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Abstract

Carbon nanotubes (CNTs) possess unique intrinsic properties, such as a huge surface 
area, homogenous pore size distribution, and nanoscale dimensions, making CNT 
highly promising for biosensing applications. However, their limited dispersion in 
biological media and increased resistance hinder efficient charge transfer, necessitating 
innovative strategies to enhance their performance. This study presents a novel and 
facile approach for synthesizing multifunctional gold nanoparticle (AuNP)-decorated 
CNT (Au-CNT) nanohybrids using hetero-functional polyethylene glycol (PEG) as a 
linker via EDC/NHS chemistry. This approach ensures the covalent and uniform 
decoration of AuNPs over the surface of CNTs, significantly improving their dispersion, 
chemical stability, and biocompatibility while preserving their electrochemical activity. 
Comprehensive morphological, chemical, and electrochemical characterizations 
confirm improved dispersion and enhanced electron transfer capabilities. To validate 
its practical application, a proof-of-concept electrochemical sensor is developed for 
H₂O₂ and glucose detection. Comparative analysis reveals that the Au-CNT nanohybrid 
exhibits increase in sensitivity over pristine CNTs, demonstrating its superior catalytic 
performance. These findings highlight the potential of Au-CNT nanohybrids as 
versatile platforms for advanced electrochemical catalytic and affinity biosensing 
applications.

Keywords: Carbon nanotubes, Gold nanoparticles, Au-CNT nanohybrid, Biosensing, 
Bioelectronics.
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1. Introduction

Carbon nanotubes have garnered substantial attention due to their intrinsic properties, 
including uniform pore size distribution, large surface area, and nanoscale dimensions.1 
These unique characteristics make them highly suitable for numerous biomedical 
applications, including biosensing and bioelectronics. For instance, CNTs are utilized 
in the development of advanced impedimetric sensors, microelectrodes for neural 
interfaces, photothermal conversion devices for cancer therapy, printed circuit boards 
for medical diagnostics, and nanocomposites for drug delivery systems.2–7 Ongoing 
research continues to expand the scope of applications for CNTs, particularly in 
exploring colloidal properties, dispersion characteristics, heterogeneous electron 
transfer capabilities, and plasmon enhancement effects. These attributes leverage the 
unique combination of electrical conductivity, susceptibility to chemical modification, 
and biodegradability of CNTs, thereby enhancing their potential in advancing cutting-
edge biomedical technologies.8–12

A notable challenge with pristine CNTs is their inert surface and poor dispersion in 
solvents, necessitating the selection of appropriate organic solvents like N-Methyl-2-
pyrrolidone (NMP) and dimethylformamide (DMF) to disperse CNTs efficiently.13 
However, organic solvents are unsuitable for biological applications as they disrupt the 
native structure of enzymes and can denature sensitive proteins and aptamers due to 
their toxic effects, compromising their biological activity and downstream biological 
assays. To enhance the solubility and dispersion of CNTs, researchers have devised 
various methods such as surface modification, surface functionalization using 
hydrophilic materials and polymers, and decorating CNTs with organometallic 
nanoparticles.7,14 Incorporating metal nanoparticles significantly enhances the inherent 
characteristics of CNTs, making them ideal for specific applications in gas sensors, 
toxicant sensors, and catalysis, where they play a critical role in signal amplification 
and sensitivity.15–22 Gold nanoparticles (AuNPs) are exceptionally suitable for 
biological applications due to their biocompatibility, catalytic activity, and surface 
plasmon resonance.23–26 Decorating CNTs with AuNPs offers several advantages, as 
the resulting nanohybrids exhibit a synergistic effect, enhancing conductivity, creating 
extensive networks, and ensuring biocompatibility while reducing cytotoxicity.27,28 
These nanohybrids can be accomplished through several approaches such as physical 
or wet chemical deposition, where gold nanoparticles are either adsorbed onto the CNT 
surface or covalently attached.29,30 However, physical adsorption has lower stability and 
relies on a tedious, multistep, layer-by-layer deposition process.31–33 On the other hand, 
the direct deposition method using wet chemical processes has been employed to attach 
gold nanoparticles to the surface of CNTs covalently.34 Nevertheless, this approach 
poses three major challenges: 1) the use of toxic chemicals for modification, 2) 
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inconsistent and diverse particle size decoration, and 3) gold nanoparticle aggregation, 
which obstructs the electroactive surface area (EASA) and hinders the electrochemical 
performance of the nanohybrid. Achieving uniform and controlled gold deposition on 
CNT surfaces while maintaining simplicity and ease of use has proven to be difficult.35 
Various interlinkers have been employed to address these issues, generating stable 
nanohybrids through electrostatic and covalent interactions between AuNPs and 
CNTs.36,37 This strategy holds promise as it enables control over nanoparticle size, 
ensures secure bonding, and minimizes adverse environmental effects by eliminating 
toxic chemicals such as thionyl chloride for surface modification. 

