-printed carbon electrodes
(SPCEs - model DRP-110) sourced from Metrohm-DropSens (Spain).
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The NH;-Ui0-66 (Zr)/GO nanocomposite was synthesized as described in our previous work [61],
and its FE-SEM image is shown in Figure 1.

Figure 1. FE-SEM image of NH,-UiO-66 (Zr)/GO nanocomposite

Modification of SPCE with UiO-66-NH, MOF/GO nanocomposite

The NH»-Ui0-66 (Zr)/GO/SPCE was fabricated by first preparing a homogeneous suspension of
0.5 mg NH>-UiO-66 (Zr)/GO nanocomposite in deionized water (1.0 mL) via 40 min of sonication. A
4.0 ul aliguot of this suspension was then drop-cast onto the SPCE surface and dried overnight at
ambient temperature.

Results and discussion

Electrochemical behaviour of DA at the NH»-UiO-66 (Zr)/GO/SPCE and other sensing platforms

The influence of PBS pH on the electrochemical response of DA was analysed by differential pulse
voltammetry (DPV) across a range of pHs (2.0 to 9.0) at NH»-UiO-66 (Zr)/GO/SPCE. The oxidation
peak current of DA increased with pH, reaching a maximum at pH 7.0. Based on these results, a PBS
at pH 7.0 was employed for all further experiments.

We performed CV experiments to study the capability of bare SPCE, NH,-UiO-66 (Zr)/SPCE,
GO/SPCE, and NH»-Ui0-66 (Zr)/GO/SPCE in PBS (0.1 M, pH 7.0) containing 100.0 pM DA with a scan
rate of 50 mV s*. As demonstrated in Figure 2, the electrochemical response of the bare SPCE to
100.0 uM DA revealed weak redox peaks, characterized by a peak potential separation (AE,) of 100
mV. The NH»-Ui0-66 (Zr)/SPCE demonstrated an /o enhancement of 11.5 pA and an /pc of -3.68 pA.
Furthermore, the GO/SPCE electrode exhibited higher redox peak currents than both the bare SPCE
and the NH;-UiO-66 (Zr)/SPCE platforms, demonstrating the high electrical conductivity and
superior electrochemical performance of GO. The NH;-UiO-66 (Zr)/GO/SPCE exhibits well-defined
redox peaks with a AE, of 70 mV and a significant increase in the redox peak currents compared to
the other SPCEs. These results indicate a positive influence of the modification of SPCE with the NH»-
Ui0-66 (Zr)/GO nanocomposite.
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Figure 2. CV responses of bare SPCE, NH,-UiO-66 (Zr)/SPCE, GO/SPCE, and NH»-UiO-66 (Zr)/GO/SPCE to DA
(100.0 uM) in PBS (0.1 M, pH 7.0) (scan rate = 50 mV s)

Influence of scan rate

To investigate the reaction kinetics, CV was employed to examine the effect of scan rate (v) on the
redox processes of DA at the NH,-UiO-66 (Zr)/GO/SPCE, varying the scan rates from 10 to 300 mV s As
shown in Figure 3, the anodic and cathodic peak currents (/pa and Ipc) increase with the scan rate. Con-
currently, a shift in peak potentials is observed. The inset in Figure 3 demonstrates that the redox peak
currents exhibit a linear dependence on v /2, Suitable linear relationships were obtained, with the
regression equations /o = 1.8999 /2 - 1.9868 (R? = 0.9998) and /yc = -1.083 v¥/2 + 2.5168 (R? = 0.9992),
respectively. This indicates that the oxidation of DA at the NH,-UiO-66 (Zr)/GO/SPCE is diffusion-
controlled.
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Figure 3. CV responses of NH»-UiO-66 (Zr)/GO/SPCE to 100.0 uM DA in PBS (0.1 M, pH 7.0) at different scan
rates from 10 to 300 mV s™. Inset: plots of peak currents (1, and lpc) vs. v¥?
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Chronoamperometric studies

The chronoamperometric analysis was also employed for the DA study at various concentrations,
ranging from 0.1 to 1.6 mM, using NH,-UiO-66 (Zr)/GO/SPCE in PBS (0.1 M, pH 7.0) (Figure 4). The
analysis was conducted using a constant potential of 230 mV at the NH,-UiO-66 (Zr)/GO/SPCE (as the
working electrode). Under these mass-transport-controlled conditions, the chronoamperometric cur-
rent for an electro-active species with a diffusion coefficient (D) is defined via the Cottrell Equation (1):

| = nFACDY 2 Y/2¢:1/2 (1)
where D/ cm?stis the diffusion coefficient, A/ cm?is the electroactive surface area of the electrode
and C/ mol cm3 is the bulk concentration of the analyte. The chronoamperometric current values
were plotted against t"/2 for diverse DA concentrations (Figure 4A). The slopes of the resulting linear
fits were then plotted against the corresponding DA concentrations, as shown in Figure 4B. Using
the slope from this latter plot in conjunction with the Cottrell equation, the average diffusion
coefficient (D) for DA was calculated to be 3.6x10° cm? sL.
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Figure 4. Chronoamperometric responses of NH,-UiO-66 (Zr)/GO/SPCE to DA at different concentrations from
0.1to 1.6 mM in PBS (0.1 M, pH 7.0). Linear dependence of | on t*/? (Inset A) and linear dependence of the
slope of the linear fits on DA concentration (Inset B)

