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The accurate and expeditious detection of minute biomolecules within human body fluids holds 
paramount significance in the advancement of novel electrode materials. In this research, a 
novel non-enzyme electrochemical sensor was constructed. It was founded on Au@Ni-MOF 
(Ni(CH3CO2)2) hybrids, with Ni(II) (nickel acetate) serving as the precursor. Specifically, [Ni3(BTC)2]n 
(H3BTC = 1,3,5-trimesic acid) featuring coordinatively unsaturated Ni(II) sites and decorated with gold 
nanoparticles was synthesized via an in-situ growth methodology. The Au@Ni-MOF hybrids exhibit 
outstanding electrochemical and electrocatalytic characteristics, attributable to the meticulous 
assembly of AuNPs and Ni-MOF. The Au@Ni-MOF (Ni(CH3CO2)2)/SPCE was fabricated onto the surface 
of the screen-printed electrode (SPCE). Subsequently, its electrochemical performance was probed for 
the discrete and concurrent quantification of dopamine (DA) and uric acid (UA) in 0.01 M phosphate-
buffered saline through differential pulse voltammetry (DPV) and electrochemical impedance 
spectroscopy (EIS). Notably, the cathodic peak current manifested a linear correlation with the DA 
and UA concentrations across an extensive range, spanning from 0.1 µM to 2 mM for DA and from 
0.5 µM to 1.5 mM for UA, respectively. This sensor is applicable in non-enzyme sensing of DA and UA. 
Additionally, the adsorption energy and bond length of the 2D structures of Ni-MOF and Au@Ni-
MOF (Ni(CH3CO2)2) were ascertained via DFT simulations, thereby affording valuable insights into the 
interaction mechanisms between biomolecules and the surfaces of these 2D structures.
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Crucial small biomolecules, namely dopamine (DA) and uric acid (UA), play essential roles in life processes and 
are integral to human metabolism1. These molecules are commonly found together in the extracellular fluid of 
the central nervous system and serum, where they hold significant physiological importance1–3. Among these 
small biomolecules, DA is an important neurotransmitter substance that controls the central nervous system, 
and cardiovascular, renal, and hormonal functions, which is also greatly relevant to addiction to smoking or 
drugs and in Parkinson’s disease4–6. UA is an end product of purine metabolism, and it is excreted from human 
biological fluids via urine, feces, and sweat7,8. However, the changes in the concentration of UA in the above-
mentioned fluids can cause various diseases and disorders, such as gouty nephropathy, gout arthritis, anemia, 
and hyperuricemia9,10. Hence, it is very important to rapidly develop a good method for the individual and 
simultaneous determination of DA and UA in the fields of nerve physiology, making diagnoses, and controlling 
medicine.

In the past few decades, the studies and employment of nanoparticles have attracted tremendous attention 
from more and more researchers11. Among them, metal-organic framework (MOF) particles as crystalline 
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hybrid materials are the most popular candidates, which are made up of metal ions and organic ligands to 
form some different 3D structures12,13. For example, 1,3,5-benzene tricarboxylic acid is commonly known 
as trimesic acid (H3BTC), which is a tridentate ligand that can form different MOFs with different metal salt 
in the same synthetic procedures7. To stimulate more advanced application potential and value of MOF in 
particle state, a great diversity of MOF hybrids has been synthesized by changing the metal or organic sources, 
synthetic conditions, and post-synthetic modification, which are widely used in energy storage devices, catalysts, 
separation, ion conduction, molecular recognition, gas storage, sensing, drug delivery, and others11,14,15. 
Especially, some researchers highlight MOF-based electrochemical sensors for sensitive and selective detection 
of DA and UA in our body fluids due to the advantage of large internal surface area, tunable porosity, structural, 
and functional diversity, and unsaturated metallic sites14–16. In addition, Nickel-based MOFs have been widely 
used in different fields due to their low cost and natural abundance14,17. However, MOFs also had some obvious 
disadvantages, such as poor conductivity, bad adhesion, irregular shape, and easier to aggregate11,15. Therefore, 
it is still a huge challenge to obtain pure MOFs as electrochemical electrodes with excellent high sensitivity 
and extraordinary catalytic properties for the detection of small biomolecules. To solve these drawbacks, some 
scientists are focused on the sensors by using MOF hybrids with nano-sized precious metal nanoparticles (NPs), 
such as Pt, Au, Ag, and so on18,19. Among the more extensively exploited precious metal nanoparticles (NPs), 
gold nanoparticles (AuNPs) have attracted much more special attention as chemical modifiers decorated MOFs 
due to their excellent specific surface area, small pore size, high electrical conductivity, high catalytic activity, 
and catalytic selectivity20–23.

In addition, Density Functional Theory (DFT) simulation is a powerful tool for understanding the electronic 
structure and properties of materials at the atomic level24,25. DFT simulations can be employed to investigate the 
interaction between the Au@Ni-MOF (Ni(CH3CO2)2) and DA/UA molecules, providing valuable insights into 
the underlying mechanisms of the electrochemical detection process.

In this work, one novel one-dimensional nickel (II) with 1,3,5-benzene tricarboxylic acid formed the Ni-MOF 
(Ni(CH3CO2)2) with the precursors of Ni (II), and then using gold nanoparticles (AuNPs) decorated the Ni-
MOF (Ni(CH3CO2)2) composites modified screen-printed electrode were fabricated via a solvothermal method 
by using ultrasonic treatment to get Au@Ni-MOF (Ni(CH3CO2)2) hybrids for the individual and simultaneous 
electrochemical detection of DA and UA. We demonstrated that the current approach can not only obtain the 
regular shape of Ni-MOFs (Ni(CH3CO2)2) with large surface areas but also attach all gold nanoparticles on 
the surface of the complex three-dimensional (3D) frameworks: MOF layer to improve the conductivity and 
enhanced electrocatalytic performance of Au@Ni-MOF (Ni(CH3CO2)2). Moreover, compared with Au@Ni-
MOF (Ni(CH3CO2)2), the as-prepared Au@Ni-MOF (Ni(CH3CO2)2) exhibited better broad linearity, higher 
sensitivity, lower LOD (limit of detection), better selectivity, reproducibility, and long-term stability for the 
detection of DA and UA due to its large specific surface areas, large pore diameter, regular structure, as well as 
a higher content of AuNPs. Therefore, Au@Ni-MOF (Ni(CH3CO2)2) provides an efficient and fast candidate 
material for electrochemical sensors. By integrating experimental data with DFT simulations, a comprehensive 
understanding of the interactions between the nanomaterial and target analytes will be achieved, enabling the 
development of highly sensitive and selective electrochemical sensors for practical applications in healthcare, 
environmental monitoring, and beyond. This work contributes to the advancement of materials science and 
sensor technology, offering innovative solutions for the accurate and efficient detection of neurochemicals and 
biomarkers. Notably, the Ni-MOF material holds great promise in providing cost-effective and sustainable 
alternatives in the field of medical diagnostics, where it can potentially replace expensive and less environmentally 
friendly sensing materials, thereby facilitating more accessible and greener healthcare solutions.

