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Abstract 
An electrochemical sensor based on an amino-functionalized iron NH2-MIL-101(Fe) metal-
organic framework (MOF)/Pd nanoparticles (NPs) composite-modified screen-printed elec-
trode (SPE) is prepared for the simultaneous determination of norepinephrine (NEPI) and 
acetaminophen (ACP). The NH2-MIL-101(Fe) MOF/Pd NPs/SPE electrochemical sensor shows 
a significant enhancement in the response peak current of NEPI, as compared to bare SPE. 
This suggests that the unique features of NH2-MIL-101(Fe) MOF/Pd NPs composite-modified 
SPE improve the electrocatalytic oxidation of NEPI. Such a synergistic effect between NH2-MIL- 
-101(Fe) MOF and Pd NPs results in a significant enhancement in the response, where the 
MOF's high surface area combines with the high electron-transfer rate and the abundance of 
catalytically active sites afforded by the Pd NPs. The differential pulse voltammetry (DPV) 
method was obtained for quantitative determination of NEPI and high sensitivity was 
observed in NEPI determination with the calibration slope of 0.0327, µA µM-1. The developed 
NH2-MIL-101(Fe) MOF/Pd NPs/SPE sensor presents a low limit of detection of 0.007 µM 
toward NEPI determination. The developed NH2-MIL-101(Fe) MOF/Pd NPs/SPE sensor shows 
a good catalytic activity for the oxidation of NEPI and ACP, with anodic peak potentials of 
360 and 550 mV, respectively. The separation of anodic peak potential is sufficient to enable 
simultaneous determination. Finally, the suggested sensing platform has confirmed suitable 
for the simultaneous determination of NEPI and ACP in real samples (pharmaceutical 
formulations and urine samples), achieving recovery values ranging from 97.1 to 104.4 % 
with relative standard deviations ≤3.6 %. 
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Electrochemical sensor; screen-printed electrode; nanoparticles; norepinephrine; 
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Introduction 

Noradrenaline (NEPI), also called norepinephrine, is a neurotransmitter in the mammalian central 

nervous system [1]. It is an important neurotransmitter in the nervous system. Already, it is known 

that NEPI plays a role in the regulation of emotions, attention, mood, learning and stress 

response [2,3]. Furthermore, NEPI has prospects in treating hypotension, bronchial asthma and 

coronary heart diseases [4]. There are several diseases in which NEPI level deviations have been 

reported to be abnormal: depression, migraine, anxiety, neuroblastoma and paraganglioma [5]. Side 

effects of NEPI may include vomiting, headache, nausea, dizziness, hypertension and tachycardia, 

among others. Thus, the precise and sensitive detection of NEPI is of high importance both from a 

basic physiological research perspective and in a clinical diagnostic setting. Acetaminophen (ACP) or 

paracetamol is one of the most frequently used analgesics and antipyretics for mild to moderate 

pain and fever reduction, respectively [6,7]. Since it is efficacious and has few side effects at 

recommended doses [8,9], it is often used to treat headaches, myalgia, arthritis, and the common 

cold. Nevertheless, the therapeutic index of AC is narrow, and overdose could result in severe 

hepatic injury [10], which implies that its precise analytic method is indispensable, particularly when 

combined with other drugs. The possibility of hepatotoxicity with ACP and its use in therapeutic and 

non-prescription forms points out the necessity for a reliable and accurate screening test for safe 

use [11]. It is important to precisely quantify ACP in clinical samples to avoid toxicity and achieve 

the desired therapeutic effects. ACP is an electroactive compound, and its signal can overlap with 

that of NEPI, causing a serious interference in the traditional electrochemical detection. Thus, 

selective and precise detection of NEPI in the presence of ACP is critical for reliable neurochemical 

analysis and clinical diagnosis. At present, NEPI and ACP are detected by chromatography [12,13], 

capillary electrophoresis [14,15], chemiluminescence [16], colorimetric method [17,18], fluoro-

metric method and spectrophotometry [20,21] in common detection methods; however, certain 

methods have the shortcomings of long analysis time, expensive instrumentation investment and 

complicated sample processing process as well as unsuitable for rapid or portable detection, which 

hinders their over application. 

