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Abstract 

In this study, molecular imprinting polymer (MIP) was used to develop selective active sites for low- cost 

and easy-to-build bilirubin (BR) detection because BR is known as an indicator of liver function. When the 

liver does not excrete BR properly, it causes jaundice, which is associated with liver diseases, especially 

for in infants. High levels of BR can cause serious brain and spinal cord damage. Therefore, the 

identification and measurement of BR is important. In this study, for the first time, the amount of BR in 

saliva was identifieddetermined for the first time, which is non-invasive and cost-effective. Multi-walled 

carbon nanotubes (MWCNTs) were used for electrode modification before electropolymerization and MIP 

electrode preparation. o-phenylenediamine (OPD) was electropolymerized in the presence and absence of 

BR. The Mmodified electrodes were characterized using different techniques. The electrochemical sensor 

exhibited an excellent selectivity and sensitivity, notably 1.05 µA fM-1. Moreover, the proposed sensor 

showed a wide linear range (12.08 fM to 91.81 fM) with a low detection limit of 7.80 fM.   Moreover, the 

MIP electrode demonstrated acceptable operational stability (5% of signal loss over 10 days). After a deep 

characterization of the sensing platform, the MIP- modified electrode was exploited utilized for the selective 

detection of BR in the saliva and serum of infants.  

 

Keywords: Molecular imprinting polymer; bilirubin; electrochemical sensor; saliva; o-phenylenediamine 
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Introduction 

Nowadays, 80% of precocious newborns and about 50% of ordinary babies have hyperbilirubinemia at in 

their early stages of life. The bilirubin (BR) level is higher in newborns because BR cannot conjugate with 

glucuronic acid and remains to attach to albumin, whereas in natural hepatic mechanisms, glucuronic acid 

conjugates to BR and helps to excrete BR from the body [1, 2]. Hyperbilirubinemia causes body injury, 

thereby inspiring more researches on suitable devices for rapid detection of BR [3].  

BR is produced from hemoglobin metabolism of aged red blood cells [4-6]. Almost 6 g hemoglobin 

is broken down every day, out of which roughly 30 mg of BR is produced [6-8]. BR is categorized into 

three main classes, two chief kinds of which exist in the human body fluids: (i) conjugated or direct BR 

(BRd) and (ii) unconjugated or indirect BR (BRi) [9, 10]. BRi is normally present in human serum at low 

concentrations because it is very highly insoluble in water at physiological pH; therefore, its concentration 

is related to albumin [11, 12]. Importantly, high amounts of BRi affect and decompose the skin and eyes 

[10].  

The natural concentration ranges of BRd and total BR (BRt) in human serum are 0.8-5.1 and 3.4-

17.0 μM respectively. In parallel, the physiological reference standard range of BRt in human serum is 3.5-

22.6 μM (0.2-1.3 mg/dL) [9]. A low BR level is related to anemia and coronary artery infections. High 

concentrations of BR may even cause biliary duct or hepatic dysfunction and similarly enduring brain 

damage and death in the highest drastic occurrences [13-15]. Hence, the BR concentration can be used as 

a significant guideline to recognize numerous liver diseases. High serum concentrations of BR (more than 

2.5 mg/dL) in jaundice are known as hyperbilirubinemia. In the clinical laboratory, generally BRd and BRt 

will be generally measured as the main biomarkers for jaundice, although BRi can be estimated from the 

difference between BRd and BRt. 

A few years ago, several analytical techniques were advanced for the recognition of BR, including 

enzymatic experiment [16-18], piezoelectricity [19, 20], high-performance liquid chromatography (HPLC) 