In this study, we propose a facile, chemically stable, and controlled synthesis approach 
for uniformly decorating gold nanoparticles over CNT surfaces at room temperature. 
Our method involves utilizing hetero-functional polyethylene glycol (PEG) as a linker 
between AuNPs and CNTs, forming a stable covalent bond through EDC/NHS 
chemistry. By introducing PEG directly into the AuNP solution, we modify the AuNP 
surface to enhance stability and prevent aggregation during the decoration process on 
the CNT surface. This technique guarantees that the resulting Au-CNTs demonstrate a 
uniform distribution of AuNPs with consistent particle sizes, leading to improved 
dispersion, enhanced electron transfer, and an ideal surface for immobilizing aptamers 
and proteins. This Au-CNT nanohybrid exhibits improved dispersion and can be 
seamlessly incorporated into protein or biopolymer matrices, maintaining extended 
channels for conductivity. Crucially, our synthesis method ensures that the Au-CNTs 
remain environmentally safe and biodegradable, minimizing their impact on the 
environment. For proof-of-concept feasibility studies, H₂O₂ and glucose sensor were 
developed using an Au-CNT nanohybrid with electrodeposited Prussian Blue as a redox 
mediator. This approach demonstrates superior performance compared to CNT alone. 
The biocompatible Au-CNT nanohybrid exhibits rapid kinetics, a larger surface area, 
and enhanced electrochemical properties, making it an ideal multifunctional 
nanomaterial for affinity and catalytic biosensors.

2. Materials and Methods 
2.1 Materials

Heterobifunctional polyethylene glycol (HS-PEG-NH2), hydrochloric acid (HCl), 
Multiwalled Carbon Nanotubes (MWCNTs avg. dia. × L: 9.5 nm × 1.5 µm),  sodium 
hydroxide (NaOH, >97%), hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O, 
≥99%), 2-(N-morpholino) ethane sulfonic acid buffer (MES hydrate,≥99%), sulfuric 
acid (H2SO4), Iron(III) chloride (FeCl3), Potassium chloride (KCl), Sodium citrate 
dihydrate (Na3C6H5O7.2H2O≥99.9%), potassium hexacyanoferrate(II) trihydrate 
(K4Fe(CN)6·3H2O, 98.5%–99%), potassium hexacyanoferrate(III) (K3Fe(CN)6, 
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≥99.0%), Sodium chloride (NaCl), N-hydroxy succinimide (NHS, C4H5NO3, >98%),  
N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, C8H17N3·HCl, 
≥99.0%), Bovine serum albumin (BSA), Glucose Oxidase, Glutaraldehyde (GA 25%), 
Uric acid (UA), Hydrogen peroxide (H2O2 30% w/v), L-Ascorbic acid (AA) and 
dextrose (D-glucose) were bought from Sigma-Aldrich. SPCE electrodes were 
purchased from Zensor R&D Co. Unless otherwise stated, all solutions were prepared 
via deionized water (DI) exhibiting resistivity of 18.2 MΩ.