Compared to the method mentioned above, electrochemical determination has been 

increasingly focused on because it is an excellent analytical approach for detecting electroactive 

species, offering relatively inexpensive methods that are easy to use, highly sensitive, and quick to 

respond [22-25]. Moreover, the strong potential of electrochemical techniques for the 

miniaturization of analytical systems and their capability for in situ and on-site measurements make 

electrochemical analysis a suitable option for practical and diagnostic applications. In recent years, 

the development of advanced electrochemical sensors using functional nanomaterials has emerged 

as a key focus in electroanalysis [26,27]. This approach offers the possibility to significantly enhance 

the sensitivity, selectivity, and stability of electrodes, enabling the detection of target analytes even 

in complex matrices. The integration of nanostructured materials, such as metal and metal-oxide 

nanoparticles, metal-organic frameworks (MOFs), and carbon-based nanomaterials, etc., provides 

improved electron transfer kinetics and increased active surface area, making these sensors highly 

suitable for analytical applications, including clinical diagnostics, environmental monitoring, and 

pharmaceutical analysis [28-30]. 

MOFs are crystalline porous materials composed of metal ions coordinated with organic ligands, 

forming highly ordered networks [31]. Their large surface area, tuneable porosity, and chemical 

functionality make them attractive for applications in gas storage, separation, catalysis, drug 

delivery, and chemical sensing [32-35]. In electrochemical analysis, MOFs can serve as effective 
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electrode modifiers, providing a large surface area and facilitating electron transfer. However, the 

further application of MOFs for the sensitive detection of compounds is significantly limited by their 

inherent drawbacks: low stability and poor conductivity. Integrating noble metal nanoparticles (NM 

NPs) with MOFs is an effective strategy to enhance their electrical conductivity and electrocatalytic 

activity [36,37]. 

The present work proposes the construction of an electrochemical sensor for the determination 

of NEPI in the presence of ACP. The amino-functionalized iron-based metal-organic framework  

NH2-MIL-101(Fe) MOF/Pd NPs composite was first prepared and characterized for such applications. 

Subsequently, the synthesized NH2-MIL-101(Fe) MOF/Pd NPs composite was immobilized on the 

SPE surface to evaluate its electrochemical sensing performance for NEPI. The NH2-MIL-101(Fe) 

MOF/Pd NPs composite demonstrated superior electrocatalytic performance towards NEPI 

oxidation compared with the bare SPE. The anodic peak current (Ipa) demonstrated good linearity 

with NEPI concentration over the range of 0.02 to 575.0 µM with a detection limit (LOD) of 

0.007 µM.  Furthermore, the developed sensor enabled simultaneous determination of NEPI and 

ACP. The sensing platform was successfully used for the determination of NEPI and ACP in real 

samples, demonstrating its practical applicability. 

Materials and methods 

Materials 

Iron(III) chloride hexahydrate (FeCl3·6H2O), 2-aminoterephthalic acid, N,N-dimethylformamide 

(DMF), ethanol, palladium chloride (PdCl2), acetonitrile, sodium borohydride (NaBH4), NEPI, ACP, 

phosphoric acid (H3PO4), sodium hydroxide (NaOH) and other chemicals were used in this study. 

They were obtained from Sigma-Aldrich Company. 

Electrochemical experiments 

Cyclic voltammetry (CV), differential pulse voltammetry (DPV) and chronoamperometry 

experiments were used to study the electrochemical sensing platform of the NH2-MIL-101(Fe) 

MOF/Pd NPs/SPE for the simultaneous determination of NEPI and ACP. These electrochemical 

experiments were performed using an electrochemical workstation (CHI660E, CH Instruments, USA) 

connected to a PC at room temperature (25 ± 1 °C). 

