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ABSTRACT: Determination of cholic acid concentration is a useful method to monitor liver 

diseases. We propose a rapid and simple method for measuring cholic acid. The development  

of a cholic acid electrochemical biosensor is described that is based on the modification of glassy 

carbon electrode surface using a mixture of carboxylated multiwalled carbon nanotube and titanium 

dioxide nanoparticles in chitosan solution and immobilization of 3α-hydroxysteroid dehydrogenase. 

The modification process of the sensing surface was characterized by Fourier transform infrared 

spectroscopy, Energy Diverse X-ray Spectrometry, Field Emission Scanning Electron Microscopy, 

and voltammetry techniques. A good correlation was demonstrated between cholic acid concentration 

and the peak currents in the presence of nicotinamide adenine dinucleotide. Using a carboxylated 

multiwalled carbon nanotube and titanium dioxide nanoparticles for electrode modification showed 

more effective area than an unmodified electrode at optimum pH of 6. Two linear ranges were obtained  

at 7.1 - 42.7, and 70.9-476.2 nM of cholic acid. Also, the detection limit was 6 nM and the sensitivities 

of the two ranges were obtained 956.9 and 28.7 µA/µM.  
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INTRODUCTION 

Bile acids are necessary for fat and fat-soluble vitamin 

absorption by emulsification [1]. They are essential  

 

 

 

 

 

 

steroidal compounds and definitively metabolized 

products of cholesterol in the liver; contained primary bile  
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acids such as Cholic Acid (CA) and chenodeoxycholic acid, 

and secondary bile acids like lithocholic acid, deoxycholic 

acid [2]. Furthermore, CA is a significant component  

of bile acids, and it forms more than 31% of bile acids.  

CA concentration is related to gallstones, liver cancer, and 

other diseases [3]. It is generally in the range of 1–5 mM and 

less than 10 μM in the liver and human serum, respectively [4]. 

Therefore, developing an approach to sense the level of 

CA concentration in body fluids is mainly essential.  

Several methods have been studied in the literature for 

CA determination, including high-performance liquid 

chromatography [5], gas chromatography [6], 

spectrophotometry [7], fluorimetry [8], solid-phase 

radioimmunoassay [9], and mass spectrometry [10, 11]. 

However, these methods need sample pretreatment steps 

and have disadvantages like costly equipment, time-

consuming, and large sample volume, so it is better to develop 

new benefit methods [4]. Since electrochemical sensors 

and biosensors have the advantages of ease of procedure, 

short measuring time, and detection of the biochemical 

change produced, they are suitable choices for the detection 

of specific analytes [12, 13]. In recent years, biosensors 

have been developed to detect CA [14]; however, there  

is not much research in the field of CA enzymatic-based 

detection.  

Bile acids should be converted to 3-ketosteroids 

because they do not display electrochemical signals. For 

this purpose, 3-α-hydroxysteroid dehydrogenase (3α-HSD) 

can be used in the presence of nicotinamide adenine 

dinucleotide (NAD+), which leads to the production of 

reduced nicotinamide adenine dinucleotide (NADH); 

therefore, NADH can be oxidized on the electrode surface 

to produce obvious electrochemical signals. Consequently, 

the bile acid concentration can be sensed by electrochemical 

signals [15]. For the construction of biosensors, it is better 

to immobilize 3α-HSD on the electrode surface. Enzyme 

immobilization offers advantages such as reusability and 

prevention of enzyme leakage. Different ways can be applied 

for enzyme immobilization, including entrapment, physical 

adsorption, cross-linking, and covalent bonding [16, 17]. 

The most stable approach for enzyme immobilization is using 

covalent bonds [18, 19].  

Nanomaterials are attractive in developing electrochemical 

biosensors [20]. Carbon NanoTubes (CNTs) have a high 

surface area and unique mechanical and electrical properties 

and are proven to stimulate electron transfer between 

electrodes and electrochemically active compounds [21]. 

In addition, to make a high effective surface area, 

MWCNT-COOH can be used for enzyme immobilization. 

Yadav et al. fabricated an oxalate biosensor based on 

carboxylated multiwalled carbon nanotube/polyaniline 

(MWCNT-COOH/PANI) nanocomposite which provides 

covalent linkage between enzyme and electropolymerized 

c-MWCNT/PANI composite film using coupling agents 

N-hydroxy succinimide (NHS) and N-ethyl-N-(3-

dimethylaminopropyl) carbodiimide (EDC) [22]. 