[21, 22], fluorimetry [23-26], chemiluminescence [27, 28], and capillary electrophoresis [29, 30] 
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techniques, were advanced for the recognition of BR. However, these techniques require expert operators 

and complex and expensive equipment. The enzymatic methods showed have drawbacks since they have 

irreproducibility and inadequate stability due to the sensitive nature of enzymes nature [7]. In addition, 

there are some limitations about electrochemical procedures like enzymatic electrodes, which use bilirubin 

oxidase (BOx) for BR detection and quantification, have some limitations. These limitations include such 

as low stability, short life span, and also high detection limit. because the The electrode surface and the 

enzyme active center of the enzyme have a weak electron transferring ability [31, 32]. Compared to the 

other techniques, more attention has been paid to the electrochemical sensors because of their scope of 

scaling down and convenient portability, simplicity, high sensitivity, and low- cost production, commonly 

without the pre-treatment of samples [33]. Although many studies have been conducted on BR detection so 

far, using electrochemical methods for its quantitative experiments assessment is still has in its infancya 

great way ahead. Electrochemical-based enzymatic methods are commonly used to detect BR. These 

methods are usually unstable and expensive. Among electrochemical methods, sensors that are based on 

the molecular imprinting of polymers are suitable alternatives. This process is able to minimize the 

interference of analytes with the same structure. On the other hand, it is an easy, and long-lasting, and cost-

effective method [34]. 

Molecularly imprinteding polymer (MIP) is a polymerization method that makes it possible to 

synthesize semi-specific positions for targets in the molecular dimensions.  MIP and is a polymerization 

method that uses a monomer and a target molecule It makes it possible to synthesize semi-specific positions 

for targets in the molecular dimensions [10, 35-39]. It can be prepared by electrochemical polymerization, 

UV polymerization, free-radical polymerization, and so on [40]. Therefore, the cavities, positions, or sites 

can be generated in very small sizes using a suitable matrix based on inorganic or organic materials or their 

combination. Template removal is the most important step; hence, the cavities with high selectivity may 

remain [41]. Dissimilar to the enzymes and bio-receptors, MIPs demonstrate high resistance in harsh media 

such as high pressures, high temperatures, and high alkaline or acidic environments. Furthermore, they can 

retain their analytic properties even after many years, and their stability is considerably longer than that of 
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biological receptors [35]. Yola et al.,, prepared a modified electrode for epinephrine the selective detection 

of epinephrine from urine samples using an MIP sensor with a very low detection limit [42]. In another 

work, an MIP sensor based on polyoxometalate/carbon nitride nanotubes composite was fabricated for the 

detection of organochlorine compounds detection with a good linear range [43]. 

Due to the limitations and challenges of BOx-based methods, MIPs have been used for the BR 

quantitative assay of BR. The o-phenylenediamine (OPD) electropolymerization has biocompatibility and 

the possibility of immobilizing different materials since it has been extensively used for the preparation of 

MIP sensors [44]. Polymerized OPD (PoPDA)-based compounds provide controlled-thickness polymers at 

the range of 10-100 nm because of the in situ electropolymerization, self-limiting growth, and simpley 

regeneration after usage use [45]. 

Saliva is one of the most unique human body fluids for analytical experiments and analyte 

detection. It is noninvasive, inexpensive, easy-to-use, and stress-free. Studies have shown that certain 

concentrations of ions and proteins in plasma are analogous to their amounts in stimulated salivary samples 

[46]. The salivary glands can straightly secrete some molecules, including secretory lysozyme and 

immonuglobulin A (IgA), whose presence in the respective serum sample may be nil or sparse. In contrast, 

the BR concentration, cholesterol, lipoproteins, iron, transferrin, immunoglobuline M (IgM), and 

immunoglobuline G (IgG) serum levels are 4-15 times more greater than those seen in the saliva. This 

proposes shows that these compounds have a passive diffusion into plasma [47].  

In this study, the MIP was used for the formation of selective active sites to specifically detect BR. 

Since multi-walled carbon nanotubes (MWCNTs) are good candidates for electrochemical applications and 

have been used to modify electrodes before electropolymerization and MIP electrode preparation, OPD is 

electropolymerized in the presence and absence of BR. MWCNTs are good choices for increasing the 

sensor sensitivity. In fact, the MWCNTs have a metallic behavior and it can show induce effective 

conductivity [11]. Then, the electrochemical measurements are performed following a precise and simple 

protocol in order to detect BR in real samples, including saliva and serum. For a better comparison of MIP 
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BR sensor, a control experiment using the non-molecularly imprinteding polymer (NIP) was fabricated 

using OPD electropolymerization in the absence of BR.  