2.2 Instrumentation 

Different microscopic techniques were used to analyze the morphological and physio-
chemical structure of Au-CNT nanohybrid. Field Emission scanning electron 
microscope (FESEM, JEOL JSM-6330) was used to investigate the surface structure 
and properties. To verify the uniform decoration of (AuNPs) on the surface of 
(MWCNTs), Field Emission Gun Transmission Electron Microscope (FEG -TEM, 
Tecnai G2 F30 S-TWIN) was employed. This approach allowed us to perform detailed 
line profile analysis and mapping of the synthesized Au-CNT nanohybrid. In addition, 
we performed a chemical analysis of Au-CNT using Fourier transform infrared 
spectroscopy (ATR-FTIR, Thermos Scientific Nicolet iS5). To examine the crystal 
structure and chemical composition of Au-CNT nanohybrid high-resolution 
photoelectric spectroscopy (XPS, JEOL JPS 9030) and Powder X-Ray diffractometer 
(Bruker D2-Phaser) were employed. UV-Vis spectroscopy is utilized to precisely 
monitor the PEGylated AuNPs stability and decoration over the CNT surface using 
UV- Vis spectrophotometer (Flexa A-200 HT). For our electrochemical studies,  
(Autolab PGSTAT204) electrochemical workstation was used. The electrochemical 
characterization was conducted using a screen-printed carbon electrode (SPCE) which 
comprised of three-electrode system. This system included a counter electrode, a 
working electrode and a reference electrode made of Ag/AgCl paste.

2.3 Synthesis Method    

Figure 1 illustrates the two-step process of decorating MWCNTs with PEGylated gold 
nanoparticles, including functionalization and covalent bond formation.

1) Synthesis of PEG-AuNPs: AuNPs were synthesized employing a well-documented 
method involving the reduction of HAuCl4 with sodium citrate.38 In this experiment, 
approximately 0.05 g of HAuCl4 was dissolved in 150 ml of deionized (DI) water and 
heated to 300°C. Subsequently, about 0.132 g of sodium citrate dissolved in 15 ml of 
DI water was added to the heated solution and stirred for 2 hours to produce gold 
nanoparticles, which exhibited a distinct ruby-red colour. After cooling the gold 
nanoparticle solution to room temperature, 0.15 g of heterobifunctional polyethylene 
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glycol (PEG) was dissolved in approximately 37.5 ml of the gold citrate solution. The 
resulting gold nanoparticle and PEG solution were then stored at 4°C for subsequent 
use. 

2) Oxidation of MWCNT and gold nanoparticle decoration: The MWCNTs were 
chemically oxidized using a 3:1 mixture of HCl and H2SO4 to introduce carboxylic 
groups. After modification, the MWCNT solution underwent multiple rounds of 
centrifugation and washing, followed by vacuum drying. Subsequently, 1 mg of 
MWCNTs was subjected to EDC/NHS in a 2:1 ratio prepared in MES buffer and 
sonicated for 30 minutes. Post-sonication, the MWCNT solution was centrifuged to 
remove excess reagents. Finally, 5 ml of PEG-AuNPs solution was added to 5 mg of 
oxidized MWCNTs to synthesize the Au-CNT nanohybrid.

2.4 Electrode surface modification and electrochemical measurements

The working electrode of screen-printed carbon electrodes (SPCEs)is modified by 
drop-casting approximately 8 µL of a 1 mg/mL solution of carbon nanotubes (CNTs) 
and gold-carbon nanotube (Au-CNT) nanohybrids, which were prepared in deionized 
water. After modification, the electrodes were dried using an incubator at 37°C for 6 
hours before performing any electrochemical analysis.

Cyclic voltammetry (CV) was used to investigate the electrochemical charge transfer 
behaviour and its dependence on scan rate. By analysing the voltammograms recorded 
at various scan rates, the electrochemical performance of the different modified 
electrodes, SPCE/CNT and SPCE/Au-CNT were compared. These voltammograms 
revealed key insights into the redox properties and electron transfer dynamics of the 
modified electrodes. It was clear that the incorporation of gold nanoparticles over the 
CNT surface improved electron transfer and redox behaviour compared to the CNT 
alone. To showcase the practical potential of the Au-CNT nanohybrid,  glucose and 
H₂O₂ sensor were developed to demonstrate its applicability. Both sensors utilize 
Prussian Blue (PB) as a common redox mediator to compare their catalytic performance.