Experimental
Materials
Gold (III) chloride trihydrate (HAuCl4·3H2O), trisodium citrate (Na3C6H5O7), dopamine (DA), and uric 
acid (UA) were purchased from Aldrich, USA. Ethanol (CH3CH2OH2, 95%), N,N-dimethylformamide 
(DMF), Nafion, potassium chloride (KCl), potassium ferricyanide (K3[Fe(CN)6]), and potassium ferricyanide 
(K4[Fe(CN)6]·3H2O) were purchased from Systerm, Malaysia. Phosphate buffer solution (PBS) was prepared with 
a standard stock solution of sodium dihydrogen phosphate monohydrate (NaH2PO4·H2O, 99%) and disodium 
hydrogen phosphate dihydrate (Na2HPO4·2H2O, 99.5%) and adjusted pH value with phosphoric acid (H3PO4) 
and sodium hydroxide (NaOH) which were purchased from Merck, Germany. Nickel (II) acetate tetrahydrate 
(Ni(CH3CO2)2·4H2O), and 1,3,5-trimesic acid (H3BTC) were of analytical grade and were purchased from 
Systerm, Malaysia. Screen-printed electrodes (SPCEs) were purchased from DS Dropsens, Spain. Samples of 
human serum were bought from Aldrich, China. Human urine was taken from a 5-year-old baby. Deionized 
water was used in all the experiments. Unless otherwise specified, all the materials and reagents were used as 
received without conducting any purification process.

Preparation of AuNPs
Preparation of AuNPs via an in-situ method that uses a water bath instead of reflux7. AuNPs were prepared 
by the citrate reduction of HAuCl4. Curtly,100 mL of 1.0 mmol% HAuCl4 was poured into a 250 mL round-
bottomed flask. The mixture was heated in a water bath until boiling. With constant stirring, trisodium citrate 
solution (1.0% w/v in 4.0 mL) was drop-wisely added. The color of the solution changed from pale yellow to 
black and finally to a red wine color within a few minutes, and then the reaction was carried out for 1 h. After 
the final solution was cooled down, the washing process was carried out by centrifugation. Finally, the product 
was stored in the refrigerator.
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Preparation of Au@Ni-MOF (Ni (CH3CO2)2) hybrids
3 mmol Ni (CH3CO2)2·4H2O and 2 mmol H3BTC were dissolved in DMF (90 mL) and deionized water (10 ml) 
mixture with the help of ultrasonication. The blended solution was transferred into a conical flask and stirred 
for 5 min at room temperature. Afterward, the glass bottle was transferred into a bath sonicator and held for 
1 h. Then, the bright green mixture was 3 times washed by DMF to remove extra Ni(II), and then collected by 
centrifugation at 9900 rpm for 15 min, furnishing the bright green product as a residue, which was several times 
washed with chloroform and centrifuged to remove DMF. The product was dried using an oven at 90 °C for 4 h. 
Afterward, the Ni-MOF (Nickel acetate) powder was mixed with AuNPs solution 36 mL (1 mM) in ethanol and 
further stirred for 1 h at room temperature, followed by transfer to the oven. Finally, the green product was dried 
using an oven at 90 °C for 6 h for further characterization. The obtained samples were prepared with different 
volumes of AuNPs solutions labeled as Au@Ni-MOF (Ni(CH3CO2)2) (2.0 mL), Au@Ni-MOF (Ni(CH3CO2)2) 
(12.0 mL), and Au@Ni-MOF (Ni(CH3CO2)2) (36.0 mL), respectively.

Fabrication of Au@Ni-MOF (Ni(CH3CO2)2) hybrids modified SPCE
It is very highly desirable to develop a highly sensitive and facile sensing platform for DA and UA. Therefore, 
Au@Ni-MOF (Ni(CH3CO2)2)/SPCE-modified electrodes were both prepared by a one-step in-situ method 
using nickel acetate salt as the metal precursor, as shown in Fig. 1. Firstly, 1.5 mg Au@Ni-MOF (Ni(CH3CO2)2) 
composites were added to 1.5 mL of ethanol to form solution. Subsequently, this solution was completely 
dispersed using ultrasonication to require a homogeneous solution. Then, for the fabrication of the Au@Ni-
MOF (Ni(CH3CO2)2), 50 µL solution was dispersed and then ultrasonicated for 30 min to obtain a uniform 
suspension: suspension. The SPCE electrode surface was washed in de-ionized water and dried in an N2 
atmosphere before being used. Next, the suspension (5.0 µL) was dropped on the surface of the well-washed SPE 
and cast with Nafion (wt. 5.0%, 2.0 µL), and dried under ambient conditions, repeated this operation 5 times.

Characterization
The morphology of the samples was examined by using a scanning electron microscope (SEM) (Zeiss Supra 55 
VP, Germany) equipped with an energy-dispersive X-ray (EDX) (BRUKER X-FLASH-SDD-5010, Germany) 
accessory. High-resolution transmission electron microscopy (HR-TEM) (Hitachi, HT-7700, Tokyo, Japan) was 
used to characterize the shape and particle size analyses of AuNPs. The measurement of particle size of all the 
materials was obtained via an Image J Version 1.53t 24 August 2022 (USA). X-ray photoemission spectroscopy 
(XPS) was performed with a VGS ESCALAB 210 instrument using monochromatic Mg K X-radiation, which was 
operated in the constant-pass energy mode. The working pressure in the analysis chamber was typically 5 × 10− 10 
Torr. Data analysis was performed by a fitting program using properly mixed Lorentzian–Gaussian functions 
after background subtraction according to the Shirley method. Surface atomic compositions were determined 
using standard XPS cross-sections. The specific surface area was confirmed by the Brunauer-Emmett-Teller 
(BET) method. The crystalline phase and structure of the Au@Ni-MOF (Ni(CH3CO2)2) composite was analyzed 
by using a Philips X’pert system X-ray powder diffractometer with Cu Kα radiation (λ = 1.5418 Å) in the 2θ range 
of 4–80. All the pH measurements were recorded by using a pH meter (Metrohm, model 827).

Fig. 1.  Fabrication procedure of Au@Ni-MOF (Ni(CH3CO2)2)/SPCE composite modified electrode.
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Electrochemical experiments
The electrochemical experiments were conducted by dipping the Au@Ni-MOF (Ni(CH3CO2)2)-modified SPCE 
in real water samples. The modified electrode was scanned in 0.01 M PBS (pH = 6.0), and then in PBS containing 
DA and UA with desired concentrations. Moreover, the detection of DA and UA was performed using linear 
sweep voltammetry in a negative-going scan of 0.2 to 0.6 V. Cyclic voltammetry (CV) and differential pulse 
voltammetry (DPV) were carried out using a potentiostat (Dropsense, mSTAT8000P) while another potentiostat 
(VrsaStat 3-300, Princeton, USA) was used for electrochemical impedance spectroscopy (EIS) studies. The 
electrochemical impedance spectroscopy (EIS) (0.1–100000  Hz) technique was carried out in 5 mmol·L− 1 
[Fe(CN)6]3–/4– solution with an amplitude of 5 mV. All measurements were done at room temperature.

