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Abstract 

This manuscript reports a new approach for the synthesis of one dimensional gold 

nanostructure (AuNs) and its application in the development of cholesterol biosensor. Au 

nanostructures have been synthesized by exploiting β-diphenylalanine (β-FF) as an sacrificial 

template, whereas the Au nanoparticles (AuNPs) were synthesized by ultrasound irradiation. 

X-ray diffractometer (XRD), scanning electron microscope (SEM) and energy dispersive 

analysis of X-rays (EDAX) have been employed to characterise the morphology and 

composition of the prepared samples. With the aim to develop a highly sensitive cholesterol 

biosensor, cholesterol oxidase (ChOx) was immobilized on AuNs which were appended on 

the graphite (Gr) electrode via chemisorption onto thiol-functionalized graphene oxide (GO-

SH). This Gr/GO-SH/AuNs/ChOx biosensor has been characterized using cyclic voltammetry 

(CV), electrochemical impedance spectroscopy and chronoamperometry. CV results 

indicated a direct electron transfer between the enzyme and the electrode surface. A new 

potentiostat intermitant titration technique (PITT) has been studied to determine the diffusion 

coefficient and maxima potential value. The proposed biosensor showed rapid response, high 

sensitivity, wide linear range and low detection limit. Furthermore, our AuNs modified 

electrode showed excellent selectivity, repeatability, reproducibility and long term stability. 

The proposed electrode has also been used successfully to determine cholesterol in serum 

samples. 

Keywords: gold nanostrucutres, functionalized graphene oxide, electrochemical 

biosensor, β-diphenylalanine, peptide nanotubes, cholesterol  
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1. Introduction   

Cardiovascular diseases are a cause for high mortality rate and rank as the second highest in 

the list of deadliest diseases. It is caused by many factors but the most common is 

atherosclerosis which is characterized by thickening of arteries due to the deposition of 

cholesterol in its inner walls. Cholesterol, a waxy sterol is an essential structural component 

of nerve cells, brain cells, plasma membrane and are precursors of biological materials such 

as hormones, vitamin D, etc [1]. However, having a high or low level of cholesterol may be 

correlated to a number of clinical disorders [2]. Consequently, regular assessment of 

cholesterol has been the subject of a plethora of investigations in clinical diagnostics. 

Classically, several well-known analytical methods like HPLC, colorimetric, 

spectrophotometric have been developed for the quantification of cholesterol [3]. However, 

the limitations of these traditional methods are time consumption and cumbersome 

procedures. As an alternative tool for measurement, many researchers are relying on 

developing electrochemical methods. Ideally, electrochemical biosensors are efficient, 

inexpensive, accurate, sensitive, rapid and offer objective information. In principle, these 

electrochemical biosensors are dependent on the immobilization of cholesterol oxidase 

(ChOx) onto the electrode surface. ChOx (EC 1.1.3.6) is a 56 kDa protein incorporating 

Flavin Adenine Dinucleotide (FAD) as co-factor in the active site which catalyzes the 

oxidation of cholesterol by molecular oxygen to 4-cholesten-3one [4]. However, the critical 

challenge in the fabrication of ChOx based biosensors is a reliable enzyme immobilization 

procedure considering the deep embedding of the active centre in the protein making it 

difficult for the electron to transfer between the enzyme and the electrode. Concurrently, 

great efforts have been devoted to establish a foundation for the ease of electron transfer by 

incorporating novel electrode materials in the fabrication of biosensor. The adoption of nano-

structured materials can endow high effective surface area for enhanced enzyme loading, 

biocompatibility and offer high electron communication characteristics with elevated 

sensitivity. 

In the past decades, intense fundamental and technological advances have placed a prime 

focus on nanoparticle research due to their potential applications in catalysis, nanoelectronics, 

sensors, etc [5,6]. In the nanoscale reign, literature reveals many methods [7,8] for the 

preparation of metal nanoparticles with well controlled geometrical parameters such as size 

and shape. Subsequently experimental results have suggested advanced nanocrystals 

structures with comprehensive geometries including wires, ribbons, belts and other structural 

morphologies [9,10].
 
During the past decade, rapid advancement in the nanoparticle synthesis 

has laid an important landmark in the development of inorganic tubular/hollow 

nanostructures whose attractiveness emerges from their catalytic activities, lofty surface area 

and large porosity [11,12].
 
The preparation of inorganic hollow nanostructures composed of 

desirous metal nanoparticles as building blocks in their tube walls has stimulated fascinating 

research interest in material scientists. These one dimensional metal nanostructures are 

known to possess unique physical and chemical properties unlike their solid counter-parts 

with dominance of enhanced catalyst loading ensuing intensified electron transfer kinetics. A 

variety of metal nanostructures [13,14] have been fabricated successfully by several research 

groups. However there is a compelling evidence for the fabrication of one dimensional Au 

nanostructures (1D AuNs) with catalytic applications, owing to their high conductivity, 

biocompatibility, resistance to oxidation and sensitivity [15]. In view of this paramount 

importance, some researchers have demonstrated that 1D AuNs can be prepared by template 

synthesis 
 
using hard templates, soft templates and sacrificial templates [16-18].

 
Besides, 

Reches and Gazit have proposed a versatile method of peptide-based template directed 

synthesis of silver nanotubes [19].
 
On account of their intriguing properties like crystallinity, 

temperature and pH stability, biocompatibility, chemical diversity and so forth peptide-based 
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templates are speculated to be a promising candidate for fabricating metal nanostructures 

[20].
 
This has paved way for concerted research work on peptide as self assembling 

biotemplate for fabricating Au nanowires [21] coaxial metal nanocables [22] peptide 

nanotubes Pt nanocomposites [23] etc., Furthermore, scrupulous placement of AuNs onto the 

electrode is of practical importance in-order to beneficently take the advantages of their 

outstanding properties. This can be achieved by chemical derivatization of underlying 

substrate by linking the nanotubes with the functional groups like thiol, amine, etc., present 

on the substrate. 

Graphene is a two-dimensional honey comb like nanostructure, composed of monolayer of 

sp
2 

hybridized carbon atoms.  The excellent prospectus of graphene such as high surface area 

for molecular adsorption, fast electron transportation, high conductivity, easy 

functionalization, admirable dispersibility in aqueous solvent [24] etc., permits its use as an 

excellent substrate for dispersion of metal nanoparticles. However, chemical derivatization of 

graphene is necessitous to expand the horizons of its applications. In particular, oxygen 

derivatized candidate graphene oxide has come into the limelight of graphene-metal 

nanoparticle composites owing to the presence of residual oxygen-containing functional 

groups which permit easier chemical functionalization. Hitherto, several researchers have 

testified the synergy, exceptional stability of these graphene-metal nanocomposites in 

biosensors. Accordingly, the graphene-oxide with thiol functionalization can bestow 

chemically active sites for anchoring Au nanostructures by enhancing their stability and the 

resulting hybrid nanostructures can exhibit crucial properties like exceptional stability, low 

detection limit, high sensitivity and synergy.   