Cerium oxide (CeO2) [23], zinc oxide (ZnO) [24], 

zirconium oxide (ZrO2)[25], and titanium oxide (TiO2) 

[26], as nanoporous metal oxide nanoparticles, have been 

used for the fabrication of enzyme-based biosensors. 

Amongst them, TiO2 NPs have enticed much attention 

owing to their unique properties, such as preservation of 

biological activities, biocompatibility, and excellent 

mechanical strength [27]. TiO2 NPs have been used for 

analyte detection with acceptable detection limits [28, 29]. 

Using TiO2NPs can improve NADH oxidation and analyte 

detection [30]. Fan et al. used Au-TiO2/graphene 

nanocomposite for electrochemical sensing of hydrogen 

peroxide and NADH [30]. However, TiO2/graphene 

nanocomposite did not get a clear redox current peak  

for NADH, but using Au-TiO2/graphene has shown 

remarkable redox current peaks for NADH detection 

compared to Au/graphene. In another work, Jiang et al. 

used TiO2/ MWCNTs electrodes for hydrogen peroxide 

detection. Compared with MWCNTs, the TiO2/MWCNTs 

electrode presents a fast response, is stable, low-potential, and 

highly sensitive to the detection of hydrogen peroxide [31].  

Li et al. used TiO2-Au nano-clusters onto MWCNTs  

and reduced graphene hybrid nanocomposites due to 

facilitating the direct electron transfer and enhancing  

the catalytic activity of electrochemical sensing [32]. 

Chitosan (CHIT) is a natural polysaccharide that 

improves enzyme retaining and has suitable film formation 

and good adhesion properties [16, 33]. Also, the use of 

CHIT can prevent the aggregation of CNTs [33]. CHIT  

can be bound with nanomaterials simply because of amino (-NH2) 

and hydroxyl (-OH) groups [34]. A glassy carbon electrode 

(GCE) is a very useful tool for the detection of analytes  

in electrochemical methods and its modification by 

nanomaterials and enzymes improves detections. 

Mehdizadeh et al. modified GCE by glucose oxidase 

(GOD)/chitosan (CHIT)/Graphene Oxide (GO) nanofibers  
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Scheme 1: Schematic representation of conjugation of 3α-HSD to MWCNTs-COOH using EDC and NHS. 

 

and used this modified electrode for glucose detection [35]. 

In another study, Rubio-Govea et al., modified the GCE 

surface using MoS2 nanostructured materials and laccase 

for dopamine detection [36]. Haritha et al. used nanoscale 

metal cluster-loaded MWCNTs and cholesterol oxidase 

(COx) for the modification of GCE and cholesterol  

detection [37].  

The aim of this project is to build up a novel 

electrochemical biosensing electrode for CA detection 

using covalently immobilized 3α-HSD on GCE 

modified by the mixture of MWCNT-COOH and TiO2 

NPs in CHIT solution. This study, for the first time, uses 

the mentioned composition for 3α-HSD immobilization 

and CA detection. 

 

EXPERIMENTAL SECTION 

Reagents and materials 

3α-HSD and CA were supplied by Sigma-Aldrich. 

Also, NHS and EDC were obtained from Sigma-Aldrich. 

Titanium and MWCNT-COOH were purchased from 

Merck and US Research Nanomaterials, Inc., respectively. 

CHIT (deacetylation grade of about 90.28% and average 

Mw of 100-300 kg/mol) was purchased from MP 

Biomedicals, LLC (Solon, OH 44139). All other materials 

were obtained from Merck.  

Three electrodes, including GCE (Working electrode), 

Ag/AgCl (saturate, 3M KCl) (Reference electrode), and 

Platine wire (Counter electrode) were applied to carry out 

electrochemical experiments, which were obtained from 

the Azar electrode. They were connected to the 

electroanalyzer of SAMA 500. Fourier transform infrared 

(FTIR) spectrum (Bruker Company) was recorded 

between the ranges of 400-4000 cm-1. Field emission 

scanning electron microscopy (FESEM) (Mira3te) and 

Energy Diverse X-ray Spectrometry (EDS) were used to 

characterize electrode surfaces.  