2.5 Development of catalytic biosensor

To fabricate a Prussian Blue (PB)-based sensor, the working electrode of SPCE is 
rinsed with (DI) water and then PB is electrodeposited via CV within a potential (range 
of -0.2 V - 0.5 V) vs. Ag/AgCl for 20 cycles. The deposition is performed using a 
freshly prepared PB solution containing 3 mM potassium ferricyanide (K₃Fe(CN)₆) and 
3 mM ferric chloride (FeCl₃) dissolved in a 0.1 M solution of KCl and HCl. Following 
electrodeposition, the PB layer is stabilized and activated by additional CV cycling (20 
cycles) in an equimolar solution containing KCl and HCl (0.1M). The modified 
electrode is then dried at 60°C for 1 hour.  

Page 5 of 22 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 3
0 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

3/
20

25
 1

0:
14

:2
5 

PM
. 

View Article Online
DOI: 10.1039/D5TB00990A

https://doi.org/10.1039/d5tb00990a


To develop a hydrogen peroxide (H₂O₂) sensor, a thin layer of carbon nanotubes (CNT) 
or gold-carbon nanotube (Au-CNT) nanohybrid is drop-cast onto the PB-modified 
SPCE and allowed to dry. The superior catalytic performance of the Au-CNT 
nanohybrid compared to CNT alone highlights its potential for catalytic biosensor 
applications. Building on this performance, a glucose sensor is fabricated. Glucose 
enzyme solution is made by adding 5 mg of glucose oxidase (GOx) in 1 mL of 
phosphate-buffered saline. This solution is then mixed with an enzyme stabilizer 
including 1 mg of BSA and 0.8% GA. The resulting 7μl of enzyme mixture is 
immobilized onto SPCE/PB/CNT and SPCE/PB/Au-CNT modified electrodes and 
dried at 4°C. The catalytic performance and fabricated biosensor response to analyte 
concentration were analysed and compared using chronoamperometry using 0.1 M PBS 
solution under stirring conditions.

Figure 1: A) Schematic illustrating the step-by-step process for i) synthesizing 

PEGylated gold nanoparticles. ii) synthesizing Au-CNT nanohybrid using PEGylated 

gold nanoparticles. B) Schematic showing i) design, and components ii) possible 
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glucose mechanism and iii) properties of biocompatible Au-CNT and feasibility for 

catalytic biosensors.

3 Results and Discussion 
3.1 Morphology and Surface Topography Characterization 

The nanohybrid is engineered by decorating gold nanoparticles using a simple and 
effective strategy while keeping uniform particle size distribution over the MWCNT 
nanostructure. The morphological and nanostructural properties were examined with 
SEM. As represented in Fig. 2(a) oxidized MWCNTs have a rough texture, likely 
attributed to the chemical oxidation with HCl and H2SO4. The chemical oxidation of 
MWCNTs nanostructure is vital for the conjugation of PEGylated AuNPs. This 
modification allows the facile and controlled decoration of PEGylated gold 
nanoparticles owning similar particle size and morphology as depicted in Fig.2(b). To 
further investigate the nanostructure morphology of Au-CNT nanohybrid HR-TEM 
was used. TEM images revealed that Au-CNT strands exhibit consistent morphology, 
with gold nanoparticles evenly decorated over the MWCNTs surface as demonstrated 
in Fig. 2(c). We also analysed the morphology and particle size of PEGylated AuNPs 
as shown in Fig. 2(d). Additionally, High-angle Annular Dark Field scanning electron 
microscopy was employed to investigate structural and elemental composition for both 
PEGylated AuNPs and Au-CNT nanohybrid as shown in Fig. 2(e-i). Deeper structural 
insights were obtained from (HRTEM) images of the Au-CNT nanohybrid. Fig. 2(j-l) 
revealed well-defined lattice fringes in Fig. 2(k) and d- spacing of 2.1 Å in Fig. 2(l) 
corresponding to the typical (200) plane of Au nanoparticle.39
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Figure 2: SEM images of (a) Oxidized MWCNT and (ii) Au-CNT nanohybrid. TEM 
image of (c) of Au-CNT nanohybrid and (d) PEGylated AuNPs. HAADF image of (e) 
PEGylated AuNPs, (f) EDS elemental map showing Au, HAADF image of (g) Au-CNT 
nanohybrid, EDS elemental map (h) showing a layered map of Au-CNT nanohybrid, 
(i) showing presence of Au. HRTEM images of (j) Au-CNT nanohybrid showing d-
spacing in (k) (red) and (l) (green) corresponds to the (200) plane of gold nanoparticle 
with d spacing of 2.1 Å. 