   Herein, we describe an efficient method for the fabrication of electrochemical cholesterol 

biosensor which was constructed by utilizing the beneficial properties of AuNs and thiol- 

functionalized graphene oxide (GO-SH). In the current work, the preparative protocol for 

AuNs begins with the hierarchical assembly of AuNPs to form 1D nanostructures employing 

conformationally flexible β-diphenylalanine peptide nanotubes (β-FFNTs) as a template and 

the concomitant formation of ordered Au nanostructures through proteolytic cleavage of the 

template. For this purpose, AuNPs was synthesized by ultrasonic irradiation. Although there 

are ample reports on the self assembly of FF (composed of α- amino acids) into tubular 

ensembles [20-23], we sought to exploit the appealing features of peptide by using β-amino 

acids for the first time as it has been appraised that β peptides can form stable and flexible 

conformation as compared to the α-peptides [25]. To the best of our knowledge, this is the 

first report on β dipehnylalanine (β –FF) using β peptides that has been successfully 

employed to adopt tubular constructs that consecutively served as template for the synthesis 

of well-defined 1D AuNs. In addition, we have also demonstrated the electrocatalytical 

properties of these Au nanostrucutres towards cholesterol detection. With the aim of 

improving the long-term binding affinity of AuNs onto the graphite electrode (Gr) throughout 

the electrochemical experiments, the surface of Gr was modified with GO-SH. The structural 

and qualitative analysis of the nanocomposite has been investigated using XRD, SEM and 

EDAX. Furthermore, cholesterol biosensor was fabricated by drop casting ChOx on 

nanohybrid composite as an immobilization scaffold and we examined the electrocatalytic 

activity of the Gr/GO-SH/AuNs/ChOx modified electrode towards cholesterol estimation by 

using CV and Chronoamperometry. The proposed biosensor was evaluated in terms of 

thermal stability, effect of pH, optimum working potential, influence of electroactive species 

and electrochemical stability. Finally the reproducibility and repeatability of the biosensor 

was also studied. We believe that the GO-SH/AuNs nanohybrid composite offers a novel 

prospective such as enhanced enzyme loading, high sensitivity as validated from the 

experimental results.    
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2. Experimental section 

2.1. Reagents and materials 

Gold (III) chloride hydrate (HAuCl4), cholesterol, proteinase K, ascorbic acid (AA),uric acid 

(UA), dopamine (DA), triton X, isopropanol, (3-Mercaptopropyl) trimethoxysilane 

(MPTMS), N,N’-dicyclohexylcarbodiimide (DCC), sodium dodecyl sulphate (SDS) and 

sodium perchlorate (NaClO4) were purchased from Sigma Aldrich. 1,1,1,3,3,3-hexafluoro-2-

propanol (HFIP), Di-tert-Butylpyrocarbonate (Boc), triethylamine, methanol, ethylacetate, 

and thionyl chloride were procured from Spectrochem Pvt. Ltd, India. L-Phenylalanine was 

obtained from Loba Chemie. Chemical derivatization of Gr with thiol functional group for 

chemisorptions was achieved by two synthetic procedures [26].
 
In typical experimental 

protocol, Gr was first converted to Graphite oxide according to Hummer’s method. 

Consequently, the graphite oxide was dissolved in dichloromethane with the aid of 

ultrasonication. To this dispersion, MPTMS was added at a concentration of 2 mg/mL
 
and 

refluxed at 70 °C for 12 hrs. This resulted in thiol functionalized graphene oxide (GO-SH). 

The so obtained product was washed with tetrahydrofuran and ethanol several times and 

finally dried at 60 °C for overnight time period under vacuum. 30 % H2O2, dichloromethane, 

thionyl chloride were purchased from Merck Ltd., while ChOx (500 U/mg) was procured 

from SRL, India. Prior to modification, the surface of the Gr electrode was well polished 

mechanically to mirror finish with 0.05 mm aqueous polishing alumina and sequentially with 

1 mm polishing diamond using PK-3 electrode polishing kit (BAS Inc. Tokyo, Japan). The 

supporting electrolyte used was 0.1 M phosphate buffer solution (PBS) prepared by mixing 

the stock solutions of 0.1 M K2HPO4 and 0.1 M KH2PO4 and the pH was adjusted using 

NaOH and HCl. All the chemicals unless and otherwise mentioned in this investigation are of 

analytical grade.  

2.2. Apparatus 

All the electrochemical measurements were recorded using standard single compartment of 

three-electrode configuration with Platinum foil as a counter electrode, saturated calomel as 

the reference electrode (SCE) and Gr or ChOx modified as working electrode. Morphological 

characterization and the compositional investigation were assessed by scanning electron 

microscope (SEM) and energy dispersive analysis of X-rays (EDAX) respectively using FE-

SEM; model Hitachi S-4800 II with an accelerating voltage of 5 kV. Powder X-ray 

diffraction patterns were obtained with an XRD benchtop powder diffraction system using Cu 

Kα radiation as a source (λ= 0.15443 nm, Proto Manufacturing Inc). Ultrasonic irradiation 

was achieved with 20 kHz acoustic waves generated by a titanium horn (Q Sonica Ultrasonic 

processor).The electrochemical characteristics examined by cyclic voltammetry (CV), 

chronoamperometry and electrochemical impedance spectroscopy (EIS) were performed by 

employing computer controlled electrochemical analyzer (Versa stat 3, Princeton Applied 

Research, USA). The EIS study has been carried out with AC voltage amplitude of 5 mV in 

the frequency range 0.1 to 100 kHz and fitting of experimental spectroscopy data to the 

equivalent circuit was done by means of software “Zsimp Win” version 3.20. Prior to 

electrochemical measurements the electrolyte was saturated with pure oxygen at ambient 

conditions.   

 

2.3. Synthesis of AuNPs, β-FF, β-FFNTs and AuNs 
AuNPs was synthesized using ultrasound irradiation following the reported experimental 

procedures with slight modification. Briefly, 250 mL of 0.05 g HAuCl4 solution as metal 
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precursor containing 0.05 M isopropanol as radical scavenger was purged with argon for 20 

min. To this solution, 0.01 M SDS as surfactant and 0.01 M NaClO4 as electrolyte were 

added and ultrasonic irradiation was performed at a frequency of 20 kHz. The colour of the 

solution changed from yellow to black and to red wine indicating the reduction of HAuCl4 

ions into AuNPs. The red wine solution of AuNPs was preserved for the synthesis of AuNs 

and it was found to be stable for several weeks at room temperature (25-30C) whereas the 

storage stability can be prolonged for three months when refrigerated (4C) and properly 

stored in a dark brown bottle.   