Computational method
DA, UA, two-dimensional Ni-MOF (Ni(CH3CO2)2), and Au@Ni-MOF (Ni(CH3CO2)2) structures were 
generated using ChemDraw software. The three-dimensional representations of DA and UA, along with the 
2 × 2 × 2 supercell models of Ni-MOF (Ni(CH3CO2)2) and Au@Ni-MOF (Ni(CH3CO2)2) were constructed 
utilizing Materials Studio 6.1 software. Furthermore, electronic calculations for assessing the interactions 
between the target analytes and our materials were conducted through density functional theory (DFT), 
employing the general gradient approximation (GGA) within the Perdew-Burke-Ernzerhof (PBE) framework26. 
All calculations were done using a 2 × 2 × 2 k-point mesh and a cutoff energy of 500 eV.

Results and discussion
Characterization of the Au@Ni-MOF (Ni(CH3CO2)2) composites
High-resolution Transmission Electron Microscopy (HR-TEM) images were obtained for the gold nanoparticles 
(AuNPs) synthesized by reducing chloroauric acid with sodium citrate, as shown in Fig. 2A. The resulting AuNPs 
exhibited a polyhedral morphology. Furthermore, the AuNPs were monodispersed and relatively uniform, with 
an average physical diameter of 22.54 ± 5.897 nm measured across 30 particles (inset of Fig. 2A). These results 
indicate that we successfully synthesized monodispersed and sufficiently small AuNPs.

Figure 2B depicts SEM images of Ni-MOF (Ni(CH3CO2)2), revealing a crystal lattice arranged in a layered 
structure, composed of identical building blocks typical of Metal-Organic Frameworks (MOFs). The morphology 
observed through SEM analysis shows a slender, needle-like 3D structure, highlighting the crystalline nature 
and layer-by-layer assembly characteristic of Ni-MOFs. According to previous investigations7,27, certain Ni-
based MOFs exhibit a spherical structure when synthesized using trimesic acid and nickel nitrate hexahydrate. 
This phenomenon suggests that employing the same organic ligands and metal ions but varying the clusters 
coordinated to the organic ligands, can result in the formation of MOF materials with different morphologies. 
In addition, Fig.  2C–E shows SEM images of Au@Ni-MOF (Ni(CH3CO2)2), all of which exhibit the same 
morphologies as Ni-MOF (Ni(CH3CO2)2). Specifically, Fig. 2D shows an enlarged view of the Au@Ni-MOF 
(Ni(CH3CO2)2) structure, where it can be observed that small-sized AuNPs are deposited on the surface of the 
Au@Ni-MOF (Ni(CH3CO2)2) composite.

The corresponding energy dispersive spectrometer (EDS) mapping results are presented in Fig.  2F,G, 
demonstrating that the elements oxygen (O), carbon (C), nickel (Ni), and gold (Au) are evenly distributed 
throughout the as-prepared material. This uniform distribution indicates a homogeneous composition of the 
Au@Ni-MOF (Ni(CH3CO2)2) composite, ensuring consistent properties and performance across the material11. 
Furthermore, Fig.  2H presents the Energy Dispersive X-ray (EDX) spectrum, illustrating the elemental 
composition of the Au@Ni-MOF (Ni(CH3CO2)2) composite. The accompanying table of weight percentages for 
the four elements, shown in Fig. 2I, reveals the presence of carbon (C) at 31.42%, oxygen (O) at 40.79%, nickel 
(Ni) at 26.77%, and gold (Au) at 0.69%. This analysis confirms the successful incorporation of a small amount of 
AuNPs on the surface of the Ni-MOF (Ni(CH3CO2)2) composite.

X-ray powder diffraction (XRD) was further employed to investigate the structure of the Ni-MOF 
(Ni(CH3CO2)2) and Au@Ni-MOF (Ni(CH3CO2)2) composites. As shown in Fig. 3A, the XRD patterns of both 
Ni-based MOF powders exhibit sharp peaks consistent with previous reports7,27. Compared with pure Ni-MOF 
(Ni(CH3CO2)2), the XRD peaks of Au@Ni-MOF (Ni(CH3CO2)2) exhibit a similar pattern, with the notable 
addition of an extra peak at 2θ = 38.2° corresponding to AuNPs28. This additional peak aligns well with the 
characteristic peaks of AuNPs observed in our analysis. These results confirm the successful formation of the 
Ni-based MOF structure. The specific surface area was determined using the single-point Brunauer-Emmett-
Teller (BET) method, with results displayed in Fig. 3B and Table S1. Both Ni-MOF (Ni(CH3CO2)2) and Au@Ni-
MOF (Ni(CH3CO2)2) samples exhibited type (IV) isotherms, indicative of a microporous structure consistent 
with prior literature29. The BET analysis revealed that the BET surface area of Au@Ni-MOF (10.0816 m²/g) was 
lower than that of Ni-MOF (12.7379 m2/g), suggesting that the incorporation of AuNPs affected the overall 
surface area of the composite. Additionally, pore size distributions were calculated from nitrogen sorption data 
using the Barrett Joyner Halenda (BJH) method, as summarized in Table S1. The results indicate a reduction in 
porosity for the Au@Ni-MOF (Ni(CH3CO2)2) composite compared to Ni-MOF (Ni(CH3CO2)2), as evidenced 
by a smaller volume in the BJH desorption branch and a decrease in pore size. This reduction suggests that the 
presence of AuNPs alters the pore characteristics of the composite material.

The XPS survey spectrum presented in Fig. 4 serves to corroborate the elemental composition, specifically 
confirming the presence of carbon (C), oxygen (O), nickel (Ni), and gold (Au) constituents. In the C 1s region, 
as illustrated in Fig. 4A, the observed peak at 285.2 eV aligns with the anticipated C–C reference value30,31. The 
peak at 286.6 eV was associated with aryl carbon from the benzene ring (C–O–C), while the peak at 287.4 eV 
corresponds to the carboxylate carbon in O–C = O, respectively31,32. Turning attention to the O 1s region in 
Fig. 4B, the XPS spectrum exhibits three dominant peaks at 530.8 eV, 532.5 eV, and 534.0 eV, signifying Ni-O, 
carboxylate groups of the organic linkers, and C–O-H functionalities30,31,33,34. Figure 4C offers insight into the 
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XPS spectrum in the Ni 2p region, where the binding energies at around 854.0 eV and 855.7 eV are attributed to 
Ni 2p3/2 and its satellite peaks. The binding peaks at approximately 861.2 eV and 871.5 eV are assigned to Ni 2p1/2 
and its satellite peaks, respectively31,34. Besides, Fig. 4D provides evidence of the presence of metallic gold (Au) 
in the Au/Ni-MOF compound30,32. Two distinct peaks at 87.5 eV (Au 4f5/2) and 84.0 eV (Au 4f7/2) are consistent 
with the binding energy of Au 4f35–37. Therefore, it indicated that the expected Au@Ni-MOF (Ni(CH3CO2)2) 
had been acquired.