3.2 Chemical Composition Structural Characterization 

ATR-FTIR spectroscopy was employed to investigate surface functionalities of 
nanostructures and synthesized Au-CNT nanohybrid as shown in Fig. 3(a). All 
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nanomaterials were drop-casted onto SPCE electrodes before FTIR measurements, 
revealing a peak at 2347 cm⁻¹, which is attributed to (C=C) stretching. Oxidized 
MWCNTs exhibit characteristic peaks at 1079 cm-1, 1712 cm-1and a broad peak at 3328 
cm-1 corresponding to (C-O), (C=O), and (O-H) stretching and bending modes 
respectively indicating the existence of COOH groups on MWCNT surface due to 
chemical oxidization by acid treatment.40 AuNPs are functionalized with PEG coating 
on the surface as the PEGylated AuNPs exhibited peaks at 1048 cm-1, 2598 cm-1 and 
1569 cm-1, 2858 cm-1, and 3400 cm-1 which corresponds to (S=O), (S-H), (C-H) and (N-
H) stretching vibrations respectively.41 We further performed a salt test to validate the 
functionality and stability of PEGylated AuNPs in Supplementary Fig. 1(b). After 
covalently attaching PEGylated AuNPs to the MWCNT surface via EDC/NHS 
chemistry, a significant reduction in peak intensities was observed. This reduction is 
attributed to the involvement of COOH and amine groups in forming amide bonds 
between the PEGylated AuNPs and the MWCNT nanostructures. Au-CNT nanohybrid 
shows additional peaks at 1530 cm-1, and 1694 cm-1 which is attributed to (N-H) and 
(C=O) stretching from the resulting amide bond.42 To further validate the surface 
elemental composition and chemical state of the Au-CNT nanohybrid XPS 
measurements were conducted as shown in Fig. 3(b). The High-resolution XPS spectra 
of Au-CNT The nanohybrid exhibited distinct peaks associated with binding energies 
of C1s (286 eV), O1s (534eV), N1s (400 eV), and Au 4f (84, 88 eV).43 These peaks 
were further deconvoluted to get deeper insights about phase constitution and electronic 
state Fig. 3(c-f). C1s spectrum has three subpeaks corresponding to (C-C), (C-N), and 
(C-O) representing the presence of PEGylated AuNPs over the MWCNT surface. The 
O1s spectrum revealed sharp subpeaks corresponding to (C=O) and (C-O), confirming 
the formation of amide bonds. Additionally, deconvoluted N1s and Au4f spectra further 
validate the successful covalent interaction between nanostructures. Au-CNT 
nanohybrid is expected to have better structural integrity and stability owning uniform 
decoration of gold nanoparticles with stable covalent bonding. To validate this 
hypothesis, XRD analysis was performed to examine the crystalline structure of Au-
CNT nanohybrid as illustrated in Fig. 3(g). XRD analysis revealed four different peaks 
at 26°, 37.8°, 44° and 64.4°. Notably, the sharp peak at 26° attributed to the (002) plane 
of interlayer spacing of graphitic carbon in Au-CNT nanohybrid.44 Additional three 
prominent peaks at 37.8°,44°, and 64.4° compliant to (111), (200), and (220) lattice 
planes of AuNPs indicate high crystallinity and are consistent with XPS, HRTEM 
measurements.45  