The β-FF was prepared using conventional solution-phase methodology. The N-terminus of 

first α-amino acid and C- terminus of the second α-amino acid were protected by Boc and 

methylester (OMe) respectively [27]. Basically, as demonstrated by Seebach et al. 

homologation of Boc and OMe protected α-amino acid was carried out following Arndt-

Eistert reaction [28]. Subsequential coupling reaction was accomplished using DCC as a 

coupling reagent. The crude peptide obtained was isolated using HPLC and the identity of the 

β-FF was confirmed by mass spectroscopy. The diphenylalanine peptide nanotubes were 

synthesized following Reches and Gazit method [19].
 
Briefly, as synthesized β-FF was 

dissolved in HFIP at concentration of 100 mg/mL
 
which on further dilution with water at a 

concentration of 2 mg/mL
 
results in the formation of peptide nanotubes.  

Finally, the synthesis of AuNs was accomplished by mixing the as prepared colloidal 

AuNPs solution with peptide nanotubes solution in the concentration ratio of 4:1 respectively 

[22]. This ratio was optimized by conducting a series of experimental procedure by varying 

the AuNPs for each mixture while maintaining the concentration of peptide constant. After 

overnight incubation at 4 °C, a red-wine precipitate was obtained at the bottom of the glass 

beaker indicating AuNPs bunched on the peptide nanotubes. The final solid product was 

recovered by centrifugation, thoroughly washed with water, dried in vacuum at 65 °C for 7 hr 

and ultimately subjected to proteolytic cleavage using proteinase K at concentration of                

100 µg/mL [19] and incubated at 35 °C for 1 hr to form AuNs. The resultant solid mass was 

suspended in water for the modification of the electrode. The as synthesized AuNs exhibited 

long term stability for 6 months when stored at RT and if stored at low temperature (4C), it 

is stable for at least 9 months.  

 

2.4. Fabrication of cholesterol biosensor 

Gr rod of geometric surface area of 0.28 cm
2 

(diameter ca 6 mm) was mounted into a custom-

made Teflon compartment having same internal diameter. Electrical connectivity was 

established using a Cu wire. A schematic illustration of fabrication of the electrode is given in 

Scheme-1. The Gr surface was polished repeatedly using alumina and diamond slurry, 

washed successively using ultrasonic agitation in water and dried. The desired thiol 

modification for strong adhesion of 1D AuNs was achieved by coating 10 µL aliquot of 

homogenous suspension of ultrasonically dispersed GO-SH, which provides necessary 

support to anchor AuNs and facilitates conduction of electrons. This coating was allowed to 

dry at ambient temperature for 1 hour. After complete drying, 10 µL of AuNs (10 mg/mL) 

was cast on the underlying SH substrate, followed by 2 hr of drying at RT. Then 10 µL of 

ChOx was pipetted and uniformly spread on the surface for covalent binding between 

enzyme and the AuNs. Then, the enzyme modified electrode was dried at 4 °C for 1 hr and 

rinsed with water to remove any unbound ChOx. Prepared electrode was designated as 

Gr/GO-SH/AuNs/ChOx. To compare the electrochemical performance with respect to 

cholesterol determination three more electrodes denoted as Gr/ChOx, Gr/GO-SH/ChOx and 

Gr/GO-SH/AuNs were also prepared in similar manner.  
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3. Results and Discussion 

3.1 Structural characterization using XRD 

To gain an insight into structural investigation and phase identification, XRD patterns of 

AuNPs, β-FFNTs and nanotubes templated AuNPs binding (AuNPs@ β-FFNTs) were 

obtained and are depicted in Fig. 1 (A-C). The Fig. 1A corresponds to the XRD data of 

AuNPs prepared by ultrasonic irradiation. It can be clearly observed that strong and sharp 

peaks at the positions of  2θ = 38.1°, 44.1° and 64.6° is related to the characteristic diffraction 

peaks of Au element demonstrating that as synthesized AuNPs resembles a face-centred 

cubic structure oriented in (111), (200) and (220) directions without any impurity phase. The 

diffraction pattern for β-FFNTs (B) was also measured for comparison. The XRD peaks at 

2θ=10.03, 18.3, 19.6 positions resemble those of the peptide nanotubes reported in the 

literature [29]. However, it is interesting to note that the similar trend of XRD pattern was 

replicated for AuNPs@ β-FFNTs (C) indicating the co-existence of very weak reflections 

corresponding to metallic fcc phase of AuNPs along with dominant reflections corresponding 

to β-FFNTs. Considering this XRD result we assume that AuNPs ensemble selectively to the 

β-FFNTs structures. In addition, there exist perceptible differences between these XRD 

patterns: which is in the positive shift in the position of reflection peak as compared to both 

(A) and (B) which further suggest the idea that the AuNPs has been incorporated in the β-

FFNTs lattice. Our data as shown in the Fig.1 were found to correlate with the XRD results 

as reported for FFNTs and AuNPs. The calculated average crystalline size of AuNPs is found 

to be 13.8 nm as estimated from the width at half height of most intense diffraction line by 

Scherer’s equation.        

 

3.2. Physical characterization of the modified electrodes using SEM and EDAX 

The morphology of the AuNPs, self assembled peptide nanotubes, AuNPs templated peptide 

nanotubes and AuNs obtained as a resultant of proteolytic peptide cleavage were determined 

by SEM measurements. Fig.2 illustrates the representative SEM images as evaluated for these 

four samples. The micrograph of AuNPs (panel ‘A’) exhibits highly disperse bright colour 

spherical particles with minimal or no aggregation. Statistical analysis of the particle size 

distribution obtained using ImageJ software (NIH) is illustrated in panel ‘B’. From the 

corresponding histogram results, the average particle diameter of AuNPs was calculated to be 

14 ± 2.85 nm with a size distribution standard deviation (σ) of 2.85 nm and polydispersity 