Electrochemical behaviors of the Au@Ni-MOF (Ni(CH3CO2)2)-modified electrodes
The CV method was used for the current response of different electrodes under the optimal conditions of 
0.1 mol·L− 1 KCl and 5.0 mmol·L− 1 K3[Fe (CN)6] solution at a scan rate of 50 mV·s− 1 and a potential window 
between − 0.2 and + 0.6 V. The CV currents can clearly show the response on every electrode’s surface at each 
stage. Three redox peaks can be observed in Fig. S1A and compared with bare SPCE, Ni-MOF (Ni(CH3CO2)2), 
and Au@Ni-MOF (Ni(CH3CO2)2), which can be observed that the Au@Ni-MOF (Ni(CH3CO2)2) (curve c) was 
higher than that of other electrodes (curves a and b). The possible reason is that the single layer of Au@Ni-
MOF (Ni(CH3CO2)2) formed on the electrode surface can accelerate the electron transport channel and perform 
the highest electrocatalytic performance and the MOFs act as a medium enhancing the ferricyanide ions 
approaching the electrode surface. Additionally, another useful and powerful tool is electrochemical impedance 
spectroscopy (EIS), which is used to study the dynamics of electron transfer and electrical conductivity on 

Fig. 2.  (A) HR-TEM image of the AuNPs (inset: average size and size distribution of the AuNPs), SEM images 
of (B) Ni-MOF (Ni(CH3CO2)2), (C–E) Au@Ni-MOF (Ni(CH3CO2)2), (F,G) the corresponding EDS elemental 
mapping, and (H) EDX spectrum of Au@Ni-MOF (Ni(CH3CO2)2) with the table of weight% (I) for the 
element present in the composite materials.

 

Scientific Reports |         2025 15:8686 5| https://doi.org/10.1038/s41598-025-89797-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 4.  XPS spectra of Au@Ni-MOF (Ni(CH3CO2)2) in the (A) C 1s regions, (B) O 1s regions, (C) Ni 2p 
regions, and (D) Au regions.

 

Fig. 3.  (A) XRD patterns of Ni-MOF (Ni(CH3CO2)2) and Au@Ni-MOF (Ni(CH3CO2)2) and (B) N2 
adsorption/desorption isotherms of Ni-MOF (Ni(CH3CO2)2) and Au@Ni-MOF (Ni(CH3CO2)2).
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the surface of electrode materials. Therefore, Fig. S1B displays the EIS spectrum of the bare SPCE, Ni-MOF 
(Ni(CH3CO2)2)/SPCE, and Au@Ni-MOF (Ni(CH3CO2)2)/SPCE. The equivalent circuit model is made up of 
solution resistance Rs, charge transfer resistance Rct, constant phase element (CPE) associated with the double-
layer capacitance, and Warburgs impedance Zw38. The relationship between the slope of Nyquist plots and 
charge transfer resistance (Rct) was evident39. It was very hardly observed that the semicircle of Ni-MOF/SPCE 
and Au@Ni-MOF (Ni(CH3CO2)2)/SPCE had a much lower diameter than that of bare SPCE, suggesting that 
these MOFs possess a faster charge transfer rate and the lowest electric resistance. This could be due to the good 
conductive coat of Ni-based MOFs. Moreover, the Nyquist plot of the Au@Ni-MOF (Ni(CH3CO2)2) modified 
electrode displayed a more pronounced slope in the low-frequency region than the pristine Ni-based MOF 
electrode and the unmodified bare SPCE. This observation signifies an accelerated diffusion-controlled mass 
transfer in the Au@Ni-MOF (Ni(CH3CO2)2)-modified electrode.

Furthermore, the main objective of this work is to design a green synthetic method, based on the use of trimeric 
acid (H3BTC) as the organic linker source and combined with the precursor of Ni salt. It was observed that our 
Ni-MOF (Ni(CH3CO2)2) could be easily synthesized at room temperature, indicating that our synthesized Ni-
MOF (Ni(CH3CO2)2) had different morphology, catalytic performance, and binding energy, as shown in Fig. 1. 
H3BTC ligand could deprotonate and release protons as H+ and BTC3-, which could decrease the pH value of the 
solution and nickel acetate could provide the metal cation and acetate ion in an aqueous solution40. Acetate ions 
were easily combined with H+ at low temperatures by ultrasonic method to carry out some chemical reactions 
to connect Ni2+ and BTC3- to obtain Ni-based MOF: Ni3(BTC)2

40. Therefore, the suggested synthesis of the 
mechanism and principle of Ni-MOF(Ni(CH3CO2)2) was described as shown in Fig. S241. To the best of our 
knowledge, it was reported that some MOF structures existed in unsaturated metal centers (open metal sites), 
which could act as Lewis’s acid sites and play important roles in catalytic reactions42,43. The MOF materials 
that have more open metal sites, will have a better catalytic performance43. Therefore, Ni-MOF (Ni(CH3CO2)2) 
materials will present excellent catalytic performance, which can be obtained from the following electrochemical 
experiments.

Subsequently, to find a suitable optimum ratio between metals (Au and Ni) for the best electrochemical 
sensor performance, the electrochemical behaviors of the Au@Ni-MOF (Ni(CH3CO2)2)/SPCE modified 
electrodes were investigated by CVs and DPV measurements under the conditions of 0.1 mol·L−1 KCl and 1.0 
mmol·L−1 K3[Fe (CN)6] solution at a scan rate of 50 mV s−1 and a potential window between − 0.2 and + 0.6 V. As 
shown in Fig. S3, 50 µM DA and UA were added in 0.01 M phosphate buffer solution (PBS, pH 6.0). An obvious 
phenomenon is that the anodic peak for Au@Ni-MOF (Ni(CH3CO2)2)/SPCE (0.36 mM of AuNPs) (curve d) 
was higher than that of the Ni-MOF (Ni(CH3CO2)2)/SPCE, Au@Ni-MOF (Ni(CH3CO2)2)/SPCE (0.02 mM of 
AuNPs), and Au@Ni-MOF (Ni(CH3CO2)2)/SPCE (0.12 mM of AuNPs) (curve a, b, c respectively). Therefore, 
with the increase of Au nanoparticles, the anodic peak was getting higher and higher for different Au@Ni-
MOF (Ni(CH3CO2)2)/SPCE electrodes. In addition, AuNPs are small in size and MOF materials have a strong 
adsorption capacity, so it is easier to incorporate small AuNPs inside the MOF. The high conductivity of the 
AuNPs to reach the surface of the material to act as an electron transmission channel further improved the 
conductivity of the Au@Ni-MOF (Ni(CH3CO2)2) film. As a result, the Au@Ni-MOF (Ni(CH3CO2)2) (0.12 mM 
of AuNPs) and Au@Ni-MOF (Ni(CH3CO2)2) (0.36mM of AuNPs) catalysts were both shown to possess high 
electrocatalytic performance due to their high density of active sites. However, adding too many AuNPs will 
cause the composites to be too heavy and easy to fall off from the SPCE, and also easy to aggregate. Therefore, the 
Au@Ni-MOF (Ni(CH3CO2)2)/SPCE (0.12 mM of AuNPs) was the most suitable electrochemical sensor for the 
simultaneous detection of DA and UA. The following experiments will all use the Au@Ni-MOF (Ni(CH3CO2)2) 
(0.12 mM of AuNPs) composites to be modified SPCE.