2. Experiment 

2.1. Materials and reagents 

N,N-dimethyl formamide (DMF), o-phenylenediamine (OPD, purity: ≥98%), dopamine, di-sodium 

hydrogen phosphate (Na2HPO4),  sodium phosphate monobasic (NaH2PO4), sodium hydroxide (NaOH), 

hydrochloric acid (HCl), BR, acetonitrile, acetic acid, uric acid, and ascorbic acid were bought from Sigma–

Aldrich (St. Louis, Missouri, United States). The MWCNTs were procured from the U.S. Research 

Nanomaterials, Inc (Houston, TX 77084, the United States). The other purifying components were bought 

from Merck. The Na2HPO4 and NaH2PO4 stock solutions were mixed to prepare phosphate buffer solution 

(PB) solution, and the pH values were set to the desired value through either NaOH or HCl addition. All of 

the solutions were prepared with double distilled water of (Zolal Teb Shimi Company, (Shahriar, Tehran, 

Iran). 

2.2. Apparatus 

A potentiostat Autolab PGSTAT302N-high was used to perform the electrochemical experiments, 

and the obtained data were analyzed by the regulator software NOVA 2.1.2. Further, three electrodes, 

including platinum wire, Ag/AgCl (3 M KCl) (Notably, all potentials reported in the paper are referred to 

as the aforementioned reference electrode), and glassy carbon electrode (GCE), were used as auxiliary, 

reference, and working electrodes, respectively. The Ssolutions comprising ofcontaining PB (0.1 M, pH 

7.0), K3[Fe(CN)6]/K4[Fe(CN)6] (5 mM), and KCl (0.1 M) were used during the electrochemical tests. Ehe 

Quanta 450 scanning electron microscope was used to investigate the surface electrode morphology by 

using the scanning electron microscopy (SEM) images (Fei Company, U.S.A.). All experimentations were 

carried out at room temperature. 

2.3. Fabrication processes of the MIP and NIP electrodes  

DMF was added to the MWCNTs powder to prepare the MWCNTs suspension (6 mg/2.0 mL), and 

which was then ultrasonicated for 30 min. The GCE electrode was wiped by with 0.05 μm alumina slurry 
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on a wad and washed ultrasonically with the mixture of HNO3 and ethanol (1:1) [44]. It was then washed 

with ultrapure water to clean the electrode surface. After electrode drying, 10 μL of MWCNT suspension 

was dropped onto its surface and dried at room temperature. Acetate buffer (ABS, pH 5, 0.1 M) was utilized 

for the electropolymerization of the modified GCE surface by adding BR (2.0 mM) and OPD (2.0 mM). 

The solution was bubbled with N2 gas before electropolymerization. Then, CV was applied at a scan rate 

of 50 mV s-1 and a potential range of 0.4-1.0 V. To remove the BR molecules, the acetonitrile-acetic acid 

mixture was used at room temperature for MIP electrode incubation at 5:2 ratio (v/v) for 4 min under 

stirring. Then, the modified electrode was investigated using electrochemical experiments. 

NIP/MWCNT/GCE was also fabricated under a similar situation without adding the BR to the 

electropolymerization step for the comparison and control experiments.  

After the releaseing of the BR molecules, the electrode was washed out by ultra-pure water and 

was then subdued to for the selective recognition and rebinding tests. Rebinding of BR in the organized pits 

was performed by plunging the electrode in various concentrations of BR solution in 0.1 M PB (pH 7, 0.1 

M) beneath under stirring for 10 min. In order to remove the adsorbed physical materials, the electrode was 

washed with distilled water.  

 

2.4. Experimental procedure 

All the electrochemical measurements were performed using a three-electrode configuration with 

MIP/MWCNT/GCE and NIP/MWCNT/GCE as working electrodes. The [Fe(CN)6]3−/4− was utilized as an 

electrochemical probe to survey the implementation of the prepared electrodes. The electrochemical 

behaviors of MIP/MWCNT/GCE in the preparation procedure were characterized by electrochemical 

impedance spectroscopy (EIS), cyclic voltammetry (CV), and differential pulse voltammetry (DPV). 

