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Abstract 

From a clinical point of view, excessive bilirubin (BR) level in the human body can 

cause diseases such as jaundice, liver failure, septicemia, brain damage and mental disorders. 

Therefore, a quantitative detection of BR in human biological fluid samples (blood and urine) 

is an important indicator of liver health. In this study, a non-enzymatic detection of BR 

biosensor is reported based on a tunable morphological structure of various surfactant-capped 

Cu-metal organic frameworks (Cu-MOFs). The Cu-MOF was prepared by a solvothermal 

synthetic route. The structures and properties were tuned by varying different surfactants 

including polyvinylpyrrolidone (PVP), sodium dodecyl sulfate (SDS), 

cetyltrimethylammonium bromide (CTAB) and sodium hydroxymethylglycinate (SHMG). 

The prepared surfactants@Cu-MOFs were monitored by FE-SEM and they showed well-

defined colloidosomes, spherical, dot-spherical and sponge-like morphological structures. 

Under optimized acquisition parameters, the catalytic performance of the different 

surfactants@Cu-based MOF was as follows: Cu-MOF < SHMG@Cu-MOF < SDS@Cu-

MOF < CTAB@Cu-MOF < PVP@Cu-MOF. A wide linear range (1 nM–100 µM) and a low 

LOD (124 pM) was obtained for BR quantifications at PVP@Cu-MOF modified electrode. 

The PVP@Cu-MOF was shown to be an excellent interference-free electrocatalyst against 

BR. Finally, the modified electrode was effectively used for the quantitative determination of 

BR in the sample of biological human fluids, and the obtained results were validated by 

spectrophotometer (UV-Vis) method. 

Keywords:   Metal-organic framework; Surfactant: Bilirubin; Electroanalytical Chemistry; 

Electrocatalyst; Blood analysis. 
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1. Introduction 

Bilirubin (BR), a pathogenic yellow-colored tetra-pyrrole derivative compound has 

effective antioxidant and toxic properties [1, 2]. It is an essential biological metabolic 

pathway for the hemoglobin system and leads to typical degradation of old red blood cells 

[2]. According to the conjugation unit, BR has been divided into two different parts such as 

direct (conjugated) and indirect (unconjugated) [2]. The complexes are linked to glucuronic 

acid and albumin to form a direct and indirect conjugated unit [2]. The unbound BR (free 

BR) to albumin is a critical signal indicator of toxicity and plasma toxicity. In addition, 

unbound BR has a pH-dependent solubility, and it has been bound into a tissue in living 

systems [1, 2]. The total amount of free BR in human biological fluids (blood and urine) is 

crucial for the living health system [1]. Higher concentration of BR, excreted in bile, urine 

and blood serum, may cause sickle cell anemia, thalassemia, hemolytic uremic syndrome, 

jaundice, etc [1-3]. The recommended level of free BR in human blood serum is less than 25 

mM L-1, and a higher level of about 50 mM L-1 in the body of jaundice patients [4-7]. In 

addition to jaundice patients, excess BR concentrations cause hepatitis, mental syndromes, 

brain damage, and eventually death, among others. Neonatal jaundice is common because 

almost all new-born infants develop an unconjugated BR level in the first week of life, which 

at 340 mM L-1 is generally ten times higher than in adults and causes dangerous problems [2, 

8]. Therefore, the quantitative determination of BR is essential from a biological and clinical 

point of view. 

Numerous systematic methods have been established for the quantitative 

determination of BR, such as direct spectroscopic and spectrofluorometric [9]. These 

spectroscopic analytical methods are affected by interferences and azo-based reaction 
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intermediates due to their pH dependence [10]. Other analytical detection methods include 

polarography [11], colorimetric [12] and high-performance liquid chromatography (HPLC) 

[13]. All the above analytical detection methods are expensive, require multistep analytical 

process and bulky. Electrochemical sensors are used as an alternative technique because they 

are simple, accurate, rapid and selective [1-4]. Generally, bilirubin oxidase (BROx) is 

immobilized on the electrode surface and then monitoring for BR selectively. In the presence 

of molecular oxygen (1/2 O2) and BROx, the BR oxidizes to biliverdin (eqs. 1 and 2) and 

calculated for indirect quantitative determination of BR using depletion of 1/2 O2 or the H2O2 

[14]. 