Effect of scan rate and pH
Relevant electrode reaction kinetics between the electrochemical reaction response (oxidation peak current: 
I, µA) and the square root of the various potential scan rates (v1/2, mV s− 1) of DA and UA are studied through 
conducting CV tests. It can be observed that the measured anodic peak current increases significantly in the 
presence of DA (Fig. 5A,C) was positive shift with the increasing scan rate (from 10 to 400 mV s− 1) than UA 
(Fig.  5B, D), suggesting the electron transfers and reaction rate of DA on the surface of the Au@Ni-MOF 
(Ni(CH3CO2)2)/SPCE was better than UA. In addition, the correlation was linear with the regression equation 
of Ip.a.(DA) = 1.339x − 6.283 (R2 = 0.9887), Ipc(DA) = − 1.240x + 5.692 (R2 = 0.9928), and Ip.a.(UA) = 1.354x − 5.493 
(R2 = 0.9932) and Ipc(UA) = − 1.167x + 5.889 (R2 = 0.9947), suggesting two adsorption-controlled processes or 
electron transfer occurred on Au@Ni-MOF (Ni(CH3CO2)2)/SPCE (Fig. 5B,D, respectively). Additionally, the 
amalgamation of the substantial surface area inherent to Ni-based MOFs and the heightened conductivity of 
AuNPs, characterized by synergistic effects, conferred advantageous attributes for the adsorption of diminutive 
biomolecules onto the electrode’s surface. Furthermore, the electrooxidation of DA and UA at the Au@Ni-MOF 
(Ni(CH3CO2)2) electrode resulted in a more efficient electron transfer process. This efficacy can be attributed 
to the electrode’s enhanced electrochemical catalytic performance, stemming from its elevated conductivity and 
expansive surface area.

More generally, pH is an important factor affecting the electrochemical performance of many sensors and 
the pH of the electrolyte medium can affect the kinetics and thermodynamics of the electron transfer process15. 
Therefore, it is vital to investigate the pH effects and to find the optimal pH value for the detection of DA and UA. 
The electrochemical behavior of DA (50 µM) and UA (50 µM) was studied by CV measurement at a scan rate 
of 50 mV s− 1 in 0.01 M PBS at different pH values (3 to 10) in a given potential range of − 0.2–0.6 V, as shown 
in Fig. 6A,C. When the hydrogen ions decreased in the electrolyte solution, the oxidation peaks current (Ipa) 
value slowly increased in the range of PH from 3.0 to 6.0, and then sharply decreased within the pH from 6.0 to 
10.0, indicating that protons transport plays an important role in the electrochemical reactions, accompanied 
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by proton release and capture15,44. In addition, when the electrolyte solution has too many hydrogen ions, the 
oxidation peak potential (Epa) of DA and UA both shift from positive to negative with the increase of pH 
from 3.0 to 10.0, which were in complete agreement with the results of previous studies12,45,46. At the same 
time, Nafion has been frequently used as a binder will lead to different results at different pH values. Nafion 
has anionic sulfonic acid groups that can attract ammonium cation converted from DA, which is conducive to 
DA adsorption and permeation. If the pH values are too low, the proton can interact with the sulfonate group 
instead of the ammonium cation to hinder DA adsorption and permeation. However, when the pH values are 
too high, DA may happen to deprotonate in the hydroxyl group, and then suffer a negative charge15. Therefore, 
it is unbeneficial for DA adsorption and permeation under the conditions of too low pH or too high pH. At last, 
the two types of Au@Ni-MOF (Ni(CH3CO2)2) exhibited the highest peak current at an intermediate value of pH 
6.0 (Fig. 6B,D), which was used as an optimal pH for the detection of DA and UA.

Individual and simultaneous determination of DA and UA
Additionally, the DPV method is used for the DA and UA sensing process. Different concentrations of DA 
and UA were measured separately by this electrochemical sensor under the conditions of 0.01 M PBS (pH 6.0) 
at a scan rate of 50 mV s− 1. To obtain a higher sensitivity and linear range under the optimum conditions, a 
series of experiments were carried out and many good results were demonstrated. As depicted in Fig. 7A,C, 
it can be observed that the DPV curve responds to the individual and simultaneous detection of enhanced 
DA and UA concentrations on Au@Ni-MOF (Ni(CH3CO2)2)/SPCE, and the oxidation peak currents increased 
sequentially with the increase of the concentration of each species. Furthermore, all the oxidation peaks showed 
relatively small increasing red-shifting as the concentration of DA and UA increased. When the DA or UA 
level was changed from 0 to the maximum, the oxidation peak potentials at the Au@Ni-MOF (Ni(CH3CO2)2)/

Fig. 5.  CVs for the oxidation of 50 μM (A) DA and (C) UA at Au@Ni-MOF (Ni(CH3CO2)2)/SPCE in 0.01 M 
PBS at different scan rates from 20 to 400 mV·s−1, (B) DA and (D) UA of the linear dependence of the 
reduction peak current and oxidation peak current on the square root of the scan rate.
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SPC electrode shifted to the right by about 355.2 mV and 191.3 mV, respectively. Regardless of the DA or UA 
detection, the peak potential separation of the Au@Ni-MOF (Ni(CH3CO2)2)/SPC electrode showed excellent 
electrocatalytic activities and electroconductibility. The reasons may be as follows: (1) H3BTC ligands in Au@Ni-
MOF (Ni(CH3CO2)2) composites with complete or partial deprotonation may interact with the target molecules 
via hydrogen bonding, and/or electrostatic interactions, which can activate the multi-carboxylate groups and 
accelerate the charge transfer kinetics of the target analytes at the Au@Ni-MOF (Ni(CH3CO2)2) materials47–49; 
(2) Au@Ni-MOF (Ni(CH3CO2)2) composite has a particularly high surface area and small pore-size distribution, 
which are easier for fast electron transfer of DA and UA in aqueous electrolyte23.

Additionally, the electrocatalytic peak current density of the electrodes was linearly related to the concentrations 
of DA and UA, the widely linear range for the individual analysis of each substance was 0.1 µM to 2 mM (DA) 
and 0.5 µM to 1.5 mM (UA) for Au@Ni-MOF (Ni(CH3CO2)2)/SPCE sensor. According to the description of 
Fig. 7B,D, when the Au@Ni-MOF (Ni(CH3CO2)2)/SPCE sensor separate analysis of the target molecules, the 
different linear calibration equations for each species were IDA(µA) = 0.0935CDA(µM) + 0.914 (R2 = 0.9917), 
IDA(µA) = 0.0221CDA(µM) + 8.562 (R2 = 0.9601) and IDA(µA) = 0.0122CDA(µM) + 17.15 (R2 = 0.9949) within three 
successively increasing concentration ranges between 0.1 and 80 µM, 80–1000 µM and 1000–2000 µM as well as 
IUA(µA) = 0.1189CUA(µM) + 3.465 (R2 = 0.9968) and IUA(µA) = 0.0098CUA(µM) + 8.289 (R2 = 0.9933) within two 
successively increasing concentration ranges between 0.5 and 30 µM and 50–1500 µM, respectively. In addition, 
in the different linear ranges for the electrochemical sensing of DA and UA on Au@Ni-MOF (Ni(CH3CO2)2)/
SPCE, the smallest low detection limits (LODs) were calculated to be approximately 0.06 µM and 0.05 µM 
(S/N = 3), with the highest sensitivity of 0.85 µA mM− 1 mm− 2 and 1.08 µA mM− 1 mm− 2, respectively.