(xc/σ × 100) ≈ 20%. Interestingly, the self assembled β-FF (panel C) shows smooth, straight, 

elongated individual entities with 80-100 nm in diameter and µm lengths. The different 

lengths of tubes can be presumed to be due to the experimental conditions that could have 

fragmented the long tubular peptide nanostructures ensuing smaller length nanotubes. A 

highly magnified SEM image in the inset of panel ‘C’ represents a single peptide 

nanostructure with tubular hollow interior which clarifies the formation of peptide nanotubes 

from β-FF. However upon increased dilution of the peptides with water at concentration of 1 

mg/mL
 
a change of morphology is evident. It is obvious from the Fig. 2D that the peptides 

self assembled into hollow microstructures due to increased hydrophobic content. In the 

corresponding high-magnification SEM image (Fig. 2D Inset), presence of numerous 

nanofibers can be clearly observed indicating the impressive alignment of these fibres into a 

nest-like microstructures. Surprisingly, the AuNPs templated peptide nanotubes [Fig. 2E] 

demonstrate preferential growth of bright spherical shaped blisters along the tubular direction 

of the template. This provides basis of the assumption of binding of AuNPs to the peptide 

template via electrostatic interactions. It appears from the Figure, that the particle size of 

these connected grains is ≥ 25 nm in diameter suggesting that the enwrapped peptide 

nanotubes might have multiple metal nanoparticles to obstruct the pores of the template for 

added AuNPs. Nevertheless, this can be avoided by using low concentration of metal 
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nanoparticles. For further comparison, a SEM measurement was carried out following 

peptide cleavage and was examined. According to the image analysis of panel ‘F’, the 

proteolytic cleavage eliminated most of the peptide nanotubes and remarkable hollow end of 

the tubular morphology is also seen as indicated by the arrow. Besides, we can notice an 

individual entity of single 1D AuNs in the inset of Fig.2F revealing that the 1D metal 

nanostructures have not only the feature of the template but also have same diameter size 

than the peptide nanotubes. These data validates that the peptide nanotubes are effective to be 

used as template for the synthesis of one dimensional metal nanostructure. Subsequently, 

EDAX was employed to provide qualitative information of the elements and the contents of 

the as prepared nanostructures. Typical EDAX of these four samples is given in supporting 

information.  

 

3.3. Electrochemical characterization of the bioelectrode using CV and EIS using 

potassium ferricyanide 

The electrochemical characterization after each surface modification of the electrode were 

investigated by CV and EIS in 5 mM Fe(CN)6
3−/4−

 (1:1) mixture as a redox probe in 0.1 M 

PBS. As seen in Fig. 3A the curve of bare Gr (a) showed a redox peak with an anodic peak 

potential at 0.318 V and a cathodic peak potential at 0.124 V which has a peak separation of 

194 mV. Compared to curve (a), the curve (b) of thiol functionalized graphene oxide 

exhibited a lower peak current with higher peak separation of 212 mV, this may be attributed 

to the presence of thiol groups which in turn obstruct the acquiesce of ferrocene ions resulting 

in current plummet [30]. From curve c (Gr/GO-SH/AuNs), it can be observed that the peak 

currents were much larger which can be assigned to preoccupy of Au to the thiol groups 

indicating the strong binding of metal nanoparticles rendered by the chemically derivatized 

GO-SH. In contrast, the enzyme modified electrode (curve d) showed lower peak currents for 

the electrochemical redox probe indicating that ChOx had been successfully immobilized on 

the surface of the Gr/GO-SH/AuNs electrode. This can be ascribed to enzyme that acts as an 

insulator leading to the repulsion of ferrocene ions Fe(CN)6
3−/4−

  

Electrochemical impedance spectroscopy (EIS) is a widely used effectual and fast 

technique to measure the electrical properties of materials and their interfaces with electron 

conducting electrodes [31]. The EIS measurements for the different electrodes were 

conducted and the results are as shown in Fig. 5B. The semi circle part corresponds to high 

frequency impedance, where as the linear part associates to the diffusion step of the overall 

processes. As shown in inset of Fig. 5B, the Randle’s equivalent circuit was initiated to fit 

satisfactorily the data as given in Table 1 obtained over the measured frequency range. The 

circuit is composed of Rs – the ohmic resistance of the electrolyte solution, Rct is the electron 

transfer resistance, Rf− film resistance, Q1 is the constant phase element related to the charge 

capacitance at the electrode/electrolyte interface, Q2 is the constant phase element related to 

the charge capacitance at the metal/electrolyte interface and W is the Warburg impedance due 

to mass transfer to the electrode surface. The Gr/GO-SH/AuNs/ChOx electrode displayed a 

large semi circle representing a high electron transfer resistance of ferrocene ions by the 

ChOx film. This may be attributed to the poor electron conductivity of ChOx enzyme. On the 

contrary, Gr/GO-SH exhibited a semicircle with small diameter than Gr/GO-SH/AuNs/ChOx 

and a large diameter contrast to bare Gr attributed to the large electron transfer resistance 

which is higher than that of the bare Gr. Whereas, Gr/GO-SH/AuNs exhibited a smallest 

semicircle indicating a lower electron transfer resistance due to the better electrical 

conductivity property of AuNs. As evident from the table, the electron transfer resistance 

(Rct) shows an increase after each electrode modification process except for the Gr/GO-

SH/AuNs electrode. As mentioned earlier, Rct is the resistance which controlled the transfer 

of the redox probe through the electrode surface. The Gr/GO-SH/AuNs had better 
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conductivity than the other modified electrode due to which a decreased Rct value was 

obtained. In contrast, the Rct of Gr/GO-SH was notably increased in comparison with the bare 

Gr which can be attributed to the electrostatic interaction between thiol group and ferrocene 

ions [30]. In addition, the Gr/GO-SH/AuNs/ChOx electrode exhibited a larger Rct value due 

to the resistance of ferocene ions by the ChOx immobilized on the electrode surface. The 

change in the passive layer of the each modified electrode is represented by Q1 and Q2. It is 

apparent that the Q1 value is more for the Gr/GO-SH/AuNs electrode which may be attributed 

to the increased surface area of the electrode and the excellent electroconducting properties of 

the AuNs. The bare Gr exhibited a Q1 value more compared to the Gr/GO-SH and Gr/GO-

SH/AuNs/ChOx modified electrodes because of the occurrence of carbon groups in the Gr 

surface. Whereas, the Gr/GO-SH electrode exhibited lesser Q1 value owing to the carbon 

groups that has been engaged by thiol groups. Similarly, the Gr/GO-SH/AuNs/ChOx 

displayed a least Q1 value because of the presence of non-conducting capacity of ChOx 

enzyme. Furthermore, the ‘n’ values for the electrodes fluctuate between 0.8 to 1 indicating 

the homogenous porosity nature of the electrode surface. The extremely sluggish progression 

in the bulk of the composite film on the electrode surface is given by constant phase element 

Q2 (with the exponent n2)
 
[32].

 
The Q2 and Rct relates to the processes taking place at lower 

frequencies whereas Q1 and Rf relates to the processes occurring at higher frequencies. 

Higher the Q2 value, higher the diffusion of ferrocene ions. However, an increase in Rf 

suggests that the ferrocene ions diffuse and accumulate into the electrode surface and lower 

Rf indicates the resistance of the ferrocene ions by the electrode surface. The Warburg 

response in an EIS study is expected due to the thickness of the diffusion layer on electrode 

surface and its inability to allow ferrocene ions. The lower W value in the present 

investigation indicates that the surface layer is thinner which can allow the ions to pass 

through it. From these experimental results, it can be inferred that there exists an excellent 

relationship between semicircle diameters and electrode layers, which signify successful 

construction of the biosensor.  