 (1) 

 (2) 

 In contrast, other electro active species are probably involved in the electrochemical 

reaction, and the release of H2O2 is stoichiometric and not equal to the BR original 

concentration. Moreover, BROx is very expensive and unstable in ambient conditions (about 

50% activity loss in 17 h at 37°C). To address above shortcoming, researchers are now 

focusing on non-enzymatic BR biosensor mainly because of its robustness and low-cost [3]. 

In recent years, many electroactive materials such as metallic nanoparticles [15], carbon-

based nanomaterials [16], conductive polymer films [17], and molecularly imprinted 

polymers (MIP) [18] have been used for the selective and sensitive determination of 

biosensors. Nevertheless, they fail due to high cost, low sensitivity, and multistep reaction 

setup. To address the above shortcomings, researchers mainly focus on the synthesis of 

tunable morphology-dependent electrocatalysts (especially MOFs) for electrochemical 

sensing applications due to their low-cost precursors, tunable morphological structures and 

active metal sites, and high thermal and chemical stability [19].  
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 Metal organic framework (MOF) is a class of advanced functional hybrid materials 

constructed from organic secondary building blocks (pillars) and metal sites (connectors) 

through a strong covalent bonding [19-21]. Due to their excellent physicochemical properties 

such as, large pore volume, extended chemical and thermal stability, tunable structural 

morphology, and flexible chemical structures, and they possess various potential applications 

[22, 23]. The electrochemical applications of MOFs were based on their chemical 

composition, conductivity and high surface area [20]. Moreover, morphology-dependent 

electrocatalysts are based on the selection of solvents, chemical composition, synthesis route, 

reaction time, secondary building unit, metal ions, temperature, pH, surfactant, and 

modulators [24-29]. 

 Nowadays, researchers are mainly focus on the synthesis of tunable morphological 

structures with uniform particle dispersion using various ionic surfactants, structuring agents, 

modulators and acid-base catalysts due to their low vapor pressure, effective reaction media 

at higher temperature and powerful controlling/stabilizing interfaces in synthetic solution [30-

33]. Among the various modulators, surfactant is an interesting base material because they 

are inexpensive organic compounds consisting of both hydrophobic and hydrophilic moieties 

(anionic, cationic, and zwitterionic) and decrease the interfacial tension between the two 

different liquid phases [33]. Moreover, surfactants play a crucial role as effective 

morphological mediators, and PVP is one of the important surfactants, a structuring/covering 

agent to stabilize the size, shape, and uniformity of MOF particles [32]. Recently, there are 

very few reports on the tunable synthesis of MOF using different types of surfactants, 

including rod-shaped NDC–MOF [34], ZIF-8 MOF [35], ZIF-8 [36], and MIL-NH2 [37]. To 

our knowledge, there is no report on the synthesis of tunable morphological structures of Cu-

MOFs using surfactants such as PVP, SDS, CTAB and SHMG.  
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 In this study, we demonstrate the sensitive and selective determination of BR by 

non-enzymatic pathway using morphology-dependent surfactants capped Cu-based organic 

electrocatalysts. The morphological constructions of Cu-MOFs were modified by changing 

the surfactants (PVP, SDS, CTAB and SHMG). The obtained different shapes and sizes of 

surfactants@Cu-MOFs were monitored by FE-SEM and the synthesized material was 

modified on GCE followed by evaluation of non-enzymatic BR oxidation. The PVP@Cu-

MOF/GCE results showed a highly sensitive, sensitive and interference-free electrocatalyst 

against BR.  

2. Experimental methods 

2.1. Chemicals, reagents and instrumentations  

 Azelaic acid (98%), copper(II)nitrate trihydrate (Cu(NO3)2.3H2O) (99-104%), 

polyvinylpyrrolidone (PVP) (MW ≈ 40,000 g/mol), sodium dodecyl sulfate (SDS) (≥98.5%), 

cetyltrimethylammonium bromide (CTAB) (≥98%), sodium hydroxymethylglycinate 

(SHMG) (98%), bilirubin (BR) (≥98%) were obtained from Sigma Aldrich. N, N-

dimethylformamide (DMF) (99.8%) was obtained from Sigma Aldrich. Sodium hydrogen 

phosphate (NaHPO4) (≥99.0%), and disodium hydrogen phosphate (Na2HPO4) (≥99.0%) 

were obtained from Sigma Aldrich. All chemicals are of analytical grade and were used 

directly for synthesis and sensor application. In addition, instrumentation details were 

provided in the supplementary materials (ESI). 