EIS evaluation was carried out at the signal amplitude of 5 mV with a regularity range of 0.01-100 000 Hz 

under an open-circuit voltage. The scan rate of 10 mV s-1 was selected for the CV recording at potentials 

varying from −0.5 to +0.5 V. To investigate the DPV, the potential range, step potential, modulation time, 

and modulation amplitude of 0.5-0.7 V, 4.0 mV, 50 ms, and 50 mV were selected respectively. All the 
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optimization and selectivity experiments were performed using DPV to get the best conditions for the 

formation of the MIP electrode surface, the modified electrode was placed in buffer and then in a buffer 

containing a specific concentration of BR or interfering species (in the selectivity test) and the change of 

current [Fe(CN)6]3-/4- (ΔI) was used to assess the optimum condition. The difference between current values 

(ΔI) of the MIP electrode after and before re-adsorption in the solution of BR was reported [48, 49]. 

 

2.5. Diagnosis of serum and salivary BR 

The Sserum and saliva samples of neonates as well as serum and saliva of healthy human 

were collected from Hazrat Masoumeh Hospital (Kermanshah, Iran). Breastfeeding was performed 

at least two hours before sampling. The serum was separated by centrifugation at 12,000 rpm for 

20 minutes. The prepared samples were incubated for 30 minutes in ambient conditions and 

transferred to the electrochemical cell for analysis [50]. The Iindividuals expressed gave their 

informed consent to participate in the study before participating starting the experiment, and the 

protocol was approved by the Medical Research Ethics Committee of the National Research 

Center. Every experiment was repeated 4 four times.  

3. Results and discussions 

3.1. Characterization of surface morphology  

The surface morphology of MIP and NIP- modified electrodes was characterized to investigate the 

surface insights. As shown in Fig. 1, the structure of MIP/MWCNT/GCE compared to NIP/MWCNT/GCE 

is wrinkled with many small pores. According to comparisons made between MWCNT/GCE and 

MIP/MWCNT/GCE, we can conclude that a thin polymer is placed formed on the surface [51]. However, 

the morphology of NIP/MWCNT/GCE was much smoother than that of MIP/MWCNT/GCE, and fewer 

pores were found. According to Fig. 1, after removing the BR from the MIP level, cavities appeared as 

active binding sites for the BR molecule. 

 Figure 1 
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3.2. Electrochemical investigations 

3.2.1. Electropolymerization 

Fig. 2A illustrates the voltammetric cycles that have been used to produce MIP and NIP on the 

electrode. OPD oxidation has created distinct and irreversible anode peaks. In the first scan, the an anodic 

peak is was observed, which decreaseds with increased frequency of the consecutive scanning cycles. Fig. 

2A shows the formation and growth of a polymer film in the OPD and BR. During the first cycle, an 

oxidation peak at of 0.8 V and a reduction peak of about -0.3 V are were observed, which resulted in the 

formation of a polymer film. During polymerization, peak points are were formed, which is was probably 

due to the presence of -NH groups in the OPD and BR.  Comparing The comparison of Fig. 2B and C 

showed, a clear difference between MIP and NIP after polymerization and before the removal of the analyte, 

it can be seen that there is a clear difference between MIP and NIP. The peak corresponding to MIP is was 

smaller than the peak corresponding to NIP, which is was probably due to the presence involvement of BR 

analyte in the formation and growth of the polymer film. These results indicate that under these conditions 

a polymer film of the OPD that traps BR molecules has been prepared formed on the surface of the 

MWCNT/GCE [51]. After electropolymerization, the response to the probe redox is was lost due to the 

presence of a non-conductive film that preventeds the [Fe(CN)6]3-/4- probe from reaching the electrode 

surface of electrode. 