Fig. 6.  The effect of pH on the current response of 50 μM DA (A) and UA (C) at Au@Ni-MOF 
(Ni(CH3CO2)2)/SPCE at a scan rate of 50 mV s−1; Plot of oxidation peak current (Ipa) and oxidation peak 
potential (Epa) of DA (B) and UA (D) versus pH.
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Fig. 7.  (A) DPV of DA with increasing concentration from 0.1 µM to 2 mM (inset dependence of peak current 
for DA with increasing concentration from 0.1 µM to 30 µM) and (B) The relationship of the calibration 
curve of ΔI with the concentration (µM) of DA at a scan rate of 50 mV s− 1 for Au@Ni-MOF (Ni(CH3CO2)2) 
electrode; (C) DPV of UA with increasing concentration from 0.5 µM to 1.5 mM and (D) The relationship of 
the calibration curve (ΔI/A) with the concentration (µM) of UA at a scan rate of 50 mV·s− 1 for Au@Ni-MOF 
(Ni(CH3CO2)2) electrode; (E) DPV of the simultaneous detection DA and UA with increasing concentration 
from 0.5 µM to 1000 µM and (F) The relationship of the calibration curve of ΔI with the concentration of DA 
and UA at a scan rate of 50 mV·s− 1 for Au@Ni-MOF (Ni(CH3CO2)2) electrode.
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What’s more, DPV measurement has higher sensitivity and better resolution than the CV method, so it is a 
wise choice to use the DPV technique for the simultaneous determination of DA and UA at the Au@Ni-MOF 
(Ni(CH3CO2)2) electrodes. As depicted in Fig. 7E,F, it can be observed that with the increasing concentration 
of each analyte, the electro-oxidation peaks changed from initially without any peaks to two weak and 
poorly shaped peaks, and further to an increasingly pronounced doublet peak, until finally the doublet peaks 
become more and more pronounced. Moreover, for the Au@Ni-MOF (Ni(CH3CO2)2)/SPCE sensor (Fig. 7F), 
the achieved electrocatalytic peak currents had two linear relationships with the DA and UA concentration 
within the ranges of 0.5–1000 µM. Certainly, it had different linear equations in different concentration range, 
and the linear regression equations were calibrated as IDA(µA) = 0.0415CDA(µM) + 0.9435 (R2 = 0.9931) and 
IUA(µA) = 0.0322CUA(µM) + 0.8820 (R2 = 0.9872) between 0.5 and 200 µM, another two equations were obtained 
as IDA(µA) = 0.0187CDA(µM) + 0.5476 (R2 = 0.9901) and IUA(µA) = 0.0219CUA(µM) + 2.071 (R2 = 0.9644) between 
200 and 1000 µM. Moreover, the smallest LOD values and the highest sensitivity for DA and UA in small 
concentration ranges were calculated at about 0.14 µM and 0.19 µM as well as 0.38 µA µM− 1 cm− 2 and 0.29 µA 
µM− 1 cm− 2, respectively. These good results demonstrate that simultaneous determination of DA and UA can 
be achieved with high sensitivity and selectivity at the Au@Ni-MOF (Ni(CH3CO2)2) electrode. On the other 
hand, whether it was detected individually or simultaneously, the Au@Ni-MOF (Ni(CH3CO2)2)/SPCE sensor 
showed small LOD and high sensitivity, suggesting that Au@Ni-MOF (Ni(CH3CO2)2) hybrids could present 
excellent electrocatalytic performance and the ability to transfer electrons. Furthermore, in cooperation with 
other materials reported in the literature for the simultaneous determination of DA and UA (Table 1), the Au@
Ni-MOF (Ni(CH3CO2)2) composites exhibited good results as promising electrode materials for electrochemical 
sensing. Besides, it can be observed that the important analytical parameter of the linear ranges for the Au@
Ni-MOF (Ni(CH3CO2)2)/SPC electrode is superior to or comparable to so far reported papers for the individual 
and simultaneous determination of the two small targets biomolecules. To our knowledge, few reports had 
direct electrochemical determination of DA and UA in coexistence systems by using MOF-based composites as 
electrode modifiers, especially via using the MOF-metal particle composites developed in our work to modify 
the electrodes. At the same time, they are also two very innovative and promising materials as electrodes in the 
field of electrochemistry. In addition, the Au@Ni-MOF (Ni(CH3CO2)2) materials offer remarkable practical 
significance and novelty in DA and UA detection. In comparison to other sensor materials, the unique structure 
of Au@Ni-MOF (Ni(CH3CO2)2) provides a synergistic effect. The presence of gold nanoparticles within the Ni-
MOF framework not only enhances the conductivity but also offers catalytic active sites. This leads to a significant 
improvement in electron transfer kinetics, which is directly reflected in the higher sensitivity and lower limit of 
detection we have obtained. For instance, in contrast to some commonly used carbon-based sensor materials, 
our Au@Ni-MOF (Ni(CH3CO2)2) composites show a more pronounced electrocatalytic activity towards DA and 
UA oxidation, allowing for more accurate and reliable detection even at low analyte concentrations. Moreover, 
the stability and reproducibility of our material in complex biological samples outperform many traditional 
sensor materials, making it more suitable for practical applications.

Density functional theory (DFT) simulation
The optimizations of the molecular structures in the study were conducted employing Density Functional Theory 
(DFT), a widely employed quantum mechanical method for calculating electronic properties of molecules 
and materials. The calculations were executed using the DMol3 module, a computational tool incorporated 
within the Material Studio software38,57. For the systems under investigation, which encompassed DA and UA, 
the electron density and molecular orbitals were computed. The obtained results, as illustrated in Fig. S4, are 
presumably pivotal for understanding the electronic structure and reactivity of these molecules.