Raman spectroscopy acts as an extremely sensitive complementary tool for 
investigating the phase and electronic structure of Au-CNT nanohybrid. Fig.3(h) 
provides and comparative analysis between oxidised CNT and Au-CNT nanohybrid. 
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The Raman spectra revealed characteristic peaks at 1580 cm⁻¹ (G-band) and 1350 cm⁻¹ 
(D-band) both before and after the decoration of AuNPs on the CNT surface. The 
prominent G-band implies the presence of sp²-hybridized carbon atoms in a graphitic 
structure, while the D-band indicates the presence of defects and disorder. The higher 
ID/IG ratio of the CNTs before decoration indicates a high level of defects due to 
chemical oxidation.46 However, this ratio decreases after the covalent interaction with 
AuNPs, suggesting a reduction in defects.47 Fig. 3(i) shows the comparative adsorption 
spectra between PEGylated AuNPs, CNT, and Au-CNT nanohybrid. The UV-Vis 
spectra revealed a typical absorption peak at 525 nm for PEGylated AuNPs, attributed 
to Surface Plasmon Resonance.48 In contrast, CNTs do not show distinct absorption 
peaks but exhibit a flat absorption profile with higher intensity. However, after 
decorating the CNTs with AuNPs, a slight red shift in the absorption peak was observed, 
indicating changes in the electronic structure and covalent interactions between the 
AuNPs and CNTs. All physiochemical characterization on Au-CNT nanohybrid 
validates and supports the covalent functionalization of PEGylated AuNPs over the 
CNT surface. The Au-CNT nanohybrid exhibits a similar morphology with a uniform 
decoration of gold nanoparticles across the surface. This nanohybrid is expected to have 
improved dispersion, solubility, conductivity, and superior electrochemical 
performance compared to pristine CNTs. Additionally, the Au-CNT nanohybrid offers 
an excellent surface for the immobilization of bio-recognition elements, making it 
highly suitable for electrochemical affinity biosensing applications. 
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Figure 3: (a) FTIR spectra of oxidized MWCNT, AuNP-PEG, AU-CNT nanohybrid, 
and Bare SPCE. (b) High-resolution XPS spectra of synthesized Au-CNT nanohybrid. 
(c), (d), (e), (f) deconvoluted C1, O1, N1s, and Au respectively for Au-CNT nanohybrid. 
(g) XRD spectra for Au-CNT (h) Raman spectra of oxidized MWCNT and Au-CNT. 
(i) UV-visible spectrum of PEGylated AuNPs, CNT and Au-CNT nanohybrid.

3.3 Electrochemical Characterization electrode and coating

In our research, further electrochemical testing was conducted to thoroughly evaluate 
and compare the electrochemical properties of CNT and the synthesized Au-CNT 
nanohybrid. We applied a thin coating of CNT and Au-CNT nanohybrid over SPCE 
and utilized CV and Electrochemical Impedance Spectroscopy to gain a comprehensive 
understanding of the redox behaviour, electron transfer kinetics, and impedance 
characteristics of the Au-CNT nanohybrid. The EIS analysis revealed a higher charge 
transfer resistance (Rct) for the bare SPCE, attributed to lower conductivity and surface 
area, while both the modified SPCE/CNT and SPCE/Au-CNT exhibited a linear profile 
at the lower frequency range, as indicated by the Nyquist plot in Fig. 4(a), suggesting 
improved mass transport and faster electron transfer kinetics. The CV curves showed 
SPCE/Au-CNT electrode depicts higher peak current and lower peak separation than 
SPCE/CNT and bare SPCE, indicating faster electron transfer kinetics as shown in Fig. 
4(b). The SPCE/Au-CNTs electrode exhibits better charge transfer and is expected to 
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have higher electrochemical active surface area than SPCE/CNT. To further investigate 
this, we performed CV using 5 mM solution of [Fe(CN)₆]²⁻/[Fe(CN)₆]³⁻ at different 
scan rates, (ranging from 0.02 to 0.1 V/s), and the subsequent voltammograms are 
shown in Fig. 4 (c, d, e). As the scan rate increased, there was a linear rise in the peak 
current values. This relationship is evident from the linear fit of both Oxidation and 
reduction peak currents plotted as a function of the square root of the scan rate, as 
illustrated in Fig. 4(f), indicating that Au-CNT exhibit excellent electrochemical 
performance compared to pristine CNTs. Moreover, the EIS data was fitted to an 
appropriate equivalent circuit model built on the Randles circuit, as illustrated in 
Supplementary Fig. 2(b), which aligns with the impedance data represented in 
Supplementary Fig. 3(a, b, c). The Au-CNT nanohybrids feature uniformly distributed 
AuNPs covalently bonded to the CNT surface, significantly increasing the electroactive 
surface area as illustrated in Supplementary table 2. This enhancement facilitates 
rapid electron transport, making Au-CNT nanohybrid ideal for applications in 
electrochemical biosensing and energy storage devices.