3.2.2. Electrochemical characterization 

[Fe(CN)6]3-/4- probe produced an electrochemical signal in relation to the number of cavities that 

were not engaged by the BR molecule by reducing or oxidizing on the electrode surface. After the removal 

of BR by acetonitrile solution, the redox reaction was improved, indicating that BR was successfully 

removed from the MIP electrode surface and led toprovided  greater access of for probe ions through the 

cavities in the modified layer. After incubation of MIP electrode with PB the analyte-containing analytePB, 

the peak currents were reduced, which indicated the blockage of some electron transfer holes for [Fe(CN)6]3- 

and /4- thus proving the BR sensing features of the so prepared electrode platform. In comparisoncontrast, 

after washing and reabsorbing the NIP electrode did not show any obvious change in the peak current after 
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washing and reabsorbing. Figs. 2B and C show a comparison between the responses of MIP and NIP 

electrodes. According to the voltammograms, the MIP respondeds to BR, and the NIP electrode showeds 

very small changes in the current due to the lack of specific sites on the electrode surface as a result of the 

sensor's limited response. This feature indicates specific bonds in the MIP relative to the target molecule.  

The EIS spectra (Fig. 2D) were used to investigate the properties of the electrode platform at in 

each modification step, verifying how the resistance to the charge transfer (RCT) was changing. Fig. 2D 

shows the electron transfer capabilities of the modified electrode external surface. The semicircle of the 

EIS spectrum is was at greater frequencies, indicating the electron transfer procedure. Its diameter is was 

equipollent to the electron transfer resistance (RCT), and its linear frequency at lesser lower frequencies is 

was fitted with the diffusion process. The [Fe(CN)6]3-/4- probe solution is was used at the frequency range 

of 0.1-100 kHz. A comparison between diagrams A and B indicated the RCT values for GCE and 

MWCNT/GCE were calculated to be 290 and 14 Ω respectively, indicating that the resistance was 

significantly reduced due to the MWCNT used on the electrode surface. It showed that the electrode was 

improved by the materials with great electrical conduction. The polymer film (OPD) created an additional 

barrier to electron transfer in the presence of redox probe, leading to an increase in the electron transfer 

resistance (RCT=153 Ω). After the removal of BR, the resistance was significantly reduced (RCT=58 Ω), 

which is was a sign of successful extraction of BR from the polymer. The cavities acted as an electron 

transfer channel and reduced the resistance. Under the observations, it can be concluded that the proposed 

MIP sensor has been successfully fabricated, and these observations show that the EIS spectra are consistent 

with the CV results. 

Figure 2 

3.2.3. Optimization of pH and incubation time 

In order to maximize the performance of the sensor, the incubation time was optimized. The peak 

current decreased rapidly from minute 5 to minute 10. This process signifies the practical and rapid response 

of the MIP sensor to the target analyte compared to the others. Fig. 3A shows a stable response after 10 

min, which indicates that the absorption has reached equilibrium and the surface is saturated. In addition, 
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the performance and sensitivity of the modified electrodes can be affected by the incubation time and pH 

of the buffer solution. Fig. 3B shows the effect of different pH values from 4 to 9 on PB. The pH 7 was 

selected due to the its high catalytic activity.  

Figure 3 

 

3.2.4. Template molecule removal behavior 

The process of BR removal is a very significant step in providing suitable repeatability and high 

selectivity for the electrochemical sensor [52]. Different solvents can be used to extract the molecules. In 

fact, sSolvents are able to swell the polymer and separate the mold molecules from the electrode surface. 

Among the various solvents, ethanol (1:1, 50% v/v), NaCl (1:1, v/v), methanol-NaOH 0.5 M (1:1, v/v), 

NaOH 0.5 M (1:1, v/v), acetonitrile-water (1:1, v/v), and acetonitrile-acetic acid (4:1, v/v) were used to 

remove the template. According to Fig. 3C, the best response appeared for the acetonitrile-acetic acid 

solution without any damage to the polymer after constant stirring for 5 minutes. 