Synthesis of TiO2 NPs 

The synthesis method of TiO2 NPs was applied  

in the literature [38]. Briefly, water, glacial acetic acid,  

and titanium (IV) isopropoxide were maintained using  

the molar ratio of 350:10:1. First, a solution was synthesized 

by adding glacial acetic acid at 0 ◦C to titanium (IV) 

isopropoxide, and then, under vigorous stirring for 1h, 

water was added to this solution dropwise. For 30 min,  

the resultant solution was ultrasonicated; after a further 5 h,  

it was stirred till producing a clear solution of TiO2 

nanocrystals. After that, it was incubated at 70 ◦C for 12 h, 

and at 100 ◦C, the obtained gel was dried and crushed  

into satisfactory powder; then, at 500 ◦C for 5 h, it  

was calcined to form TiO2 NPs. 

 

Preparation of MWCNT-COOH and TiO2 NPs mixture 

in CHIT solution  

The mixture of MWCNT-COOH and TiO2 NPs  

was prepared in chitosan solution. For this purpose, CHIT 

(5 mg) was dispersed in an acetic acid solution (1 mL of 1 % v/v), 

then it was added to a dispersion of MWCNT-COOH (2 mg) 

and TiO2 NPs (2 mg) under ultrasonication for 24 h to get 

a black mixture. The mixture was stored in the refrigerator 

at 4 °C. 

 

Immobilization of 3α-HSD onto the modified electrode 

surface  

After polishing GCE with alumina slurries and fine 

emery paper, it was rinsed with ultrapure water and dried 

at room temperature. Then 7 µL of the black mixture  

(1 mg/mL) was dropped on the electrode surface; after 

drying, 7 µL of EDC (5%) and NHS (5%) were dropped 

on the electrode surface respectively, as shown in Scheme 1. 

After drying, the 3α-HSD solution (1 mg/mL; pH 7)  

was dropped on the electrode surface. The modified electrode 

surface morphology was characterized by FESEM, EDS,  
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Fig. 1: (a) SEM image of TiO2 NPs calcined at 500 ◦C. (b) XRD patterns of TiO2 NPs prepared from Ti(IV)  

isopropoxide calcined at 500 °C. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: FESEM images of electrode surfaces modified with (a) TiO2, MWCNT-COOH, CHIT/GCE,  

(b) 3α-HSD/TiO2, nMWCNT- COOH, CHIT/GCE. 

 
and FT-IR. Additionally, cyclic voltammetry (CV) and 

Differential Pulse Voltammetry (DPV) techniques  

were employed to study the electrochemical behaviors  

of modified electrodes. When the biosensor was not used, 

it was stored in the refrigerator at 4 °C. 

 

RESULTS AND DISCUSSION 

Morphological investigation of TiO2 NPs 

Fig. 1 displays the SEM image and XRD spectra  

of calcined TiO2 NPs. TiO2 NPs are spherical and cluster-

like structures with a grain size minimum of 50 nm 

according to the SEM image (Fig. 1a). The patterns of 

XRD spectra show the calcined TiO2 NPs structure (Fig. 1b). 

The diffraction peaks demonstrate that the prepared sample 

is in anatase structure, and precisely all of the peaks are 

provided the same as TiO2 NPs [38]. Hence, SEM image 

and XRD results are consistent and confirmed TiO2 NPs 

synthesis. 

Biosensor morphological investigation 

Fig. 2 exhibits the FESEM images of 

TiO2NPs,MWCNT-COOH,CHIT/GCE, 3α-

HSD/TiO2NPs,MWCNT-COOH,CHIT/GCE. Fig. 2a 

shows the nanotubes form of MWCNT-COOH and 

spherical TiO2NPs,MWCNTs-COOH,CHIT that is a 

porous structure. Therefore, it is concluded that the 

MWCNT-COOH and TiO2 NPs are successfully deposited 

on the GCE, and the image clearly proves that TiO2 NPs 

and MWCNTs-COOH were scattered on the surface  

of GCE. According to Fig. 2b, the nanotubes form of 

MWCNT-COOH were changed after immobilizing of 3α-HSD 

due to the formation of covalent binding between the NH2 

group of 3α-HSD and COOH group of MWCNT, and it 

confirms the presence of 3α-HSD spots on the modified GCE. 

Fig. 3a (curves 1& 2) shows the FTIR spectra of two 

different electrodes in the range of 400 to 4000 cm−1. 

According to Fig. 3a, the peaks of 3429 related to the curve  
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Fig. 3: (a) Infrared absorption spectra of the electrodes; TiO2, MWCNT-COOH, CHIT/GCE (1), and 3α-HSD/TiO2, MWCNT-

COOH, CHIT/GCE (2). (b) EDS analysis of 3α-HSD/TiO2, MWCNT, CHIT/GCE. 