2.2. Synthesis of surfactants@Cu-MOFs  

 The Cu-MOF was synthesized following a previous report with slight modification 

[38]. Equimolar concentrations (0.3 mM) of azelaic acid (AA) and copper(II) nitrate 

trihydrate (Cu(NO3)2.3H2O) were absolutely dissolved in 20 mL of N, N-dimethylformamide 

(DMF). The clear mixture solution was then transferred to a Teflon-lined autoclave vessel, 
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tightly sealed, and then kept in a heating oven at 120°C for 24 h (heating and cooling rate 

5°C). The mixture was then allowed to cool to room temperature. During the completed 

reaction time, the container was slowly cooled to room temperature, and then the material 

was filtered using a Buchner funnel. Finally, the obtained blue colored solid Cu-MOF was 

washed with an excess amount of ethanol, acetone and DMF for five repeated times and then 

dried in a vacuum oven at 80ºC for 5 h. The same synthetic procedures are carried out for all 

other surfactant-capped Cu-MOFs (PVP, SDS, CTAB and SHMG). 

3. Results and discussions 

3.1. Morphological and elemental elucidations of surfactants@Cu-MOFs 

The FE-SEM images of as-synthesized Cu-MOF, PVP@Cu-MOF, SDS@Cu-MOF, 

CTAB@Cu-MOF and SHMG@Cu-MOF with higher magnifications are shown in Figs. 1 & 

2. Fig. 1 (a, a', a'') shows the image of Cu-MOF, which looks like a colloidosome 

morphological structure with an average size of about 8.0 μm. The introduction of PVP into a 

Cu-MOF shows a small spherical morphology (Fig. 1 (b, b', b'')), and surprisingly, the 

obtained particle sizes were drastically reduced to 3.4 μm from 8.0 μm.  
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Fig. 1. FE-SEM images of Cu-MOF, and PVP@Cu-MOF with higher magnifications. 
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The reduced particle size is due to the strong surfactant and shape directing behavior of PVP. 

As an effective capping/stabilizing agent, PVP prevents the aggregation of particles by a 

steric effect created by its hydrophobic chains [26, 39]. Moreover, the important property of 

PVP is the presence of pyrrolidone as a functional group that can bind strongly to the metal-

based scaffold. 

Fig. 2 (a, a', a'') shows the Cu-MOF capped with SDS, which has a fused spherical 

morphological structure with a larger number of holes. Anionic surfactant of SDS to serve as 

“bridge molecule” [40]. The hydrophilic sulfonate ion heads of SDS could be adsorbed on the 

surface of Cu-based organic framework, while the hydrophobic dodecyl tails would point 

toward the outside and form “dotted-like” structures, which could efficiently increase the 

substrate contact area and promote reaction efficiency [40].  
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Fig. 2. FE-SEM images of SDS@Cu-MOF, CTAB@Cu-MOF, and SHMG@Cu-MOF with 

higher magnifications. 
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Fig. 2 (b, b', b'') shows that the Cu-MOF was stabilized by CTAB and exhibited a sponge-like 

spherical morphology. The carboxylic acid functional group of azelaic acid probably plays a 

counter anion inducing the tunable morphological structures between the negatively charged 

acid functional group and a cationic head group of CTAB [41]. To form a micelle-like 

morphological structure, the electrostatic interaction between the natively charged organic 

ligand and a positive head group of CTAB is required. Subsequently, the metallic centre of 

Cu interacts with the organic ligand and forms a framework structure around the surface of 

the CTAB micelle [41]. Fig. 2 (c, c', c'') shows the SHMG-stabilized Cu-MOF. It showed a 

uniform spherical morphology with a size of 5.6 μm and the surface of the morphology is 

completely smooth as it acts as an amphoteric. Fig. S1 shows the EDX spectrum of Cu-MOF. 

It shows four different energy level peaks detected at 0.277 and 0.525 keV due to carbon, and 

oxygen, and two different energy levels at 0.928 and 8.046 keV corresponding to Lα and Kα 

copper, respectively. 