 

3.2.5. Optimization of monomer: analyte ratio and OPD polymerization scanning cycles  

Fig. 4A shows the effect of different ratios of monomer and analyte onto the MIP sensor. It was 

shown that thisThis was shown is to be an essential factor in the sensor response. The thickness of the 

polymer matrix and the amount of the formed mold formed are very effective factors that determine the 

usefulness of the MIP sensor behavior [52]. The BR concentration was optimized at 0.001 M, and this 

amount was used during the experimentation. According to Fig. 4A, the highest current contrast observed 

between different levels was 1:1. At lower and higher concentrations, a A decrease in the current difference 

was found at lower and higher concentrations, which was probably due to the large amount of monomer to 

forming the dominant molecules, and ultimately fewer detection sites in the MIP film. During the 

polymerization process, the monomers are formed as a polymer film on the surface of the electrode, and 

the target molecules are trapped between the polymers [53]. It should be addednoted that, the thickness of 

the polymer is a main parameter that affects the stability and sensitivity of the proposed sensor. Various 
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cycles numbers were performed to examine the effect of scan cycle effect on the polymer thickness in the 

range of 15-32. According to the electrode response to [Fe(CN)6]3−/4− (Fig. 4B), by increasing the number 

of scanning cycles, the current response was increased to 20 cycles with an increase in the number of 

scanning cycles. However, when the thickness of the polymer was too high, after 20 cycles, it was difficult 

to access the molecule sites created in the polymer texture after 20 cycles, and the mass transfer resistance 

was increased [52]. As a result, the connection capacity was decreased.  

Figure 4 

3.2.6. Electrochemical behavior investigations 

The relationship between the peak current and the scan rate can determine the electrochemical 

mechanism on the electrode surface. Fig. 5 shows the CV peak currents of the MIP sensor at various scan 

rates using [Fe(CN)6]3−/4− solution. The cathodic (Ipc) and anodic (Ipa) peak currents were plotted versus the 

scan rate square root and were expressed as Ipc (μA) = –0.0127 ν1/2 – 0.0001 (R2 = 0.986) and Ipa (μA) = 

0.0122 ν1/2 + 0.0003 (R2 = 0.983) (where the scan rate is shown by ν with mV s-1 unit), suggesting the a 

typical diffusion- controlled electrochemical process.  

AlsoMoreover, the effective surface areas of the modified electrodes were determined. For a reversible 

process, the following Randles-Sevcik formula was used [54, 55]: 

𝐼𝑝𝑎 = (2.69 × 105)𝑛3/2𝐴0𝐷0
1/2

𝐶0𝜈
1/2 

where Ipa, n, C0, D0, and A0 refer to the anodic peak current, the number of transferred electrons, 

the concentration of K3[Fe(CN)6], diffusion coefficient, and surface area of the electrode respectively. For 

0.1 M KCl electrolyte containing 10.0 mM K3[Fe(CN)6], D0 = 7.6×10-6 cm2 s-1, and n = 1, the slope of the 

plot Ipa vs. ν1/2 was obtained for the modified electrodes to compute the electroactive surface area. In our 

experiment, the slopes of GCE, and MIP/MWCNT/GCE were calculated, and the surface areas of these 

electrodes were obtained to be 0.11 cm2, and 0.37 cm2 respectively. The developed electrode has had an 

effective surface area that is was 3.3 times larger than that of the bare GCE, confirming the efficient 

modification of the electrode. 
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Figure 5 

3.3. Calibration curve 

Different concentrations of BR were detected using the MIP sensor after the removal of the mold 

in PB solution and then exploration of the solution containing [Fe (CN)6]3-/4-. The DPV technique was 

applied. Fig. 6 shows that the peak current decreaseds by with a rise in increasing the BR concentration 

under optimal conditions, indicating that the BR molecules are were located in the MIP surface cavities. 

Using equation Y = 1.0375X + 2.878 (R2=0.99), The the current response was changed linearly with 

equation of Y = 1.0375X + 2.878 (R2=0.99). The signal-to-noise ratio of 3 was extrapolated. The graph was 

calculated in the range of 12.08- fM to 91.81 fM with a detection limit of 7.8 fM.  Table 1 compares the 

MIP sensor with other reported methods in which the proposed sensor has an excellent and an optimal linear 

range and it has the lowest LOD compared to all of the detection methods for BR in Table 1. 

Figure 6 

Table 1 

3.4. Sensor selectivity 

The applicability of the MIP sensor is shown by examining the interventions of molecules that have 

structures similar to BR. The interaction between active sites and the pattern depends on two critical factors: 

the size of the molecules and the functional groups of the particles. Molecules that have the same size as 

the target analyte have more significant interference effects. As shown in Fig. 7, the molecules 

progesterone, testosterone, dopamine, uric acid, and ascorbic acid were tested three times due to their 

structural similarity, which showed no significant effects compared to BR detection using MIP sensor.  