 

3.4. Comparison of the voltammetric response of the modified electrodes towards 

cholesterol detection 

In order to describe the enhanced performance of the (d) Gr/GO-SH/AuNs/ChOx electrode 

towards cholesterol detection, we investigated the CVs of (a) Gr/ChOx (b) Gr/GO-SH/ChOx 

and (c) Gr/GO-SH/AuNs in presence of 0.3 mM cholesterol recorded under similar 

experimental conditions. Fig. 4 demonstrates the so obtained results probed in oxygen 

saturated 0.1 M PBS in the potential range 0 to −0.75 V at a scan rate of 50 mV/s. It is clearly 

seen that the current density associated with the cholesterol detection for curve ‘a’ is very low 

illustrating that Gr alone in inactive for the electrocatalytic reduction of cholesterol. Under 

comparable conditions, the Gr/GO-SH/ChOx modified electrode showed an increased peak 

current with virtually no oxidation or reduction peak implying an enhanced electrochemical 

activity of the electrode due to the incorporation of GO-SH. In addition, we also attempted to 

probe the electron conductivity of AuNs (b’) over AuNPs (a’) modified electrode by CV 

measurements as summarized in the Inset of Fig. 4. Evidently, the AuNs modified electrode 

showed good electron conductivity which is three times higher than AuNPs solely 

incorporated electrode. While the voltammetry of Gr/GO-SH/AuNs modified electrode 

(curve c) for cholesterol detection showed slight increase in peak current ascribed to the 

increased surface coverage area of the electrode. However, the best electrocatalytic 

performance was obtained with the proposed biosensor (d) indicating the electrode composite 

possess the synergistic effects of GO-SH as well as AuNs which provides largest surface to 

volume ratio thus higher surface activities among the other ChOx modified electrodes used in 

the present investigation. In addition a new feature of oxidation and reduction peak located at 
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−0.35 V and −0.450 V corresponding to the FAD/FADH2 active centres of ChOx was 

observed at the Gr/GO-SH/AuNs/ChOx electrode. Such a characteristic redox peaks with a 

formal potential of −0.4 V (calculated by averaging the anodic and cathodic peak potentials) 

can be concurred well with the reported literature [33] attesting that the direct electron 

transfer from the redox centres of ChOx to the electrode surface and vice versa is 

accomplished by the biocompatible AuNs and its synergy with GO-SH. This result validates 

the enhanced electron conductivity of AuNs, successful immobilization of ChOx and the 

most favourable orientation of the active centres which retain the enzyme’s native structure.   

 

3.5 Electrocatalytic properties of the Gr/GO-SH/AuNs/ChOx biosensor 

CV was used to study the electrocatalytic behaviour of the Gr/GO-SH/AuNs/ChOx electrode 

towards increasing concentration of cholesterol. As can be seen in Fig. 5A a pair of well 

behaved redox peaks appeared at about −0.35 and −0.450 V with a formal potential of about 

−0.4 V. This peak potential is appraised as a direct electron transfer between the redox active 

centres of FAD/FADH2 in ChOx and electrode surface at pH 7 [33]. Despite the fact that the 

CV exhibits a quasi reversible voltammetric response it is still considered as redox 

electrochemistry, because of the presence of anisotropic GO-SH which exhibits 

hydrophobicity and ionic character to AuNs. Sequentially, AuNs has an added advantage 

over Au due to its nanometre size and its tubular shape which afford exorbitant surface area, 

favoured electronic properties, superior electrocatalytic activity and congenital 

biocompatibility for the attachment of ChOx enabling electron transfer [34]. The 

voltammetric responses of the Gr/GO-SH/AuNs/ChOx with the addition of different 

concentrations of cholesterol ranging from 0−6 mM resulted in gradual increase in anodic 

peak with concomitant decrease in cathodic peak which may be attributed to the consumption 

of oxygen by ChOx, leading to the dismissal of hydrogen from C(3)-OH group in cholesterol 

molecule generating Carbonyl product. In reduction process, the oxidized FAD co-factor 

admits a hydride from the substrate whereas; during oxidation process the reduced flavin 

transfers the redox equivalents to molecular oxygen yielding H2O2. The carbonyl species can 

also catalyze the isomerisation of cholest-5-en-3-one to cholest-4-en-one [2].
 
The enzymatic 

reaction between cholesterol and ChOx [35] is as shown below: 

 

 

 

 

 

The effects of scan rate were investigated as illustrated in Fig. 5B. The anodic and peak 

currents (Ipa and Ipc) were linearly proportional to the scan rate in the range from                       

10−100 mV/s
 
suggesting that the electrode reaction is surface controlled process. The linear 

regression equations for cathodic and anodic peak currents are as follows- 

                              Ipa = −1.980×10
−5

+9.396×10
–7

 υ (V/s); R= 0.999                  (1) 

                              Ipc = −4.224×10
−5

– (−1.081×10
−5

) υ (V/s); R= −0.997        (2) 

The anodic and cathodic peak potentials are linearly dependent on the logarithm of scan rates 

(υ). When n∆Ep < 200 mV, the electron transfer rate constant ks could be calculated according 

to Laviron’s equation [36] as follows-  
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      logks = α log (1−α) + (1−α) log α – log RT/nFυ − α (1−α) nF∆Ep/2.3RT                (3) 

Where α is the electron transfer coefficient, n is the electron transfer number, ks is apparent 

heterogeneous electron transfer rate constant, υ is the scan rate, Eº' is the apparent formal 

potential, F- Faraday’s constant, R is Gas constant and T is absolute temperature. The 

electron transfer coefficient was obtained from the slope of the peak potential against the 

logarithm of the scan rate which was found to be 0.25. From the slope of ∆Ep vs. log υ, the 

electron transfer coefficient of Gr/GO-SH/AuNs/ChOx was estimated to be 0.096 s
-1

. This 

value is greater than ChOx/MWCNTs/GCE [37]
 
(0.0269 s

-1
) these results suggests that 

Gr/GO-SH/AuNs/ChOx electrode exhibits fast electron transfer.  

3.6 Potentiostatic intermittent titration technique for Gr/GO-SH/AuNs/ChOx electrode 

The potentiostatic intermittent titration technique (PITT) has been extensively used in 

Lithium ion battery (LIB) for the study of lithium diffusion coefficient and thermodynamics 

of LIBs. The speculations behind this technique are as follows [38]:-  

a) The diffusion coefficient is a parameter which occurs due to the diffusion of only one 

species in the electrochemical system and is persistent solely dependent on the applied 

potential range. 

b) Diffusion takes place in an electrode, within its thinnest dimension of a dense 

electrode with slab geometry. 

c) During the diffusion process, there will be no interfacial reaction resistance at the 

electrode-electrolyte interface. 

d) There is no phase transformation related kinetics  

Many manuscripts have reported the calculation of diffusion coefficient using Randle’s 

Sevick equation in EIS. The advantage of PITT over EIS technique is the calculation of the 

diffusion coefficient lies in the fact that the semi-infinite diffusion region is readily sustained 

in the It
1/2 

vs. log t plots, moreover the diffusion coefficient obtained by EIS are subjected to 

errors [39]. In this manuscript we have used PITT in biosensors for the first time to estimate 

the diffusion coefficient of cholesterol in Gr/GO-SH/AuNs/ChOx electrode. The 

chronoamperometric response of Gr/GO-SH/AuNs/ChOx electrode towards cholesterol was 

studied at a potential range from −0.42 V to −0.6 V vs. SCE. Inset of Fig.6A, shows It
1/2  

vs. 

log t plots in the potential range studied with the highest values of It
1/2 

observed at −0.45 V. 