3.2. Evaluation of surfactants@Cu-MOFs by spectral studies 

  Fig. S2 shows the FT-IR of azelaic acid (AA), Cu-MOF, PVP@Cu-MOF, SDS@Cu-

MOF, CTAB@Cu-MOF, and SHMG@Cu-MOF, respectively. The detailed obtained peaks 

and the corresponding assignments were given in the supplementary material (ESI) (Table 

S1). Moreover, the crystalline behavior of the synthesized Cu-MOF, and surfactant@Cu-

MOFs were characterized by XRD. Cu-MOF showed sharp 2θ-peaks at 7.37º, 10.82º, 12.67º, 

14.47º, 18.57º, 22.47º, 26.42º, 36.47º and 40.83º corresponding to the planes of (200), (220), 

(222), (400), (500), (600), (731), (773), and (882) respectively (Fig. S3A) [42]. The obtained 

sharp 2θ-peaks clearly indicated that Cu-MOF was highly crystalline in nature. Moreover, the 

Cu-MOF capped with diverse surfactants (PVP, SDS, CTAB, and SHMG) showed similar 2θ 

peaks with slight differences in the obtained peaks and intensity (Figs. S3 a, b, c and d). The 
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obtained shift in peaks and intensities are clearly indicated that the surfactants were 

successfully modified with Cu-MOF.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  XPS is another important tool for surface analysis to evaluate the nature of the 

bonding environment, chemical composition and electronic state. The XPS of Cu-MOF 

displayed the peaks corresponding to C1s, O1s and Cu2p (Fig. 3A). The deconvoluted 

spectrum of C1s shows three different binding energies are at 284.1, 284.9 and 285.8 eV due 

to the confirmation of –C=C, –C=O, and –C–O respectively [43] (Fig. 3B). The 

deconvoluted spectrum of O1s showed three different binding environments at 531.1, 532.2 

and 533.5 eV, which are consistent with –O–Cu, –O–C and –O=C respectively (Fig. 3C). 

Fig. 3D shows the Cu2p and two sets of binding energy are shown, including main and 

satellite peaks. The main peaks were detected at 934.2 and 954.4 eV due to Cu2p3/2 and 

Fig. 3. XPS spectra of Cu-MOF. Survey spectrum (A), C1s (B), O1s (C), and Cu2p (D). 
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Cu2p1/2, and the satellite peaks were detected at 943.6 and 962.8 eV due to Cu2p3/2 and 

Cu2p1/2 [28, 38, 43]. Based on the XPS result, it was concluded that the synthesized Cu-MOF 

contains Cu2+.  

3.3. Electrochemical properties of surfactants@Cu-MOFs  

  The detailed procedure for the purification and fabrication of the electrodes is given in 

the supplementary material (ESI). Fig. S4 shows the CV on PVP@Cu-MOF/GCE in PBS 

(pH 7.4) at 50 mV/s. It shows sharp redox peak detected at + 0.02 and - 0.25 V, which are 

consistent with the redox behavior of Cu2+ suggesting the successful material modification on 

the electrode surface [28, 38]. Furthermore, the electrical conductivity of the different 

surfactant-modified Cu-MOFs electrodes was evaluated by electrochemical impedance 

spectra (EIS). Fig. S5 shows the Nyquist plots for the bare GCE, Cu-MOF, SHMG@Cu-

MOF, SDS@Cu-MOF, CTAB@Cu-MOF and PVP@Cu-MOF/GCEs in [Fe(CN)6
3-/4-] 

containing 0.1 M KCl. The frequency range was 0.01 to 100000 Hz. The obtained Nyquist 

plots were plotted between the real (Z') and imaginary axis (Z'') and finally the Rct values 

were measured. The electrical conductivity of the modified electrode is indirectly suggested 

to the Rct value and the obtained values are fitted with the simple Randles circuit model (Fig. 

S5F inset). The Rct values of the different surfactants@Cu-MOFs based electrodes are 216, 

115, 92, 38, 27 and 22 Ω for bare GCE, Cu-MOF, SHMG@Cu-MOF, SDS@Cu-MOF, 

CTAB@Cu-MOF and PVP@Cu-MOF, respectively. About 9.7-fold decrease was observed 

in the Rct of PVP@Cu-MOF. Furthermore, the heterogeneous electron transfer rate constant 

(ket) was calculated using eq. 3 [28]. 