Figure 7 

3.5. Repeatability, reproducibility, and stability of the sensor 

The repeatability of the OPD/MW/GCE sensor was analyzed in the 5 pM solution 5 five times 

using one electrode. The relative standard deviation (RSD) of the peak current was calculated to be 2.5%. 

The reproducibility of 6 six different modified electrodes was obtained with satisfactory results, and with 

an RSD of 3.1%. BesidesMoreover, the stability of a sensor expresses its usability when the electrode is 
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held for 10 days. During this period, the electrode lost only 5% of its initial response, indicating the desired 

stability of the proposed sensor. In comparison with other works studies [4, 10, 56, 57], the performance of 

our proposed sensor is acceptable, and it is applicable possible to use it several times. and our Our various 

modified MIP sensors using this fabrication have also similar responses. The RSDs of reproducibility and 

repeatability obtained from our proposed sensor are were lower comparingthan to those of other works 

studies [3, 39]. 

 

3.6. Analysis of serum and saliva samples of healthy humans and infants with jaundice symptoms: 

4 Four electrodes were used for the analysis of saliva and serum samples.  The recoveries 

and relative standard deviations (RSD) were are reported in Tables 2 and, 3. The test results showed 

that the fabricated sensor can could report reasonable responses. 

According to Table 2, the samples related to the healthy human serum and saliva were 

diluted and prepared in different concentrations.; then the The performance of the sensor was then 

investigated by adding standard BR in the femtomolar range as the range of calibration curve. 

According to the recovery and RSD data, indicated in Table 2, the results are acceptable. 

Diagnosis of BR in neonatal saliva was performed by the proposed sensor, and the 

responses were compared with with high performance liquid chromatography (HPLC) (1260ifinity 

II, Agilent). AlsoFurther, serum samples were analyzed by the Hitachi 902 photometry and 

enzyme kit (Hitachi Company, Japan). According to the recovery reports of the prepared sensors 

(Table 3), it can be concluded that the obtained values have been reduced compared to the actual 

values, which is probably related due to the space barrier created by albumin in the serum and 

saliva, which prevents accurate measurements [58]. 

Table 2 

Table 3 
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4. Conclusion 

In summary, a highly selective and sensitive electrochemical sensor was developed for the first 

time to selectively detect BR in the saliva and serum of infants based on a simple electropolymerization 

polymer. The fabrication was low- cost and, easy- to- build, and compounds with the same structure did 

not interfere with BR detection. The electrochemical sensor had an excellent wide-range of measurement 

(12.08 fM to 91.81 fM) with a low detection limit of 7.8 fM. AlsoMoreover, the sensitivity was calculated 

to be 1.05 A fM-1. Furthermore, the MIP electrode selectively sensed BR in real samples, including the 

saliva and serum of infants. Moreover, the MIP electrode demonstrated an acceptable stability and 

sensitivity over 10 days of operations.  
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Fig. 1. SEM images of the MWCNT/GCE (A), MIP/MWCNT/GCE (B), MIP/MWCNT/GCE (C), and 

NIP/MWCNT/GCE (D) after removing the template 

Fig. 2. (A) Cyclic voltammograms of the template BR MIP/MWCNT/GCE in the 0.1 M acetate buffer of 

pH 5 at 50 mV s−1 scan rate and 20 number of scans. (B) CVs of MWCNT/GCE (curve-red), 

NIP/MWCNT/GCE (curve-black), NIP/MWCNT/GCE after washing with acetonitrile/acetic acid (curve-

purple), NIP/MWCNT/GCE after rebinding of BR (1 fM). (curve-blue). (C) CVs of the GCE (curve-black), 

MWCNT/GCE (curve-red), MIP/MWCNT/GCE (curve-blue), MIP/MWCNT/GCE after washing with 

acetonitrile/acetic acid (curve-purple), MIP/MWCNT/GCE after rebinding of BR (1 fM). (curve-green). 

