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Abstract: 

The development of a reliable sensor requires integrating a suitable sensing platform with an efficient 

bio-recognition element. In this work, MXene was employed as the sensing platform and molecular 

imprinting as the bio-recognition strategy. This design enhanced both sensitivity and shelf life by 

avoiding enzymes, antibodies, or other biological molecules as receptors. Bilirubin-imprinted cavities 

exhibited high selectivity for bilirubin detection in human serum and synthetic samples, achieving a 

limit of detection (LOD) of 0.002 mg/dL, a sensitivity of 69.6 μA (log(mg/dL)⁻¹)cm⁻², and a limit of 

quantification (LOQ) of 6.6 mg/dL. With a relative standard deviation (RSD) of 1.2%, the sensor 

showed excellent inter- and intra-day repeatability. However, stability was limited to 30 days due to 

pristine MXene’s tendency to oxidize and agglomerate from surface –OH groups. Future improvements 

may involve MXene-based composites for enhanced stability and conductive monomers such as pyrrole 

to optimize molecular imprinting and sensor performance. 
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I. INTRODUCTION 

Bilirubin (BR) is an important biomarker used to assess liver dysfunction and diagnose many diseases, 

including jaundice, hepatitis, and biliary disorders. Accurate and sensitive detection of BR is critical because 

its concentration in biological fluids is low, and elevated levels of BR may lead to various health 

complications. The conventional detection methods are precise but cumbersome and expensive, and the 

sample processing is time-consuming. Against this backdrop, a biosensor's simplicity, high sensitivity, and 

cost-effectiveness have become highly important. Molecularly imprinted polymer (MIP) has been known to 

be specific and stable, with great promise in selective BR recognition. The integration of advanced 

nanomaterials like MXene to enhance the performance of MIP-based biosensors has gained vast attention.  

Recently, numerous reports have discussed the exceptional properties of MXene that have rendered it to be 

used as a functional material in electronics, sensors, energy storage devices, etc. [65], [98], [170]. Since, 

MXene presents excellent electrical, chemical, and thermal stability, offers high specific surface area, and 

exhibits favorable electrochemical properties, which in turn can be helpful in the fabrication of sensitive 

sensing interface, in the present study; Ti3C2TxMXene-modified ITO electrode is used to detect the BR by 

using electrochemical sensor based on MIP technique. Since Ti-3C2TxMXene is a good candidate for 

electrochemical application, it enhances the sensor sensitivity and is used to modify electrodes before 

polymerization. Also, when MXene is combined with o-phenylenediamine (o-PD), a monomer that readily 

polymerizes to form a robust and selective matrix, MXene creates a synergistic effect that can improves the 

stability, binding efficiency, and electron transfer rate of the biosensor. In addition, the specific structural and 

functional characteristics of MXene allow for stronger interactions with o-PD and improve the template 

binding sites during MIP formation. This new combination provides an effective approach to designing a 

sensitive, selective, and reliable platform for BR detection, thereby overcoming the constraints of 

conventional methods, and advancing biomedical diagnostics.  
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In this study, initially, 2D hierarchical Ti3C2TxMXene is synthesized by removing aluminum (Al) from 

titanium aluminium carbide (Ti3AlC2 MAX phase as a precursor) with HCl and LiF as an etchant. The 

formation of Ti3C2TxMXene is confirmed by UV-Vis, XRD, and FESEM. Afterward, MIP is 

electropolymerized on a Ti₃C₂TₓMXene-modified electrode using the cyclic voltammetry (CV) method in a 

sodium acetate buffer solution containing o-PD as the monomer and BR as template molecules, with the 

optimized number of scan cycles at a 100 mV/s scan rate. The BR-imprint is formed by washing the prepared 

MIP electrode with optimized solvent for a specific time. The prepared MXene/MIo-PD electrode at every 

modification step is characterized by FESEM and electrochemical techniques such as DPV, EIS, and CV. 

Finally, the designed electrode is used for BR sensing in synthetic and human serum. With a low detection 

limit and extreme stability, the designed MIP electrode successfully detects BR. Figure 1, presents the 

schematic representation of the steps involved in the sensor. For comparison studies, a non-molecularly 

imprinted polymer (NIP) electrode is also fabricated by the same process as the MIP electrode but without 

BR  

 
Figure 1: Synthesis of Ti3C2TxMXene and preparation of Ti3C2TxMXene-modified molecularly imprinted 

electrochemical sensor. 