                                               ket = RT/n2F2ARCTCo                    (3)                                                                                             

The calculated ket are 1.23, 2.34, 3.96, 9.21, 10.42 and 10.68 × 10-4 cm2 s-1 for bare GCE, Cu-

MOF, SHMG@Cu-MOF, SDS@Cu-MOF, CTAB@Cu-MOF and PVP@Cu-MOF modified 
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electrodes. Compared with the different surfactant-modified Cu-MOF electrodes, the 

PVP@Cu-MOF/GCE exhibited higher ket with lower Rct value, indicating that the modified 

electrode was exhibited high electrical conductivity. The PVP@Cu-MOF facilitates about 

8.7-fold increase in the rate of electron transport across interface. Moreover, the electroactive 

surface area (EASA) was calculated using Anson's eq. 4. 

A = a/2nF CD1/2 ᴨ1/2                                                                               (4) 

The calculated EASA of the various modified GCEs are 0.063, 0.121, 0.186, 0.267, 0.532 

and 0.617 cm2 for bare GCE, Cu-MOF, SHMG@Cu-MOF, SDS@Cu-MOF, CTAB@Cu-

MOF, and PVP@Cu-MOF/GCEs, respectively. About 9.8-fold increase in the surface area 

was observed after the GCE surface modified with PVP@Cu-MOF/GCEs. 

3.4. Electrochemical oxidation of bilirubin (BR) 

3.4.1.  Electrochemical oxidation behavior of BR at surfactants@Cu-MOFs/GCE 

       Fig. 4 shows the CVs for 100 µM of BR on various surfactant-modified Cu-MOF/GCEs 

in 0.2 M PBS (pH 7.4) at 50 mV/s under the optimized sensing parameters. No oxidation 

peak current response was detected within the broad potential window on the bare GCE 

(curve a). Moreover, Cu-MOF and SHMG@Cu-MOF/GCEs showed a less pronounced 

oxidation current with broad oxidation wave (curves b and c). The SDS@ and CTAB@Cu-

MOF/GCEs show two pronounced oxidation peaks at Epa of + 0.56 and + 0.73 V with anodic 

peak current (Ipa) of 0.86 and 1.05 µA, respectively, which can be attributed to the oxidation 

behavior of the chemical reaction between bilirubin to biliverdin followed by biliverdin to 

purpurin [44] (curves d and e). Moreover, the PVP@Cu-MOF/GCE was used for the 

oxidation of BR and showed distinct two oxidation peaks at Epa of + 0.55 and + 0.71 V with 

enhanced oxidation peak current (curve f). The PVP@Cu-MOF modified electrode was also 
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found to be very stable even after the 10th potential cycle (1st and 10th lines: solid and dotted). 

Moreover, no oxidation current was detected in the absence of analyte (100 µM BR). Fig. 4B 

shows the bar graph for the effect of modified GCEs vs. oxidation current BR. Among the 

different modified electrodes, the PVP@Cu-MOF/GCE showed higher current with 

prominent oxidation peaks due to their smaller particle size, high electrical conductivity and 

excellent electroactive surface area. 

3.4.2. Effect of BR concentration and loading levels of PVP@Cu-MOF/GCE 
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Fig. 4. CVs for 100 µM BR on bare GCE (a), Cu-MOF (b), SHMG@Cu-MOF (c), SDS@Cu-

MOF (d), CTAB@Cu-MOF (e), and PVP@Cu-MOF/GCEs (f) (1st cycle: dotted blue line: 10th 

cycle: solid red line) in 0.2 M PBS (pH 7.4) at a scan rate of 50 mV/s (Ag/AgCl (saturated NaCl) 

(A). CVs on PVP@Cu-MOF/GCE for BR concentrations (25 – 125 µM) (C). Bar graph pictures 

for modified electrodes and concentration (BR) vs. oxidation current (B and D).  
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Fig. 4C shows the CVs on PVP@Cu-MOF/GCE in 0.2 M PBS at 50 mV/s for different molar 

concentrations of BR (25, 50, 75, 100 and 125 µM). No oxidation current was observed on 

the conventional bare GCE. The modified GCE showed oxidation peaks at Epa of + 0.55 and 

+ 0.72 V with peak current Ipa of 0.38 µA in the presence of 25 µM BR (curve a). When the 

concentrations of BR were increased to 50, 75, and 100 µM, the oxidation peak current was 

linearly increased (Ipa = 0.79, 1.1, and 1.26 µA) (curves b, c, and d). Moreover, the 

concentration of BR was further increased to 125 µM, the obtained oxidation current did not 

change significantly (Ipa = 1.31 µA) (curve e) as the modified electrode reached the saturation 

point. Therefore, 100 µM BR was optimized for all voltammetry experiments. Fig. 4D shows 

the bar graph for the oxidation current vs. and concentration of BR. From the bar graph 

profile suggested that 100 µM BR showed higher oxidation current than others. 