 

1 and 342 cm-1 related to curve 2 are attributed to O-H 

(functional group of MWCNT-COOH) and NH2 

(functional group of CHIT). Also, the peaks of 2860 and 

2924 are related to asymmetric/symmetric methylene 

stretching bands of MWCNT-COOH for curve 1. The peaks 

of 1730 and 1566 cm-1 are related to carboxyl functional 

groups on MWCNT-COOH surface [39]. The peaks of 1631 

and 1083 cm-1 are attributed to C=O and C-O stretching 

bands of CHIT (Fig. 3a curve 1) [40, 41]. The peak at 535 cm-1 

in curve 2 displays the stretching vibration of Ti-O-Ti  

(the functional group of TiO2NPs) [42]. According to curve 2 

(Fig. 3a), appearing the peak in 1706 cm-1 is related to  

the binding of 3α-HSD to MWCNT-COOH [43]. 

EDS spectrum of 3α-HSD/TiO2NPs, MWCNT-

COOH, CHIT/GCE showed the presence of C, O, N, Na, 

P, Cl, and Ti elements on the electrode surface (Fig. 3b). 

 

Electrochemical measurements  

The conducting properties of electrodes and the 

kinetics of redox reactions can be studied under intensive 

controlled conditions using CV. Electrochemical 

parameters were considered including the redox peak 

currents and potentials. Ep
a and ip

a are considered as anodic 

peak potential and current, respectively, and Ep
c and ip

c  

are considered as cathodic peak potential and cathodic 

peak current, respectively. It was considered to examine 

the behavior changes of the modified electrodes; 

MWCNT-COOH, CHIT/GCE, TiO2NPs, MWCNT-COOH, 

CHIT/GCE, and 3α-HSD/TiO2NPs, MWCNT-COOH, 

CHIT/GCE. 

The electrochemical behavior and the oxidation/ 

reduction properties of electrodes were investigated by CV 

in a phosphate buffer (PB) solution. Electrochemical biosensors 

based on NADH oxidation are of great interest for substrate 

detection and, hence, NADH electrochemically monitoring  

is an advantage due to the nonelectroactive nature of substrates. 

However, NADH electrochemical oxidation to NAD+ occurred 

at high overpotentials on the surface of bare electrodes, and using 

some mediators or NPs can reduce this overpotential [44]. 

According to Fig. 4a, 3α-HSD/TiO2NPs, MWCNT-COOH, 

CHIT/GCE has distinctive anodic peak compared to GCE and 

other modified electrodes in the presence of NADH and CA; 

while there is not seen any anodic and cathodic peaks for 

TiO2NPs,MWCNT-COOH,CHIT/GCE in the presence or absence 

of NADH and CA. The data of redox currents and potentials  

are shown in Table 1. These results show that the 3α-HSD-based 

biosensor has a significant anodic current to detect cholic acid 

due to a 2.7-fold increase of anodic current in the presence  

of NADH compare to the state without NADH; NADH is  

an electrochemical redox active cofactor for 3α-HSD [45, 46].  

 

pH effect  

pH is one of the critical parameters that affect 

enzymatic reactions. For showing maximal activity, 

enzymes should be used at optimal pH. The activity of 3α-HSD 

is generally investigated in the pH range between  

5.5 to 10 [47]. Therefore, the 3α-HSD-based biosensor  

was investigated in PB solution with a more extensive 

range pH values (4.0 to 11.0) (Fig. 4b). The optimum pH  

was found to be 6 because it has a higher current in this pH 

than other pHs for NADH oxidation. In pHs more and less 

than 6, the current peaks are decreased, maybe due to  

the enzymatic activity decline [48]. Consequently, pH 6 was used 

for further determination of CA at the biosensor. 
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Table 1: Voltammogram data of 3α-HSD/TiO2,MWCNT-COOH,CHIT/GCE in PB (0.1 M) at pH 6 in the  

(a) presence and absence (b) of NADH. Scan rate: 0.1 V/s. 