Synthesis of NH2-MIL-101(Fe) MOF/Pd NPs composite 

The preparation of NH2-MIL-101(Fe) MOF/Pd NPs was initiated by the synthesis of NH2-MIL- 

-101(Fe) MOF, which was carried out as described in previous work using the approach developed 

by Su et al. [38]. Then, 0.05 g of as-synthesized NH2-MIL-101(Fe) MOF was dispersed in 2 mL of 

acetonitrile and ultrasonicated for 1 h to form a uniform suspension. PdCl2 (0.05 g) was dissolved in 

2 mL of acetonitrile using magnetic stirring at room temperature for 15 min, until the solution turned 

clear. Subsequently, PdCl2 precursor was dropwise added to the MOF suspension and was 

continuously stirred with magnetic stirring for another 6 h, then NaBH4 (0.09 g) dissolved in 4 mL 

ethanol was also dropwise added into this suspension and further stirred for an additional 1 h. The 

as-obtained precipitate was isolated by centrifugation and washed several times with acetonitrile. 

The resultant precipitation was further dried under vacuum at 65 °C overnight. 

http://dx.doi.org/10.5599/jese.3189
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Preparation of NH2-MIL-101(Fe) MOF/Pd NPs composite-modified SPE 

Firstly, 0.25 g of NH2-MIL-101(Fe) MOF/Pd NPs was suspended in 250.0 µL of distilled water and 

ultrasonicated for approximately 30 min. Thereafter, 5.0 µL of this suspension was dropped on the 

surface of the SPEs and left to dry in air. 

To estimate the electroactive surface area (A) of bare SPE and NH2-MIL-101(Fe) MOF/Pd NPs/SPE, CV 

studies were performed at various scan rates ( ) in a 0.1 M KCl solution containing 5.0 mM [Fe(CN)6]3-/4-. 

Based on these studies and the Randles-Ševčik equation [39], the values of A were obtained as 0.032 cm2 

for bare SPE and 0.09 cm2 for NH2-MIL-101(Fe) MOF/Pd NPs/SPE, respectively. 

Results and discussion  

NH2-MIL-101(Fe) MOF/Pd NPs composite characterization 

The FE-SEM images of NH2-MIL-101(Fe) MOF/Pd NPs composite are displayed in Figure 1. The  

FE-SEM images clearly indicate the presence of NH2-MIL-101(Fe) MOF and Pd NPs in the prepared 

composite. 

 
Figure 1. FE-SEM images of NH2-MIL-101(Fe) MOF/Pd NPs composite at different magnifications 

Cyclic voltammetry behaviour of NEPI at the bare SPE and the NH2-MIL-101(Fe) MOF/Pd NPs/SPE  

The effect of pH on the voltammetric behaviour of NEPI at the NH2-MIL-101(Fe) MOF/Pd NPs/SPE 

was evaluated over pH 4.0-9.0 in 0.1 M phosphate buffer saline (PBS). From the recorded CV responses, 

the anodic peak current (Ipa) of NEPI increases with increasing pH up to 7.0, reaching a maximum at 

pH 7.0. Further increases in pH do not enhance the peak current; instead, the response gradually 

decreases. Correspondingly, pH 7.0 was selected as the optimal pH for the subsequent experiments. 

Figure 2 shows the CV responses of bare SPE and NH2-MIL-101(Fe) MOF/Pd NPs-modified SPE in 

300.0 µM NEPI solution. The oxidation peak of NEPI appeared at the surface of both SPEs. No 

cathodic peak is observed in the reverse potential scan, confirming that the electrochemical 

behaviour of NEPI is completely irreversible. The recorded cyclic voltammograms showed that a low 

peak current (Ipa = 3.0 µA) was observed at the bare SPE, whereas the NH2-MIL-101(Fe) MOF/Pd 

NPs-modified SPE demonstrated a well-anodic peak. Furthermore, under the same conditions,  

NH2-MIL-101(Fe) MOF/Pd NPs/SPE exhibited a higher anodic peak current (Ipa) of about 10.6 µA than 

that of bare SPE (3.1 µA). Also, the NH2-MIL-101(Fe) MOF/Pd NPs/SPE showed a lower overpotential 
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than the bare SPE for the oxidation of NEPI.  The synergistic effect between NH2-MIL-101(Fe) MOF 

and Pd NPs was mainly responsible for the improved response peak current and decreased over-

potential. Particularly, NH2-MIL-101(Fe) MOF demonstrated higher electrocatalytic activity for the 

oxidation of NEPI when the electrical conductivity was enhanced by combining with Pd NPs. 