The influence of electrocatalyst (mass loading level) is an important parameter for the 

oxidation behavior of BR. Fig. S6 shows the CVs for 100 µM of BR on PVP@Cu-MOF/GCE 

in PBS. It shows a less noticeable oxidation current Ipa of 0.5 µA at 0.05 mg/mL of the 

modified electrocatalyst (curve a). When the loading level was increased to 0.10, 0.15, 0.20 

and 0.25 mg/mL of PVP@Cu-MOF, there was a marked increase in the oxidation current 

with a slight shift in the oxidation peak potential (curves b, c, d and e). Further, while 

increasing the loading to 0.30 mg/mL of PVP@Cu-MOF/GCE showed a lower oxidation 

peak current with a shift of the potential towards more positive than 0.25 mg/mL of the 

modified electrode (curve f). The less oxidation peak current obtained is due to the poor 

dispersion behavior of PVP@Cu-MOF in DI water environment. Therefore, 0.25 mg/mL of 

the electrocatalyst was optimized for all electrochemical experiments. 
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3.4.3. Influence of scan rate and pH 

The kinetic behavior for the oxidation of BR on PVP@Cu-MOF/GCE was interrogated 

using CVs. Fig. 5A shows the CVs for 100 µM BR on PVP@Cu-MOF was prepared on GCE 

in PBS at scan rates of 10 – 100 mV/s. While the scan rate increases with increasing 

oxidation current and without shifting the oxidation peak potential. The plot of the oxidation 

current vs. the square root of scan rate is linear and represented by the regression equation as 

Ipa (µA) = 0.746 [BR] (µA/µM) + 0.494 with R2 = 0.998 (Fig.  5B), indicating that the 

oxidation of BR is a diffusion-controlled process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 1

0

5

E/V vs. Ag/AgCl (NaCl sat)

I/
µ

A

a

j

0.2 0.4 0.6

1.6

1.8

E/V vs. Ag/AgCl (NaCl sat)

I/
µ

A

a

j

A 

B 

C D 

Fig. 5. CVs for 100 µM BR at PVP@Cu-MOF/GCE in 0.2 M PBS (pH 7.4) at different scan 

rates (10 – 100 mV/s) (A). Plot of current vs. square root of scan rates (B). DPVs for each 

addition of 1 µM BR to PVP@Cu-MOF/GCE (C). Plot of oxidation current vs. concentration of 

BR (D). 
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Another important sensing parameter is the effect of pH in relation to the oxidation 

behavior of BR. The supporting electrolyte solution was increased from pH 4.4 – 9.4 in 0.2 M 

PBS containing 100 µM BR at a scan rate of 50 mV/s (Fig. S7). The less pronounced 

oxidation peak current was observed at pH 4.4. While the solution pH was increased to 5.4, 

6.4 and 7.4, the oxidation current response was increased with slight shift in the oxidation 

peak potential. When the pH of the solution was also increased to 8.4, the oxidation current 

response was dropped significantly. Based on the effect of pH, the oxidation current of BR at 

7.4 is higher than others. Therefore, pH 7.4 is optimal for all electrochemical experiments, 

and this environment is closely related to the living biological system. 

3.5. Sensitive determination of BR by DPV and amperometry  

 Fig. 5C shows the DPVs on PVP@Cu-MOF/GCE in the presence and absence of BR. 

In the absence of analytes (baseline), no current behavior was detected within the potential 

window. The oxidation peak current was detected at Epa of + 0.24 and + 0.41 V during the 

addition of 1 µM BR. Moreover, the concentration of BR was increased from 2 – 10 µM BR, 

gradually increasing the oxidation current without shifting the detection peak potential. The 

two well distinguishable oxidation peaks were obtained due to the oxidation of bilirubin to 

biliverdin and biliverdin to purpurin. The plot of current vs. concentration of BR is linear and 

regression equation expressed as Ipa (µA) = 0.088 [BR] (µA/µM) + 0.015; R2 = 0.997 and Ipa 

(µA) = 0.050 BR (µA/µM) + 0.013; R2 = 0.994 (Fig. 5D).  