(D) Nyquist plots obtained at GCE (curve-purple), MWCNT/GCE (curve-black), MIP/MWCNT/GCE 

(curve-red), MIP/MWCNT/GCE after template removal (curve-blue). 

Fig. 3. Solvent effect in washing analyte from the electrode surface (A).  Effect of pH of working solution 

on BR adsorption in MIP cavities in PBS buffer solution (B). Influence of incubation time on the response 

of the MIP/MWCNT/GCE sensor in PBS (pH 7.0). (C).  

Fig. 4. Effect of different molar ratios of BR to functional monomer on the current response (A).  Effect of 

different electropolymerization scan cycles on the current response (B). 

Fig. 5. Cyclic voltammograms of MIP/MWCNT/GCE at different scan rates. The inset of figure is the 

anodic and the cathodic peak currents versus square-root of scan rate plot.  

Fig. 6. Calibration curves for BR detection using MIP/MWCNT/GCE in 10 mM [Fe(CN)6]3−/4− after 10 min 

of rebinding in PBS under pH 7. 

Fig. 7. The current responses for BR and other structural analogs on MIP sensor and NIP sensor. Error bars 

are standard deviations across three repetitive experiments. 
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Table 1. Comparison of detection limit and linear range of several methods with the proposed BR detection 

sensor  

Table 2. Comparison of recovery results related to the detection of bilirubin in human serum and saliva 

(n=4) 

Table 3. Analysis and comparing the results of real samples with the method performed in this work and 

the reference method (n=4) 
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Table 1 

Electrode Detection Method LOD Linear Range Reference 

 

MIP/H3PW12O40/C3N4 NTs/GCE 

 

Electrochemical 

 

300 fM 

 

1.0–100 pM  [10] 

 

-------- ----------------------- 

Near infrared diffuse reflectance 

spectroscopy (NIR-DRS)  

 

4.4 μM  5.6–15 μM [59] 

Sol-gel IPa/MWCNT/CPE 

 

CV 

 

0.75 μM 1–100 μM 

 

[1] 

Nafion/RGOb/GCE 

  

SWV 0.84 μM 

 

2–70 μM 

 

[60] 

Imprinted sol-gel xerogel 

 

Electrochemical 

 

1.6 nM 

 

5–1000 nM 

 

[61] 

Bilirubin-imprinted hydroxyapatite film 

 

Quartz crystal microbalance (QCM) 

 

0.01 μM 

 

0.05–80 μM 

 

 [62] 

MIP/POM/CNc/GCE 

 

SWV 

 

0.1 pM 

 

1–100 pM 

 

[10] 

BOx/GONP/Ppy/FTOd 

 

Amperometry 

 

0.1 nM 

 

0.01–500 μM 

 

[32] 

RGO/PSS/GCEe 

 

Chronoamperometry 

 

 

2 μM 

 

Up to 450 μM 

 

[63] 

Fluoresence quenching of 

polyfluorene 

 

Fluorimetric 

 

0.15 μM 

 

 

25-50 μM 

 

 

[64] 

Box/GMEf 

 

square-wave voltammetry (SWV) 

 

0.005 μM 

 

0.01–500 μM 

 

[65] 

Covalently immobilized HSAAuNC 

over ITO 

 

Amperometric 

 

0.085 μM 

 

0.2–7 μM 

 

[33] 
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Box/GrONPs/NiNPs/ITOg 

 

Amperometry 

 

0.15 nM 

 

0.01–600 μM 

 

[66] 

OPD/MWCNT/GCE Electrochemical 7.8 fM 12.1-91.8  f M This work 

 

a: Imprinted polymer b: Reduced graphene oxide, c: Polyoxometalate/Carbon Nitride Nanotubes, d: Bilirubin oxidase/graphene 

oxide nanoparticles/polypyrrole/fluorine doped tin oxide glass plate, e: Reduced graphene oxide/poly styrene sulfonate/glassy 

carbon electrode, f: Bilirubin oxidase/gold microelectrode, g: Bilirubin oxidase/graphene oxide nanoparticles/nickel 

nanoparticles/ITO. 
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