 
Figure 2. CV responses of bare SPE and NH2-MIL-101(Fe) MOF/Pd NPs/SPE in 0.1 mol L-1 PBS (pH 7.0) solution 

containing 300.0 µM NEPI solution (scan rate: 0.05 V s-1) 

Scan rate dependence 

To investigate the possible mechanism involved in the electrochemical reaction, the influence of 

scan rate on the oxidation process of 100.0 µM NEPI solution at the NH2-MIL-101(Fe) MOF/ 

/Pd NPs/SPE has been conducted using the CV method for different scan rates. The recorded CVs at 

different scan rates are exhibited in Figure 3.  

 
Figure 3. CVs of NH2-MIL-101(Fe) MOF/Pd NPs/SPE in 0.1 mol L-1 PBS (pH 7.0) solution containing  

100.0 µM NEPI at various scan rates. Inset: relationship between Ipa and  1/2 

 1/2 / mV1/2 s-1/2 

http://dx.doi.org/10.5599/jese.3189


J. Electrochem. Sci. Eng. 16 (2026) 3189 Synergistic effects of NH2-MIL-101(Fe) MOF and Pd NPs 

6  

As shown in the recorded CVs, the oxidation peaks of NEPI shifted to slightly more positive 

potentials with increasing scan rate, accompanied by concurrent increases in the response peak 

currents. A linear relationship was obtained between Ipa and  1/2; therefore, the oxidation process 

of NEPI is diffusion-controlled (Figure 3, Inset). 

Chronoamperometric studies of NEPI oxidation at the NH2-MIL-101(Fe) MOF/Pd NPs/SPE 

Because the oxidation reaction was a diffusion-controlled process, the chronoamperometric 

responses of NH2-MIL-101(Fe) MOF/Pd NPs/SPE to NEPI solutions with different concentrations 

were recorded to determine the mean diffusion coefficient (D) of NEPI. The corresponding 

chronoamperometric responses are displayed in Figure 4. For each chronoamperogram recorded at 

varying concentrations, the I vs. t-1/2 curves were plotted, showing a linear correlation in all cases 

(Figure 4A).  The slopes derived from the linear fits were then plotted against the corresponding NEPI 

concentrations, and the resulting linear curve is presented in Figure 4B. The diffusion coefficient (D) 

of NEPI was finally calculated to be 1.58×10-6 cm2 s-1, derived from the slope of the linear curve in 

Figure 4B using the Cottrell equation for a diffusion-controlled mechanism. 

 
Figure 4. Chronoamperograms of NH2-MIL-101(Fe) MOF/Pd NPs/SPE in 0.1 mol L-1 PBS (pH 7.0) containing 
different concentrations of NEPI. Inset A: extracted linear dependence between I and t-1/2 from the obtained 

chronoamperograms; Inset B: plot of the corresponding slopes versus the concentrations of NEPI 

Quantitative measurements of NEPI using DPV method 

DPV was used as a sensitive electrochemical method to quantify NEPI concentrations at the  

NH2-MIL-101(Fe) MOF/Pd NPs/SPE, and the resulting voltammograms exhibited well-defined, 

concentration-dependent oxidation peaks (Figure 5). An enhancement in the peak current of DPV 

responses was observed as the concentration of NEPI increased. The calibration curve obtained 

under the optimum conditions demonstrated linearity over a range of 0.02 to 575.0 µM, with the 

response expressed as shown below: I = 0.0327C + 1.1088 (R2 = 0.9997) (Figure 5, Inset). Moreover, 

the LOD was calculated as 0.007 µM using the following formula: LOD = 3 standard deviations of the 

blank response divided by the slope of the calibration curve. 
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Figure 5. DPVs of NH2-MIL-101(Fe) MOF/Pd NPs/SPE in 0.1 mol L-1 PBS (pH 7.0) containing different concen-

trations of NEPI. Inset: calibration plot from the linear relationship between the Ipa and concentration of NEPI 