Additionally, the one with highest It
1/2 

is with the lowest log t value. The benefit of It
1/2 

vs. 

log t plots is that the time domains are well evidenced, whereas in I vs. t plot they emerge 

overlapped. 

The current time dependence for the linear diffusion can be represented by the sum of an 

infinite series of terms depending on the reduced time t/d, where t is the time elapsed from 

the beginning of the potential step and d is the diffusion constant  

                           Id (t) = 2 (∆Q/d) exp {− (2n–1)
2
 2

 t/4d}            (4) 

 

                             (where, n ranges from 1 to  ) 

 

This expression is related to the cottrell relationship in the short time region (t<<d )  

                 ICottrell(t) = ∆Q/(/d )
1/2 

= –(FAD
1/2

 ∆ c /t)            (5) 

 

and the exponential decay of current with time in the long-time domain (t>>d). 

The response of the Gr/GO-SH/AuNs/ChOx electrode towards cholesterol in both the short 

time region and long-time domain is equivalent and therefore the diffusion coefficient 

obtained will remain same this is because of the diffusion length ‘L’-which is the 
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characteristic length of the AuNs used to fabricate the biosensor. Therefore D can be 

calculated from the slope of the linear range in the plot of ln I(t) vs. t [40]. The chemical 

diffusion coefficient obtained from PITT are plotted as a function of electrode potential in 

Fig. 6A and the values are as summarized in Table 2. The negative sign in the obtained 

values may signify higher concentration gradient of H2O2 between the bulk and the interface.  

From the obtained results we conclude that −0.450 V is potential with highest diffusion of 

cholesterol.  

3.7. Influence of pH and temperature on Gr/GO-SH/AuNs/ChOx electrode 
The influence of pH of the assay solution over the range 3 to 10 on the amperometric 

response of the Gr/GO-SH/AuNs/ChOx biosensor towards 3 mM cholesterol was 

investigated as depicted in Fig. 6B. The variation in pH shows significant effect on the peak 

current and applied potential. The peak current increased with increase in pH from 3−7 and 

reached maximum at pH 7. This is in consistence with the pH effects reported for 

immobilized ChOx [41].
 
The peak current gradually decreases as the pH increased from 

7−10. This signifies that protonation of hydroxyl group in cholesterol takes place at lower pH 

whereas at higher pH, the electrocatalytic action is more difficult due to the deficiency of 

protons.  

The effect of temperature was scrutinized for the developed cholesterol biosensor. 

Fig. 6C shows the electrochemical response at different temperatures (10 to 90ºC) in                     

3 mM cholesterol. A 10 ºC augment in temperature will boost the enzyme activity by                       

50−100 %. However, the temperature deviation of 2 ºC will result in small increase
 
of 

10−20%. As we increased the temperature, the current increased and the optimal catalytic 

activity of the ensnared ChOx was obtained at 80 ºC. This increased thermal stability at 

higher temperatures i.e. upto 80 ºC is attributed to the AuNs acting as a scaffold providing 

biocompatibility and thus preventing denaturation of enzyme due to extensive conformational 

changes. Although the biosensor shows a maximum response at 80 ºC all the experiments 

were carried out at room temperature to prevent possible solution evaporation and ease of 

operations. The data obtained was used to construct Arrhenius plot to calculate the activation 

energy of the ChOx. The Arrhenius equation is as follows [42]   

 

I(T) = Io exp (Ea /RT)                         (6) 

By plotting log I vs. 1/T graphs, the activation energy was determined from the slope which 

was found to be 0.964 kJ/mol. This Ea value is lower than 15.56 kJ/mol
 
and 22.96 kJ/mol

 
for 

ChOx/AEAPTS/ITO electrode [43] and ChOx/PANI-TX-100 [44] respectively. This smaller 

Ea indicates that the ChOx immobilized on AuNs/GO-SH modified Gr electrode retains its 

native structural confirmation which permits easy transfer of electrons from the redox centres 

of ChOx to the electrode surface and vice versa.  

 

3.8. Chronoamperometric response of the Gr/GO-SH/AuNs/ChOx biosensor 

The calibration curve for the detection of cholesterol was acquired by using the Gr/GO-

SH/AuNs/ChOx biosensor under optimal conditions [Fig. 7A]. The injection of increasing 

concentration of cholesterol (0.05 mM to 11.45 mM) resulted in reduction current response 

experiencing a response time of 4 s; this change is proportional to the concentration of 

cholesterol. The sensitivity determined was found to be 273 mA/mM/cm
2
. The detection limit 

was determined to be 0.2 nM. The apparent Michaelis-Menten KM
app

 constant equation which 

indicates the enzyme substrate kinetics, was determined from the slope of Linewearver Burk 

plot (inverse of I vs. Inverse of concentration) 

 

1/I = KM
app

/Imax × 1/C  +1/ Imax           (7)                                                                                                                                                                                                                                                                            
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The Km value determines the affinity of the enzyme towards its substrate concentration. The 

smaller Km specifies higher affinity towards its substrate. The Km value of the Gr/GO-SH/ 

AuNs /ChOx biosensor was found to be 0.18 mM which is lower than AuPt–Ch–IL/GCE [45]  

(0.24 mM) and AgNPs/GCE [46] (1.6 mM). Such a lower Km value can be attributed to 

favourable orientation of the ChOx on the biocompatible AuNs that afford high surface 

coverage area to accommodate more number of enzyme molecules. The efficiency of the 

Gr/GO-SH/AuNs/ChOx biosensor was analogize to the other modified electrodes reported for 

the determination of cholesterol and is as shown in Table 3 [45, 47-54]. Our electrode shows 

superior linear range, good response time with excellent sensitivity and a good detection 

limit. These extraordinary properties can be attributed to the presence of AuNs. At this point, 

it is noteworthy to state that the analytical data obtained in the present investigation have 

been contributed to an improvement in the detection limit of the cholesterol biosensor 

previously published by our research group [55] 

3.9. Selectivity of Gr/GO-SH/AuNs/ChOx biosensor 
The accomplishment of the developed Gr/GO-SH/AuNs/ChOx biosensor was tested for its 

preference of cholesterol in presence of various interferents such as 1 mM AA, 0.05 mM UA 

and 1 mM acetaminophen. Fig. 7B shows the consequence of interferents on the biosensor in 

presence of 1 mM cholesterol. The amperometric response of the biosensor towards 

cholesterol produced an increase in peak current whilst, there was insignificant current 

change in presence of the interferents. This signifies that Gr/GO-SH/AuNs/ChOx biosensor 

has the ability to select cholesterol alone in presence of interfering substances. The high 

selectivity can be accredited to the existence of ChOx layer that selectivity catalyses 

cholesterol and also to the AuNs that eliminates the necessity for over potential for detection 

of cholesterol. With this satisfactory selectivity, Gr/GO-SH/AuNs/ChOx biosensor might be 

applied to the determination of cholesterol in serum or uric samples.      