Electrode  Ep
a (V) Ep

c (V) Ip
a (µA) Ip

c (µA) Ep
a - Ep

c (V) 

3α-HSD/TiO2,MWCNT-COOH,CHIT/GCE Without NADH 0.093 0.015 0.26 -0.18 0.078 

3α-HSD/TiO2,MWCNT-COOH,CHIT/GCE With NADH 0.36 - 0.7 - - 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Cyclic voltammograms of GCE (1), MWCNT-COOH,CHIT/GCE (2), TiO2,MWCNT-COOH,CHIT/GCE (3), and 3α-

HSD/TiO2,MWCNT-COOH,CHIT/GCE (4) in 0.1 M PB at pH 6 containing NADH (0.006 M) and CA (10 µM); Scan rate: 0.1 V/s 

(a). The effect of pH on the current responses of NADH oxidation and reduction for 3α-HSD/TiO2, MWCNT-COOH,CHIT/GCE in 

0.1 M PB containing NADH (0.006 M) and CA (10 µM); Scan rate: 0.1 V/s (b). 

 

Scan rate effect  

Using CV to study scan rate influence on redox 

currents and potentials is one of the most effective 

techniques, which clarifies the redox properties of the 

substrates. A series of scan rate values (in the range of 

0.02-1 V/s) was selected to investigate the scan rate effect 

on the biosensor response.  

Fig. 5a demonstrates the voltammograms of the 

proposed biosensor in the absence of NADH. By increasing 

the scan rates, increasing the redox peaks is seen, and found 

the linear relationship between the scan rate and peak 

currents with a correlation coefficient of 0.96 for anodic and 

0.97 for cathodic currents as shown in Fig. 5b. Adsorption is 

the main mechanism because of the high correlation 

coefficient in the relation of currents and scan rate; when 

the plot of peak currents versus the scan rate is more linear 

than the plot of peak currents versus the square of scan rate 

confirms the adsorption mechanism [49, 50]. Furthermore, 

increasing the scan rates results in shifting the anodic  

and cathodic peak potentials to the positive and negative 

directions, respectively (Fig. 5c); this behavior occurs 

when the mechanism of electron transferring on the 

electrode surface is quasi-reversible [41]. 

The voltammograms of the proposed biosensor in the 

presence of NADH are given in Fig. 6a. With increasing 

the scan rates, the anodic peak potential slightly shifted  

to the positive potential direction. There is no cathodic peak, 

but the oxidation peak currents increased with increasing 

the scan rates, and a linear relationship is found between 

them and the scan rates, with a correlation coefficient  

of 0.97 (Fig. 6b); this obtained line results in the adsorption 

behavior [51]. When the current has a linear relationship 

with increasing scan rate, the mechanism is adsorption  

and the molecule is adsorbed on the electrode surface while 

the linear relationship between the current and the square  

of the scan rate shows a diffusion mechanism [52, 53].  

 

Calculation of the effective surface area 

The effective surface area (A) of modified electrodes 

was estimated by cyclic voltammograms using 

K3[Fe(CN)6] (5 mM) as a probe at various scan rates. Peak 

current (Ip) changes linearly versus the square of scan rate 

according to Randles–Sevick equation and the slope,  

and then the value of A can be obtained. The subsequent 

Randles–Sevick formula can be applied for a reversible 

process [53-55]: 
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Fig. 5: Cyclic voltammograms of 3α-HSD/TiO2,MWCNT-COOH,CHIT/GCE in 0.1 M PB pH 6. Scan rates; 0.02, 0.04, 0.06, 0.08, 

0.12, 0.14, 0.16, 0.18, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.7, 0.8, 0.9 to 1 V/s, respectively (a). The relationship between redox 

peak currents with the scan rate for 3α-HSD/TiO2,MWCNT-COOH,CHIT/GCE (b). The relationship between redox peak currents 

with the square root of scan rate for 3α-HSD/TiO2,MWCNT-COOH,CHIT/GCE (c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Cyclic voltammograms of 3α-HSD/TiO2,MWCNT-COOH,CHIT/GCE in 0.1 M PB pH 6 in the presence of NADH (0.006 

M) and CA (10 µM). Scan rates; 0.02, 0.04, 0.06, 0.08, 0.12, 0.14, 0.16, 0.18, 0.2, 0.25, 0.3, 0.35, 0.4, to 0.45 V/s, respectively (a). 