 Fig. 6A shows the amperometric (amp) i-t curve for BR on PVP@Cu-MOF/GCE in 

PBS at a sample interval of 50 s in dynamic mode. All experiments of amp i-t curve were 

performed under the constant working potential of + 0.65 V. The oxidation current 

performance was improved by the initial addition of BR (10 µM). Furthermore, the 

concentration of BR (20 – 70 µM) was increased, which increased the oxidation current 
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without significant noise. The plot of oxidation current vs. concentration of BR is linear and 

regression equation expressed as Ipa (µA) = 0.020 BR (µA/nM) + 0.002; R2 = 0.997 (Fig. 6B). 

The PVP@Cu-MOF/GCE was further used for the wide linear range concentration of BR 

under the optimized working parameters. Figs. 6C & 6D show the amp i-t for different 

concentrations of BR. The concentration of BR was increased from 1 nM – 100 µM, and the 

oxidation current was increased as a function of concentration. The plot of current vs. 

concentration is linear with R2 = 0.9956 (Inset to Fig. 6D). The LOD was calculated using eq. 

5. 

                                                               LOD = 3σ/slope                                             (5)  

                                             

The calculated LOD of 124 pM for BR on PVP@Cu-MOF/GCE.  
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Fig.6. Amperometric i-t curve for BR of PVP@Cu-MOF/GCE in 0.2 M PBS (pH 7.4). 

Each addition increases 10 nM BR (a-g) at a detection interval of 50 s (A). Plot of current 

vs. concentration of BR (B). Wide linear range of concentration BR (a) 1, (b) 3, (c) 10, (d) 

25 nM, (e) 1, (f) 3, (g) 10, (h) 20, (i) 50, (j) 75, (k) 100 µM at a regular interval of 50 s (C 

and D) (Inset: plot of current vs. concentration of BR). 
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The catalytic performance of the present modified electrode (PVP@Cu-MOF/GCE) 

was compared with the other reported results listed in Table 1 [2, 4, 6, 15, 16, 44, 45]. 

Compared with all reported methods, the present enzyme-free electrocatalyst 

(PVP@Cu-MOF) showed excellent electrocatalytic activity, including lower oxidation 

peak potential, well-defined oxidation peaks, wide linear concentration range and 

lower detection limit. 

3.6. Influence of anti-interference  

 Fig. S8 shows the amp i-t for the selective determination of BR in the presence of 

other possible interferences such as biomolecules and metal ions on PVP@Cu-MOF/GCE. In 

the absence of BR, no current response was detected, and the current signal was observed at 

500 s due to 1 µM BR (curve a). Then, 100-fold higher concentrations of uric acid (curve b), 

ascorbic acid (curve c), creatinine (curve d), glucose (curve e), glutamic acid (curve f), and 

cholesterol (curve g) were added to electrolytes containing PBS (pH 7.4), and no significant 

current response was observed. Additionally, when BR was added back into an electrolyte-

containing mixture, the current response was significantly increased. In contrast, when 200-

fold higher concentrations of Cu2+ (curve h), Na+ (curve i), and SO4
2- (curve j) and Cl- (curve 

k) were added to the solution, no current increase was observed. Finally, the known amount 

of BR (1 µM) was added to the same mixture with electrolyte, the current response was again 

increased (curve a). The obtained anti-interference result indicated that the present 

electrocatalyst (PVP@Cu-MOF) showed superior selectivity in the presence of other possible 

interferences. 
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Table.1. Comparative result of the present modified electrode (PVP@Cu-MOF/GCE) with 

the reported BR sensors. 

S. 

NO 

Catalyst pH Detection 

method 

linear range 

(µM) 

LOD 

(µM) 

Ref 

       

1 RGO-PSS Tri-HCl; 

pH- 8.5 

AMP Up to 315 2 [2] 

       

2 Nanosheet-tta/PS - - 0 − 60 0.041 [4] 

       

3 MWCNTs-

COOH/GNs/AuNPs 

PBS; pH- 

7.4 

AMP 1.33 − 71.56 0.34 [6] 

       

4 BOx/AuNPs/MPTs PBS; pH- 

8.4 

AMP 1 − 5000 0.0023 [15] 

       

5 MWCNTs PBS; 7.2  DPV 0.5 − 500 0.3 [16] 

       

6 Screen printed carbon 

electrode 

Trizma 

buffer 

DPV 5 − 600 - [44] 

       

7 Ceria NCs/CBS PBS; pH 

7.4 

DPV Up to 100 0.1 [45] 

       

8 PVP@Cu-MOF PBS; pH 

7.4 

AMP 0.001-100 124 pM Present 

work  

       

RGO - Reduced graphene oxide; PSS - Poly styrene sulfonate; MWCNTs - Multi-walled 

carbon nanotubes; GNs - Graphene; AuNPs - Gold nanoparticles; BOx - Bilirubin oxidase; 

MPTs - 3-mercaptopropyl-trimethoxysilane; NCs - Ceria nanocubes; CBs - carbon blacks.  