 

II. EXPERIMENTAL SECTION 

Ti3AlC2 (MAX phase; particle size 40-60 μm; purity 99%) is purchased from Nanoshel. Lithium fluoride 

(LiF), bilirubin (BR), o-phenylenediamine (o-PD), sodium acetate trihydrate, glacial acetic acid, uric acid 

(UA), dopamine (DA), galactose (GAL), and ascorbic acid (AA) are purchased from Sisco Research 

Laboratories Pvt. Ltd. (SRL).  

For the preparation of phosphate buffer (0.1M, pH 7), sodium phosphate dibasic and sodium phosphate 

monobasic are purchased from CDH Chemicals. Potassium hexacyanoferrate (III) (K3Fe(CN)6), potassium 

ferrocyanide (K4Fe(CN)6.3H2O) and potassium chloride (KCl) are purchased from Fisher Scientific. All 

other analytical-grade chemicals are used without further purification. The electrochemical characterizations 

are conducted on an Autolab PGSTAT204 potentiostat/galvanostat (Eco Chemie, The Netherlands) using a 

three-electrode system. In this study, ITO is used as the working electrode, Ag/AgCl as the reference 

electrode, and Platinum foil as the counter electrode. 

Ti3C2TxMXene is prepared by the chemical etching method with a little modification [171]. The aluminium 

layer from Ti3AlC2 is etched out by using LiF and HCl as an etchant. Initially, LiF (1.6 g) is added to 20 mL 

of 9 M HCl, followed by stirring at room temperature. When LiF in the HCl solution is completely dissolved, 

1 g of Ti3AlC2 is added over 30 minutes and continually stirred for 24 hours at 40°C. After the reaction, the 

obtained product is centrifuged at 3500 rpm several times in ultra-pure distilled water until the supernatant 

liquid pH reaches 6. Finally, the product is collected and vacuum-dried at 120°C for 18 hours. The prepared 

MXene is stored in powder form in the refrigerator for further use. 
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III. RESULT & DISCUSSION 

The synthesized MXene is characterized by FESEM, XRD, and UV-Vis absorption spectroscopy. The surface 

morphology of the MAX phase and synthesized MXene is seen with FESEM and presented in Figures 2 (a) 

and (b). The crystal structure of the precursor phase (MAX phase) is generally hexagonal with space group 

P63/mmc. The M-X makes an octahedral structure that is sandwiched between ‘A’ layers [13]. The MAX 

phase has a smooth surface, and layers are set as crystal rock. The removal of the “Al” layer from its MAX 

phase (Ti3AlC2) during the etching process increases the space between the layers that can be seen by FESEM 

image of synthesized MXene. The single layers of MXene are also observed because of the complete removal 

of the “Al” layers. The side view of MXene with a freely loaded “accordion” arrangement specifies the 

happening of the etching process, and a few flakes are obtained on the MXene surface, which clarifies the 

successful partition of MXene layers from the stack [133].  

 
Figure 2: FESEM images of (a) Ti3AlC2 MAX phase, (b) Ti3C2Tx MXene as synthesized at 12,000 

magnifications, (c) XRD analysis, and (d) UV-Vis for Ti3AlC2 and Ti3C2Tx. 

 

The XRD analysis is carried out for structure characterization. The XRD data, as shown in Figure 2 (c), verify 

the successful synthesis of 2D Ti3C2TxMXene. There is a decrease in intensity of the (104) peak at 39ᵒ, which 

shows the removal of the Al layer and the presence of terminal functional groups (-O, -OH, -F). Multiple 

peaks in the data show that MXene is polycrystalline in nature. The shift and broadening of various peaks are 

due to the presence of water in the MXene film during the filtration process. These are similar to the results 

reported in the literature [13]. The UV-Visible absorption spectrum of Ti-3C2TxMXene, as shown in Figure 

2 (d), is also recorded to examine the optical properties of MXene. The absorption peak at 270 nm validates 

the synthesis of MXene. 
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IV. CONCLUSION 

The BR-imprinted cavities are found to be selective for the specific sensing of BR molecules in human serum 

and synthetic samples, with a LOD of 0.002 mg/dL, a sensitivity of 69.6 μA (log(mg/dL)-1)cm-2, and LOQ 

of 6.6 mg/dL for the designed sensor. With RSD values of 1.2%, the prepared sensor showed good inter-day 

and intra-day repeatability. However, the prepared electrode has shown stability for only 30 days, a limitation 

attributed to the inherent instability of pristine MXene. The presence of hydroxyl (-OH) groups on the MXene 

surface leads to oxidation under ambient conditions, and the agglomeration of MXene layers further 

compromises its performance.  

To overcome these challenges, future improvements could include the development of MXene-based 

composites to enhance stability and prevent agglomeration. Additionally, exploring alternative monomers like 

pyrrole, due to their conductive nature, may facilitate better MIP formation and improve the electrode's overall 

performance. 
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