The relationship between anodic peak currents with the scan rate for 3α-HSD/TiO2,MWCNT-COOH,CHIT/GCE (b). 
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Fig. 7: Illustration of the DPV of 3α-HSD/TiO2, MWCNT-

COOH,CHIT/GCE for different CA concentrations in PB 

solution pH 6 containing NADH (0.006 M). Electrode area:  

1.5 cm2; scan rate: 0.1 V/s (a). CA calibration curve for  

3α-HSD/TiO2,MWCNT-COOH,CHIT/GCE in the concentration 

range of 7.1-42.7 nM (b) and 70.9-476.2 nM (c). 

 
5 3 / 2 1/ 2 1/ 2 0

p
I 2 . 6 9 1 0  n A D C                     (1) 

For 5 mM K3[Fe(CN)6], n = 1, D = 7.6 × 10-6 cm2/s, 

then the effective A of modified electrodes were estimated. 

The slope was 37.9, 189.8, 237.4 μA/(V/s)0.5 for  

GCE, MWCNT-COOH/GCE, and TiO2, MWCNT-

COOH/GCE, respectively. Then, the A of the electrode 

was calculated to be 1.02, 5.12, and 6.40 mm2 for  

GCE, MWCNT-COOH/GCE, and TiO2, MWCNT-

COOH/GCE, respectively. The effective A of the TiO2, 

MWCNT-COOH/GCE is 6.27 times larger than the bare 

electrode and it confirmed that the bare GCE has been 

efficiently modified. 

 

Calibration curve  

According to Fig. 7, the calibration curve and DPV 

were demonstrated in various concentrations for CA 

detection. The PB solution (0.1 M, pH 6) containing 

NADH (0.006 M) was used, and the relationship between 

the CA concentrations and the biosensor anodic current 

was followed by DPV technique (Fig. 7a). Limit of 

detection (LOD) was calculated by considering the 

relation between standard deviation (σ) and the slope (m) 

of the calibration curve (3σ/m); it was obtained 6 nM.  

Also, two concentration ranges of 7.1-42.7 and 70.9-476.2 

nM were obtained, and the sensitivities (the slope of 

calibration curves) of these two ranges were 956.9  

and 28.7 µA/µM, respectively (Fig. 7 b,c).  

The behavior of diverse approaches for CA detection 

is compared in Table 2. LOD of the presented biosensor is 

the lowest compared to the LOD of the other techniques 

for CA recognition. 

 

CONCLUSIONS 

The immobilization of 3α-HSD on TiO2,MWCNT-

COOH,chit/GCE was studied via a covalent bond method. 

This procedure is regarded as a simple and highly versatile 

method for the incorporation of components into film 

structures. By exploiting the chemical properties of CA 

and the multifunctional catalytic properties of 3α-HSD,  

as well as the electrochemical properties of MWCNT-COOH 

and TiO2 NPs, we have successfully developed a novel 

electrochemical method for a higher sensitive 

determination of CA. The proposed biosensor combines 

the properties of MWCNT-COOH to reduce the oxidation 

potential with the attractive electrocatalytic properties  
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Table 2: Comparable methods for determination of CA. 

Method Enzyme 
Optimum 

pH 
Analyte Linear range LOD Sensitivity Ref 

Optical, Free enzyme 
3α-

HSD 
9 

Total bile    

acid 
0.5-180 µM 0.22 µM - [57] 

MIP based QCM nanosensor - - CA 0.01-1000  µM 
0.0065 

µM 
14.87 µA/µM [58] 

HPLC - - CA - 4.27  µM - [59] 

Fluorescent sensors (β‑ cyclodextrin-

modified carbon dot nanoprobes) 
- 7.4 CA 0-650 µM 25 nM - [60] 

LSPR (aptamer–Au NPs biosensor) - 7.6 CA - 1 µM - [61] 

Enzyme-based electrochemical 

biosensor 

3α-

HSD 
6 CA 

7.1 - 42.7 nM 

70.9-476.2 nM 
6 nM 

956.9 and 28.7 

µA/µM 

This 

work 

Quartz crystal microbalance (QCM); Localized surface plasmon resonance (LSPR) 

 

of TiO2 NPs promote a faster electron transfer rate; they 

have significant effects which cause to increase the electrode A. 

Furthermore, the obtained effective A for the electrode 

modified with these nanomaterials was 6.27 times more than 

that of the bare electrode. The biosensor structure can provide 

a large effective A for excellent adsorption and diffusion  

of NADH and CA to improve the response properties  

of the electrochemical enzyme biosensor. The resulting data 

of the proposed biosensor demonstrates a low LOD, high 

sensitivity, and wide linear range. 
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