 

3.10. Repeatability, reproducibility and stability of the Gr/GO-SH/AuNs/ChOx biosensor 

The repeatability, reproducibility and stability of the developed biosensor were examined by 

using CV. The current response of the biosensor in 1 mM cholesterol was noted. The relative 

standard deviations (RSD) were 8.6% for about 12 successive readings, demonstrating 

acceptable repeatability of the developed biosensor. In addition, the biosensor exhibited good 

reproducibility, when estimated in PBS (0.1 M) containing 3 mM cholesterol for five 

independent electrodes fabricated using the same procedure. The RSD for cholesterol 

determination at these electrodes was 3.5%. Furthermore, the storage stability of the 

biosensor was also tested by measuring the current response towards cholesterol. This was 

repeated twice for about 6 weeks and was kept at 4 ºC when not in use. The current response 

was about 85-90% its initial value until the 6
th

 week later on which it tends to decrease. The 

results indicated that Gr/GO-SH/AuNs/ChOx biosensor has excellent repeatability, 

reproducibility and stability.   

 

3.11 Determination of cholesterol in serum sample using the proposed electrode 

For the practical applicability of the developed biosensor, attempts have been made to 

determine cholesterol using Gr/GO-SH/AuNs/ChOx in serum samples. With this aim, the 

serum sample was collected from a local Medical Institute and the cholesterol was first 

determined using the spectrophotometric technique as a reference method as described in the 

Supplementary information. The concentration of cholesterol was determined from the 

standard calibration curve and the percentage recovery, relative standard deviation (RSD) 

was found to be as listed in Table 4. The obtained data were compared with 

spectrophotometric method and it was observed that the amount of cholesterol found (1.02, 
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3.12 and 4.76 mM) using Gr/GO-SH/AuNs/ChOx electrode is consistent with the reference 

method (0.98, 3.21 and 4.73 respectively). Furthermore, paired t test at 95% confidence 

interval was estimated to statistically compare the data obtained by both the methods. The 

calculated t value was found to be 0.159 which is smaller than the critical value 2.919 

(α=0.05) indicating the proposed electrode is not statistically different from the reference 

method at 95% confidence interval. These results validate that the proposed electrode can be 

efficiently used as a reliable electrochemical biosensor for the determination of cholesterol in 

clinical diagnostics. 

 

4. Conclusion  

In conclusion, the present work has employed a new template for the synthesis of AuNs. This 

is the first report that demonstrates the utility of β-FFNTs as a sacrificial element for the 

synthesis of 1D nanostructure. We also conclude that the ultrasound irradiation method used 

for the synthesis of AuNPs is an efficient method for the preparation of uniform and highly 

dispersive metal nanoparticles. Analytical techniques such as XRD and SEM reveal the face 

centered cubic, tubular morphology of the AuNs. Surface composition was examined using 

EDAX. These results demonstrate that the particle size of AuNPs is 14 nm and we succeeded 

in the synthesis of 1D AuNs. One of the most important aims of the present investigation is to 

develop a highly sensitive cholesterol biosensor using AuNs. This particular architecture 

AuNs was chemisorbed on GO-SH modified Gr electrode for the easy fabrication of 

biosensor. This nanohybrid electrode was characterized using electrochemical techniques like 

CV, EIS. The resulting biosensor was used for the detection of cholesterol using CV, 

chronoamperometry under optimum experimental parameters. Based on the electrochemical 

evaluation, AuNs has been shown to possess high surface to volume ratio, high electron 

conductivity and promote direct electron transfer between the enzyme and the electrode 

surface. Analysis of chronoamperometric data illustrates the biosensor has rapid response 

time, high sensitivity, wide linear range and low detection limit. The investigations of 

selectivity, operational repeatability, reproducibility and stability have shown satisfactory 

results. Finally, the proposed electrode has been successfully applied for the determination of 

cholesterol in serum samples. 
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Figure Captions 

Scheme-1 Schematic view of the fabrication processes of the cholesterol biosensor  

Fig. 1 XRD patterns of the as synthesized (A) AuNPs, (B) self assembled β-FFNTs and (C) 

AuNPs templated peptide nanotubes. The symmetry of the structures is shown by the peaks 

labelled   = 10.03, 18.3, 19.6 for peptides and  = 38.1, 44.4 and 64.6 for Au 

respectively.               

Fig. 2 SEM of (A) AuNPs and (B) corresponding histograms of AuNPs synthesized by 

ultrasound irradiation, peptide nanotubes self assembled at different dilution (C) 2 mg/mL 

and (D) 1 mg/mL, (E) AuNPs ensembled peptide nanotubes and (f) AuNs obtained after 

peptide cleavage.  

Fig. 3 (A) Cyclic voltamograms of (a) bare Gr (b) Gr/GO-SH (c) Gr/GO-SH/AuNs (d) 

Gr/GO-SH/AuNs/ChOx in 5 mM Fe(CN)6
3-/4- 

solution. (B) Nyquist diagrams of   (a) bare Gr 

(b) Gr/GO-SH (c) Gr/GO-SH/AuNs (d) Gr/GO-SH/AuNs/ChOx. Inset displays the equivalent 

circuit compatible with the experimental data    

Fig. 4 CVs of 0.3 mM cholesterol at (a) Gr/ChOx (b) Gr/GO-SH/ChOx (c) Gr/GO-SH/AuNs 

(d) Gr/GO-SH/AuNs/ChOx in oxygen saturated 0.1 M PBS with the scan rate of 50 mV/s. 

Inset is the comparative CV of (a’) Gr/GO-SH/AuNPs with (b’) Gr/GO-SH/AuNs.  

Fig. 5 (A) CV responses of Gr/GO-SH/AuNs/ChOx electrode for different concentrations (0 

to 6 mM) of cholesterol in 0.1 M oxygen saturated PBS solution. Inset is the plot of peak 

current against added cholesterol concentration (R= 0.9886). (B) CVs of 2 mM cholesterol at 

the Gr/GO-SH/AuNs/ChOx electrode at different scan rates (a-l: 10 to 100 mV/s). Inset is the 

dependence of the anodic and cathodic peak current on the scan rate.   