Moreover, computational chemistry techniques play a pivotal role in elucidating the biological activity of 
specific molecules, complemented by an abundance of theoretical investigations aimed at discerning their 
chemical reactivity58. In electronic structure theory, the Highest Occupied Molecular Orbital (HOMO) is the 
molecular orbital with the highest energy, while the Lowest Unoccupied Molecular Orbital (LUMO) has the 
lowest energy. The energy gap between these two orbitals, known as the HOMO-LUMO gap or Eg, represents 
the minimum energy required to move an electron from the HOMO to the LUMO57–60. HOMO-LUMO 

Electrode material Methods

Linear range (µM)

Low 
detection 
limit (µM)

ReferencesDA UA DA UA

Fe-MOF/GCE DPV 10–90 10–90 3.33 3.27 50

Ni-ZIF-8/N S-CNTs/CS/GCE DPV 8–500 1–600 0.93 0.41 51

Au@Cu-MOF DPV 10-1000 10–1000 3.40 10.36 52

HNP-PtTi/GCE DPV 4–500 100–1000 3.2 5.3 53

ZnCl2-CF/GCE DPV 10–330 10–250 10 10 54

MWCNTs/GCE CV 5–120 5–120 4.5 1.5 55

Graphene oxide-ZIF67/GCE DPV 40–2330 40–415 26.2 8.0 56

Au@Ni-MOF (Ni(CH3CO2)2)/SPCE DPV 0.5–1000 0.5–1000 0.14 0.19 This work

Table 1.  Comparison of the electroanalytic performances for the simultaneous determination of DA and UA 
indifferent electrode materials.
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determination and its other several important key factors for conductivity activity which as energy gap (ΔEg), 
hardness (η), softness (σ), and the global electronegativity (χ) were calculated by using Eqs.  (1)–(4)58–60, as 
shown in Table S2.

	 Eg = ELUMO − EHOMO� (1)

	
η = ELUMO − EHOMO

2
� (2)

	
σ = 1

η
� (3)

	
χ = −ELUMO + EHOMO

2
� (4)

Based on the data presented in Fig. S4 and Table S2, it is evident that UA has a smaller HOMO-LUMO gap value 
compared to DA. A smaller value of this descriptor indicates higher molecular activity58. This discrepancy suggests 
that DA is more favorable for electron excitation, potentially enhancing electrical conductivity. Furthermore, an 
increase in softness and a decrease in hardness values are associated with increased biological activity58. Based 
on the hardness (η) and softness (σ) values of DA and UA, it is evident that UA has a better softness than DA, 
indicating that UA is much more active than DA. Another important parameter is global electronegativity (χ). 
Global electronegativity is associated with the electron’s freedom within a molecule. A lower electronegativity 
value signifies that electrons within the molecule are more mobile compared to other molecules. Inhibitors 
typically coordinate with suitable acceptor molecules by donating electrons. As a result, biological activity 
increases as the global electronegativity value decreases58. According to their global electronegativity values, DA 
exhibits higher activity than UA.

Additionally, the adsorption energy or interaction energy, Eads, was determined using Eq. (5)57.

	 Eads = Ecomplex − (Esubstrate + Eadsorbate)� (5)

In this equation, “Eads” represents the adsorption energy, and “Ecomplex” signifies the total energy of the complex 
formed after the adsorption of the target analytes (DA and UA) onto the surfaces of Ni-MOF (Ni(CH3CO2)2) 
or Au@Ni-MOF (Ni(CH3CO2)2). “Esubstrate” and “Eadsorbent” correspond to the individual energies of the target 
analytes and the Ni-MOF (Ni(CH3CO2)2) or Au@Ni-MOF (Ni(CH3CO2)2) materials, respectively. Furthermore, 
as illustrated in Fig.S5 and detailed in Table S3, the adsorption energy for two DA molecules was notably higher at 
− 536.63 kJ/mol in comparison to the scenario where two UA molecules were adsorbed or when one DA and one 
UA interacted, yielding an energy of − 404.95 kJ/mol and − 434.74 kJ/mol, respectively. It is worth highlighting 
that the adsorption energy of Au@Ni-MOF (Ni(CH3CO2)2), when both DA and UA were involved, surpassed 
that of Ni-MOF (Ni(CH3CO2)2) in isolation. This indicates that the incorporation of AuNPs resulted in an 
overall increase in energy and an enhancement of the adsorption energy for specific small biomolecules. These 
observations strongly imply that DA exhibits a significantly stronger adsorption affinity for the surface of both 
Ni-MOF (Ni(CH3CO2)2) and Au@Ni-MOF (Ni(CH3CO2)2) composites in comparison to UA. Consequently, 
UA can be more swiftly adsorbed onto Au@Ni-MOF (Ni(CH3CO2)2)/SPCE with a higher affinity, leading to 
LOD for DA as opposed to UA. In summary, the Au@Ni-MOF (Ni(CH3CO2)2)/SPCE sensor is anticipated to 
demonstrate superior capabilities in detecting DA when compared to UA, aligning with the findings presented 
in Fig. 7.

Reproducibility, stability, and selectivity
Subsequently, the reproducibility test of the Au@Ni-MOF (Ni(CH3CO2)2)/SPCE sensors was further investigated 
by DPV technology under optimal conditions when 50 µM DA and 150 µM UA were added at the same time, 
as shown in Fig. 8A,B. The relative standard deviations (RSDs) of the electrode responses to DA and UA twenty 
times by using two different electrodes in the DPV curves were calculated at 0.32% and 1.38%, respectively. From 
the above computational results, we can deduce that the Au@Ni-MOF (Ni(CH3CO2)2)/SPCE sensor could show 
outstanding reproducibility, suggesting that the small changes can be ignored by using different electrodes for the 
simultaneous detection of DA and UA. Furthermore, it is shown that the Au@Ni-MOF (Ni(CH3CO2)2)/SPCE 
sensor has a lower value for the detection of DA than UA, demonstrating that the Au@Ni-MOF (Ni(CH3CO2)2) 
material can exhibit excellent electrocatalytic performance and carry out much electron transfer in the detection 
process.