Simultaneous determination of NEPI and ACP at the NH2-MIL-101(Fe) MOF/Pd NPs/SPE sensing 
platform 

The feasibility of determining NEPI in the presence of ACP at the NH2-MIL-101(Fe) MOF/Pd NPs/SPE 

surface was also investigated using DPV. For this purpose, the concentrations of these analytes were 

varied simultaneously in PBS, and the corresponding DPVs are presented in Figure 6. The DPV 

responses exhibit two well-separated oxidation peaks for NEPI and ACP at 360 mV and 550 mV, 

respectively. From the recorded DPV responses, when NEPI and ACP concentrations increase simul-

taneously, the anodic peak currents increase gradually.  Furthermore, the DPV  measurements showed 

a linear increase in peak currents with concentration, ranging from 0.5 to 500.0 µM for NEPI and from 

1.0 to 800.0 µM for ACP.  The calibration curves of NEPI and ACP are presented in Figure 6. 

 
Figure 6. DPVs of NH2-MIL-101(Fe) MOF/Pd NPs/SPE in 0.1 mol L-1 PBS (pH 7.0) for simultaneous determi-

nation of NEPI and ACP of different concentrations. Insets: corresponding calibration plots for NEPI and ACP 

http://dx.doi.org/10.5599/jese.3189
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Determination of NEPI and ACP in various samples 

To show the practical application of the designed electrochemical sensor, DPV was performed to 

determine the concentrations of NEPI and ACP in urine, NEPI ampoule, and ACP tablet samples.  The 

results are summarized in Table 1, which presents the corresponding measured values. Then, these 

samples were spiked with NEPI solutions at different concentrations. The obtained results exhibited 

good recovery percentages, from 97.1 to 104.4 %. Moreover, the results demonstrate RSDs ≤ 3.6 % 

across five measurements. These results show that the designed NH2-MIL-101(Fe) MOF/Pd NPs/SPE 

sensor is efficient for the determination of NEPI and ACP and has promise in practical applications. 

Table 1. NEPI and ACP determination and recovery results in urine, NEPI ampoule, and ACP tablet samples 
using the NH2-MIL-101(Fe) MOF/Pd NPs/SPE sensing platform 

Sample 

Concentration, µM 
Recovery, % RSD, % 

Spiked Found 

NEPI ACP NEPI ACP NEPI ACP NEPI ACP 

Urine 

0 0 - - - - - - 

5.0 5.5 4.9 5.6 98.0 101.8 3.1 2.3 

7.0 7.5 7.3 7.4 104.3 98.7 2.0 2.8 

NEPI ampoule 

0 0 2.9 - - - 3.3 - 

2.0 4.0 5.0 6.7 102.0 97.1 1.9 2.7 

4.0 6.0 3.9 9.0 97.5 101.1 2.4 3.6 

ACP tablet 

0 0 - 5.1 - - - 2.8 

4.5 1.0 4.7 6.0 104.4 98.4 3.1 1.9 

6.5 3.0 6.4 8.3 98.5 102.5 2.1 3.0 

Conclusions 

This work indicates the successful application of NH2-MIL-101(Fe) MOF/Pd NPs composite-

modified SPE for sensitive electrochemical determination of NEPI in the presence of ACP. By taking 

advantage of NH2-MIL-101(Fe) MOF and Pd NPs, as well as their synergistic effects, the oxidation of 

NEPI was significantly enhanced. This improvement played a key role in achieving a low LOD of 

0.007 µM and a high sensitivity of 0.0327 µA µM-1 for NEPI determination.  Moreover, the sensor 

enabled simultaneous determination of NEPI and ACP using the DPV method with high efficiency. 

The suggested method has been applied for the determination of NEPI and ACP in urine and 

pharmaceutical formulations. The recoveries obtained were in the range of 97.1 to 104.4 %, which 

indicates the analytical usefulness of the NH2-MIL-101(Fe) MOF/Pd NPs composite-modified SPE for 

the determination of these target compounds in real samples. 
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