Fig. 6 (A) Dependence of chemical diffusion coefficient of Gr/GO-SH/AuNs/ChOx electrode 

at different potential. Inset It
1/2 

vs. log t plot for the proposed biosensor.                                   

(B) Dependence of cathodic peak currents of 3 mM cholesterol on pH values (3 to 10) of the 

solution at Gr/GO-SH/AuNs/ChOx electrode (C) Effect of temperature on the CV response of 

the modified electrode to 3 mM cholesterol. Inset- Line weaver Burk plot of 1/I vs. 

1/cholesterol of Gr/GO-SH/AuNs/ChOx electrode 

Fig. 7 (A) Typical amperometric current response of the Gr/GO-SH/AuNs/ChOx electrode 

upon successive addition of various concentration of cholesterol at an applied potential of                  

–450 mV (vs. SCE) in 0.1 M PBS solution. Inset is the calibration plot of current versus 

cholesterol concentration. (B) The amperometric response of the modified bioelectrode to 

successive additions of 1 mM cholesterol and interferences 1 mM AA (b), 0.5 mM UA (c) 

and 1 mM ACT (d) in 0.1 PBS at pH 7 and an applied potential of –450 mV vs. SCE. 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 7 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

29 
 

Passport-type photograph of Authors 

 

 

 

 

 

 

S. Nandini                                                       S. Nalini                                   Dr. M.B.M. 

Reddy 

 

 

 

  Dr.G.S.Suresh                                              Dr.J.S.Melo                               Dr. P. 

Niranjana 

 

 

 

 

 

 

      J. Sanetuntikul                                                                       Dr. S. Shanmugam                                                           



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

30 
 

 

 

Table 1. Impedance components for the Gr/GO-SH/AuNs/ChOx electrodes determined by 

fitting EIS experimental data using the equivalent circuit 

Gr: Graphite; GO-SH: thiol-functionalized graphene oxide; AuNs: gold nanostructure and 

ChOx: Cholesterol oxidase.  

 

 

 

 

Table 2. Diffusion co-efficient calculated using PITT at different applied potential 

Potential Applied (mV)           Diffusion co-efficient (cm
2
/s) 

           –0.425                           –1.042 

           –0.450                               –1.058 

          –0.475                               –1.027 

          –0.500                               –1.019 

         –0.525                               –1.009 

           –0.550                              –1.004 

          –0.575                             –1.0049 

            –0.600                             –1.003 

 

 

 

 

 

 

 

 

 

Name of the electrode               Rs                 Q1             n1        Rf               Q2            n2         Rct                 W 

                                                   (Ω)      (mF/cm
2
)                  (Ω)     (mF/cm

2
)                (Ω)           (Ω)       

Gr                                                124.1       4.87E-2       0.9     238.9     4.53         0.5         30.88      4.69 

Gr/GO-SH                                   34.15      1.40E-2       1       115.2      0.31        0.5          74.68      0.0039 

Gr/GO-SH/AuNs                        28.97      7.02E-2      0.8     927.7      4.36        0.6          61.63      0.02904 

Gr/GO-SH/AuNs/ChOx               27.95       4.7             0.9     252.3      0.16        0.7          85           0.003829 
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Table 3. Comparison of the beneficial analytical data obtained by the proposed with other 

electrochemical cholesterol sensors 

 

Modified electrode             Linear range     Response time   Detection limit    Sensitivity              Reference  

                                               (mM)                (s)                         (nM)            (mA/mM/cm
2
) 

ChOx/AuPt–Ch–IL/GCE      0.05-6.2              7                        10000                0.0907                     45 

                                               6.2-11.2 

 

Au/f-G modified                    0-0.135               –                            –                   0.000314                  47 

GCE 

AuE/dithiol/AuNPs/MUA     0.04-0.2             –                        34600                0.00902                   48 

 

CSNF–AuNPs/ChOx              0.01-0.045       5                           –                    0.00102                   49 

  

ChOx/HRP/AuNPs/PDDA     0.02–1.2            –                        4400                 0.0186                     50 

/ MWCNTs/GCE  

  

ChOx/AuNPs/PDDA/             0.01–1.05         –                         2200                0.00223                   50 

MWCNTs/GCE    

 

Other nanostructures        Linear range     Response time   Detection limit    Sensitivity              Reference  

                                               (mM)                (s)                         (nM)            mV/decade 

polymeric lipid enzyme               -                     ~5                        100                 ~64                         51 

based sensor                                                                                                        

 

ZnO-nanowalls/                    0.001-1                 -                         400                  ~57                        52   

ChOx                                                                                                                     

 

ChOx/Co3O4 nanowires      0.0001-1                10                      0.0003              −94                        53 

/Au                                                                                                                     

 

CuO nanostructures/            0.005-5                 10                      1000                33.88                      54 

ChOx                                                                                                                  ± 0.96                                                                                                             

                                                                                                                                                    

Gr/GO-SH/AuNs/ChOx        0.05-11.45          4                         0.2                    273                    This work 

                                                                                                                      mA/mM/cm
2
 

ChOx: Cholesterol oxidase; Au-Pt: gold-platinum; Ch: Chitosan; IL-ionic liquid; GCE: Glassy carbon 

electrode; f-G: functionalized graphene; AuE: gold electrode; MUA:11-mercaptoundecanoic acid; 

CSNF:Chitosan nanofiber; AuNPs: gold nanoparticles; HRP: horseradish peroxidase; PDDA: 

Poly(Diallyldimethylammonium Chloride); MWCNTs: multiwalled carbon nanotubes; ZnO: Zinc 

oxide; Co3O4: Cobalt oxide; CuO- Copper oxide; Gr: Graphite; GO-SH: thiol-functionalized 

graphene oxide; AuNs: gold nanostructure and ChOx: Cholesterol oxidase 
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Table 4 Determination of cholesterol in serum samples (n=5) obtained at Gr/GO-

SH/AuNs/ChOx biosensor         

Sample No       Added (mM L
−1

)           Found (mM L
−1

 ) with 95%           Recovery (%) with 

95%           RSD (%) 

                                                             confidence interval estimate            confidence interval 

estimate 

    1                             1                                  1.02 ±0.09                                        102±3.8                             

2.21 

    2                             3                                  3.12 ±0.15                                        104±2.5                             

3.5 

    3                             5                                  4.76 ± 0.22                                        95±0.72                             

5.2 
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Research Highlights 

 The present work has employed a new template (β-FFNTs) for the synthesis of AuNs.  

 AuNs was chemisorbed on GO-SH for the fabrication of cholesterol biosensor 

 The nanohybrid composite offers enhanced enzyme loading and high sensitivity  

 The biosensor shows rapid response time, high sensitivity and low detection limit  

 The proposed biosensor has excellent repeatability, reproducibility and stability 