Quantitative measurements of dopamine at NH»-UiO-66 (Zr)/GO/SPCE sensor using differential pulse
voltammetry

The DPV was utilized to evaluate the sensitivity of the NH,-UiO-66 (Zr)/GO/SPCE sensor by
determining the linear detection range and LOD for DA. The DPV response for DA was recorded in 0.1
M PBS (pH 7.0), showing that the Iy, increased over a range of concentrations (Figure 5). The results
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indicate that the Iy, increases linearly with DA concentration from 0.001 to 800.0 uM. As shown in the
inset of Figure 5, the calibration curve exhibits a strong linear relationship, described by the regression

equation /s = 0.1002Cpa + 0.9212 (R? = 0.9999). Also, LOD was calculated to be 0.5 nM.
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Figure 5. DPV responses of NH,-UiO-66 (Zr)/GO/SPCE to DA at different concentrations from 0.001 to
800.0 uM in PBS (0.1 M, pH 7.0). Inset: calibration plot of the l,. response vs. DA concentration

Simultaneous determination of dopamine and serotonin at NH»-UiO-66 (Zr)/GO /SPCE sensor

To further illustrate the sensor's capability for simultaneous analysis, the concentrations of DA and
STN were varied in a mixed solution, and the corresponding electrooxidation responses were
monitored. Using DPV under optimal conditions, the NH,-UiO-66 (Zr)/GO/SPCE sensor was used to
simultaneously determine DA and STN in PBS (0.1 M, pH 7.0) (Figure 6).
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Figure 6. DPV responses of NH-UiO-66 (Zr)/GO/SPCE to various concentrations of DA (from 0.1 to 800.0 uM)
and STN (from 0.1 to 800.0 uM) in PBS (0.1 M, pH 7.0). Insets: (A) calibration plots of |, response vs. DA
concentration and (B) |p,q response vs. STN concentration
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As shown in Figure 6, well-resolved peaks for DA and STN were observed, and the peak currents
for each analyte exhibited a linear dependence on its concentration (Figure 6, Insets A and B). The
sensitivity for DA determination in the presence of STN was determined to be 0.0995 pA/uM. This
value closely matches the sensitivity measured in pure DA solutions (0.1002 pA uM1, see Figure 5),
confirming the method's selectivity.

Application of the NH»-UiO-66 (Zr)/GO/SPCE platform for dopamine analysis in real sample

To evaluate the validity and reliability of the NH,-UiO-66 (Zr)/GO/SPCE sensor in applicable
applications, the determination of DA and STN in a human urine sample was achieved via DPV. To
ensure accurate quantification in these matrices, the standard-addition method was used to
determine DA and STN. Analytical results for DA and STN determination in the urine sample are
provided in Table 1. As summarized in Table 1, the recovery rates for DA and STN ranged from 97.8 to
104.2 %, with associated relative standard deviations (RSDs) between 1.8 and 3.6 %. Therefore, the
obtained recovery and RSD values confirm that the NH,-UiO-66 (Zr)/GO/SPCE sensor is both accurate
and precise, demonstrating its strong potential for the determination of DA and STN in real samples.

Table 1. Analysis of urine sample for DA and STN determination by NH,-UiO-66 (Zr)/SPCE sensing platform (n = 5)

Sample Added concentration, uM Found concentration, uM Recovery, % RSD, %

DA STN DA STN DA STN DA STN
0 0 - - - - - -
Human 5.0 4.0 4.9 4.1 98.0 102.5 3.6 1.8
urine 7.0 6.0 7.3 5.9 104.2 98.3 1.9 3.0
9.0 8.0 8.8 8.3 97.8 103.7 2.4 2.3
11.0 10.0 11.1 10.1 100.9 101.0 2.7 2.8
Conclusion

In summary, this research presents a readily fabricated voltammetric sensor utilizing an NH-UiO-
66 (Zr)/GO nanocomposite to modify a SPCE. The composite material synergistically combines the
tunable porosity and excellent surface area of the NH,-UiO-66 (Zr) MOF with the superior conductivity
of GO, creating an electrocatalytic platform that enhances electron transfer and provides abundant
active sites. The developed sensor demonstrated excellent performance for the detection of DA, exhi-
biting a wide linear detection range, a low LOD, and good sensitivity. The NH,-UiO-66 (Zr)/GO/SPCE
platform provided well-separated, well-defined voltammetric peaks for the oxidation of DA and STN,
demonstrating its excellent suitability for simultaneous detection and practical sensing. Its practical
use was successfully validated by accurate analysis of human urine, with satisfactory recovery rates,
confirming its potential for reliable use in complex real-world matrices.
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