3.7. Effect of stability and reproducibility    

  Fig. S9A shows the DPVs for 5 µM BR on PVP@Cu-MOF/GCE. The stability 

experiments were carried out continuously for six days and the rest of the time, the 

electrode was kept in an atmospheric environment. A well distinguishable pair of 

peaks was detected at Epa of + 0.25 and + 0.42 V during the addition of BR 

concentration (5 µM). The obtained current is analogous for all six days with no shift 

in oxidation peak potential. The RSD performed is 1.64 ± 0.03% (n = 3) and the 
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obtained lower percentage value of RSD indicates that the modified electrode is very 

stable against the oxidation of BR. Fig. S9B shows the bar graph for oxidation current 

vs. stability cycles and no significant current changes were observed.  

  Fig. S9C shows the DPVs for 5 µM BR on five dissimilar GCEs with 

PVP@Cu-MOF. It showed sharp oxidation peaks at Epa of + 0.24 and + 0.41 V due to 

the oxidation of BR (curve a). The remaining four electrodes showed similar current 

and oxidation peak potentials (curves b, c, d and e). The measured error percentages of 

RSD for all five different modified electrodes are 1.39 ± 0.05%, which suggests that 

the present electrocatalyst has high reproducibility. Fig. S9D shows the plot of 

oxidation current against the effect of reproducibility and shows that the current 

responses were almost similar for all the modified electrodes. 

3.8. Effect of real sample analysis  

  Real-world sample analysis of BR was performed on PVP@Cu-MOF/GCE in 

human biological fluids, including human whole blood and urine samples. The human 

whole blood sample was collected from a renowned medical laboratory and the urine 

sample was collected by laboratory staff. All real samples were used directly without 

any further treatments. Fig. S10A shows the DPVs on PVP@Cu-MOF/GCE in the 

presence and absence of a human whole blood sample. In the absence of a human 

whole blood sample, no current response was detected within the working potential 

(curve a) and in the presence of a human whole blood sample, an oxidation current 

was detected at Epa of + 0.24 and + 0.42 V (curve b), possibly due to the oxidation of 

BR. The obtained oxidation current was further confirmed when commercial BR was 

added to the same human whole blood sample. Surprisingly, the oxidation current was 

increased at a similar peak potential, indicating that the obtained current was clearly 
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confirmed BR (curve c). Moreover, the typical standard addition method was used to 

determine the recovery concentration and the detailed results are shown in (ESI) Table 

S2. Fig. S10B shows the DPVs on PVP@Cu-MOF/GCE in the presence and absence 

of a human urine sample. In the absence of a human urine sample, no current response 

was perceived (curve a) and the current response was detected in the urine sample 

(curve b). The obtained oxidation current was further confirmed using the commercial 

BR (curve c) and the detailed recovery results are given in Table S2 (ESI). The 

concentration of BR in the human blood and urine samples was 2.52 ± 0.03 µM and 

0.60 ± 0.05 µM, respectively, which was consistent with the results obtained by the 

UV-Vis spectroscopy method (Table S3). 

4.0. Conclusions 

  In summary, a non-enzymatic BR sensor based on the diverse surfactants 

capped Cu-MOFs is developed. A solvothermal synthetic procedure is developed for 

the preparation of surfactants@Cu-MOFs. The spectroscopic, microscopic, elemental 

and electrochemical techniques confirm the successful formation of the composites. 

The surfactants@Cu-MOFs modified GCE is used for the oxidation of BR at 

physiological pH (7.4). The PVP@Cu-MOF/GCE outperforms other modified 

electrodes, due to its smaller particle size, higher electroactive surface area and faster 

electron transfer rate constant. The PVP@Cu-MOF electrocatalyst exhibits a detection 

limit of 124 pM, which surpassed the limits of many existing methods. The sensor is 

practically applicable for the quantitative detection of BR in human whole blood and 

urine samples.  
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