For better comparison, we also carried out some experiments to check the stability of the resulting sensor 
system for simultaneous determination of DA and UA. As shown in Fig. 8C,D, when the electrodes were stored 
at room temperature for one week, the electrocatalytic current displayed only a small decrease after 600 cycles of 
CV tests. Among, DA and UA decreased by 1.56%, and 1.16% for the Au@Ni-MOF (Ni(CH3CO2)2) electrode, 
respectively. On the other hand, to study the selectivity of the electrochemical sensor for DA and UA detection, 
various possible interferences were investigated, including glucose, urea, NaCl, NaNO3, NaF, CaCl2, ZnSO4, and 
ascorbic acid. As shown in Fig. 8E,F, each kind of interference (50 µM) was investigated by DPV measurements 
in the presence of 50 µM DA and UA at a scan rate of 50 mV s− 1 in 0.01  M PBS solution. These results 
demonstrated that the peak currents of DA and UA oxidation don’t produce remarkable changes after adding 
these interfering species one by one. Moreover, Fig. 8 demonstrated that the average current change for Au@
Ni-MOF (Ni(CH3CO2)2) electrodes was 1.3% and 2.9%, and their relative standard deviations were calculated 
to be about 0.8% for DA and 2% for UA, respectively. We can observe that the Au@Ni-MOF (Ni(CH3CO2)2)/
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Fig. 8.  (A) The CVs values for evaluating the reproducibility of simultaneous detection of 50 µM DA and 150 
µM UA; (B) The current vs. cycles of Au@Ni-MOF (Ni(CH3CO2)2)/SPCE for evaluating the reproducibility 
of simultaneous detection of target analytes in concentrations of 50 µM DA and 150 µM UA; (C) CVs 
obtained after 600 cycles for Au@Ni-MOF (Ni(CH3CO2)2) modified electrodes in 0.01 M PBS (pH = 6) 
solution containing 50 µM DAand 30 µM UA at a scan rate of 50 mV·s− 1, (D) The peak currents collected 
after 600-cycle CVs run in 0.01 M PBS (pH = 6) solution containing 50 µM DA and UA; (E) The DPV curve 
at Au@Ni-MOF (Ni(CH3CO2)2) modified electrode in 0.01 M PBS (pH 6.0) in the presence of 50 µM DA 
and 30 µM UA without any interference(curve a) and with same concentrations of (b) glucose, (c) urea, (d) 
NaCl, (e) NaNO3, (f) NaF, (g) CaCl2, (h) ZnSO4, (i) ascorbic acid. (F) The relationship of these interference 
current curves of (∆I) relative to DA and UA (∆I0) at a scan rate of 50 mV·s− 1 for Au@Ni-MOF (Ni(CH3CO2)2) 
electrode.
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SPCE sensor displayed surpassingly selective and sensitive detection of DA and UA due to the huge surface 
area, high conductivity, and excellent electrocatalytic performance of Au@Ni-MOF (Ni(CH3CO2)2) composite. 
Thus, these good results strongly illustrated that the proposed electrochemical sensor based on the Au@Ni-
MOF (Ni(CH3CO2)2) can present excellent reproducibility and stability, high anti-interference ability as well as 
transcendently selective and sensitive capability towards the DA and UA determination.

Real samples analysis
To further assess the practicality of the electrochemical biosensor, we conducted simultaneous detection of 
DA and UA in human serum and urine samples on an Au@Ni-MOF (Ni(CH3CO2)2)/SPCE platform. Before 
detection, the serum and urine samples were diluted 200-fold with a 0.01 M PBS solution at a pH of 6.0 to 
minimize interference from other components. Employing a standard spiked method, known concentrations 
of DA and UA were introduced into the diluted serum and urine samples to verify their concentrations. These 
concentrations were determined by using the standard curves presented in Fig.  7E. As shown in the results 
presented in Table 2, the spike recoveries fell within the range of 98.08–101%, with a relative standard deviation 
(RSD) ranging from 2.58 to 6.44% as obtained from three parallel experiments. These findings indicate the high 
reliability, sensitivity, and resolution of the Au@Ni-MOF (Ni(CH3CO2)2)/SPCE biosensor in the context of DA 
and UA sensing within real samples.

Conclusion
This study comprehensively explores conductive Ni-based metal-organic frameworks as effective electrocatalysts 
for electrochemical detection of dopamine (DA) and uric acid (UA) in aqueous solutions. The remarkable 
performance of the Au@Ni-MOF (Ni(CH₃CO₂)₂)/SPCE biosensor in the electrochemical detection of DA and 
UA is intrinsically linked to the unique characteristics of the Au@Ni-MOF material. Firstly, the high sensitivity 
of the biosensor can be attributed to the synergistic effect of the Ni-MOF (Ni(CH2CO2)2) and AuNPs. The 
Ni-MOF provides a large surface area and abundant active sites, facilitating the adsorption of DA and UA. 
The incorporated AuNPs enhance the electron transfer kinetics, allowing for a more efficient conversion of the 
electrochemical signal. This combination enables the detection of even trace amounts of DA and UA, leading to 
a high sensitivity.

The newly developed Au@Ni-MOF (Ni(CH3CO2)2)/SPCE biosensor demonstrates remarkable attributes, 
including high sensitivity, low limits of detection (LODs), broad linear detection ranges, exceptional resistance 
to interference, and excellent reproducibility for DA and UA detection. The remarkable performance of the 
Au@Ni-MOF (Ni(CH2CO2)2)/SPCE biosensor in the electrochemical detection of DA and UA is intrinsically 
linked to the unique characteristics of the Au@Ni-MOF material. Firstly, the high sensitivity of the biosensor 
can be attributed to the synergistic effect of the Ni-MOF (Ni(CH2CO2)2) and AuNPs. The Ni-MOF provides a 
large surface area and abundant active sites, facilitating the adsorption of DA and UA. The incorporated AuNPs 
enhance the electron transfer kinetics, allowing for a more efficient conversion of the electrochemical signal. 
This combination enables the detection of even trace amounts of DA and UA, leading to a high sensitivity. 
Regarding the low limits of detection, the strong adsorption capabilities of the Au@Ni-MOF towards DA and 
UA, as evidenced by the substantial adsorption energies, play a crucial role. The AuNPs contribute to reducing 
the background noise and improving the signal-to-noise ratio. This means that the biosensor can detect very 
low concentrations of the analytes, achieving a low LOD. The broad linear detection range is a result of the 
stable and consistent electrochemical behavior of the Au@Ni-MOF. The Ni-MOF’s stable structure and active 
sites ensure a reliable response over a wide range of analyte concentrations. The AuNPs help to maintain the 
linear relationship between the detected signal and the analyte concentration by optimizing the electron transfer 
process. The exceptional resistance to interference is due to the selective adsorption and reactivity of the Au@
Ni-MOF. The material has a specific affinity for DA and UA, while minimizing the interactions with interfering 
substances. The AuNPs may also modify the surface properties of the electrode, further enhancing its selectivity 
and reducing interference. The excellent reproducibility is related to the uniform and stable synthesis of the Au@
Ni-MOF. The controlled synthesis process ensures that each biosensor fabricated with the Au@Ni-MOF has 
similar electrochemical properties, leading to consistent detection results.

Concentration (µM)

Found (µM) Recovery (%) RSD (%)

DA UA DA UA DA UA

Serum

0 – – – – – –

50 49.55 49.04 99.10 98.08 3.57 5.34

100 99.21 98.69 99.21 98.69 2.58 6.44

Urine

0 – – – – – –

50 49.19 48.76 98.38 97.52 3.58 4.30

100 101.00 92.50 101.00 92.50 2.87 5.05

Table 2.  The recoveries of DA and UA at Au@Ni-MOF (Ni(CH3CO2)2)/SPCE from human serum and human 
urine samples with a standard addition method (each sample was tested three times).
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Additionally, through density functional theory (DFT) simulations, it was revealed that UA exhibits 
greater reactivity than DA. The substantial adsorption energies observed for both DA and UA on the surfaces 
of Ni-MOF (Ni(CH3CO2)2) and Au@Ni-MOF (Ni(CH3CO2)2) indicate the robust adsorption capabilities of 
the synthesized Ni-MOF material. In the final analysis, the Au@Ni-MOF (Ni(CH3CO2)2)/SPCE biosensor 
demonstrated its applicability by successfully detecting DA and UA in authentic serum and urine samples. These 
findings underscore the potentiality of this biosensor for future applications, holding promise for the field of 
electrochemical sensing and biosensing in real-world scenarios.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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