Figure 4: (a) Nyquist plots observed during EIS investigations, (b) circular 
voltammograms depicting electrochemical performance of SPCE, modified 
SPCE/CNT and SPCE/Au-CNT in 5 mM solution of [Fe(CN)₆]²⁻/[Fe(CN)₆]³⁻. CV of 
the (c) SPCE, modified (d) SPCE/CNT and (e) SPCE/Au-CNT at various scan rates 
and (f) presenting the extracted oxidation and reduction peak current values from bare 
SPCE, CNT/SPCE, SPCE/Au-CNT compared and plotted against square root of the 
scan rate.

3.4 Catalytic performance and biosensor feasibility

Based on electrochemical performance, it is anticipated that the Au-CNT nanohybrid 
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will exhibit superior catalytic activity due to the presence of AuNPs on its surface, 
which significantly enhances its electrocatalytic surface area. To investigate this 
hypothesis, we compared the catalytic performance of the modified electrodes, 
SPCE/PB/CNT and SPCE/PB/Au-CNT, with electrodeposited Prussian as a redox 
mediator. The electrodeposition process was carried out using multiple cycles of CV, 
as illustrated in Fig. 5(a). The electrochemical performance of SPCE/PB/CNT and 
SPCE/PB/Au-CNT was assessed through H₂O₂ sensing using chronoamperometry at -
0.4 V in a stirred 0.1 M PBS solution spiked with 0.5 mM H₂O₂, optimizing the 
performance and sensitivity of the modified electrodes. The real-time 
chronoamperometry current responses of the Au-CNT nanohybrid modified electrode 
to H₂O₂ showed significant improvements, demonstrating that the Au-CNT nanohybrid 
exhibits enhanced catalytic performance. This makes it a promising candidate for 
developing electroenzymatic sensors, as evident from Fig. 5(b). To further investigate 
this, a proof-of-concept glucose sensor was developed using the same sensing 
mechanism, with PB acting as the redox mediator.49 The entire sensor fabrication 
process was monitored, and each step was characterized by CV, as shown in 
Supplementary Fig. 5(a). To account for any variations in electrode performance after 
PB deposition, the different modified PB/SPCE electrodes were compared using CV in 
a 0.1 M KCl solution, as shown in Supplementary Fig. 5(b). The modified electrodes, 
SPCE/PB/CNT and SPCE/PB/Au-CNT, were then functionalized with a glucose 
oxidase enzyme layer, and the morphology of the modified electrodes was examined 
using SEM, as shown in Supplementary Fig. 6. Real-time current responses of the 
modified electrodes to glucose were recorded using chronoamperometry at 0.6 V in a 
stirred 0.1 M PBS solution, spiked with 0.5 mM glucose as shown in Fig. 5(d).

Figure 5: Electrodeposition of Prussian Blue on (SPCE) and sensor performance for 
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H₂O₂ and glucose detection. (a) CV showing the deposition cycles of PB on SPCE. (b) 
H₂O₂ sensing performance using Au-CNT and CNT drop-cast on PB-modified SPCE 
at a potential of -0.4 V. (c) Sensor response upon the addition of H₂O₂ to the PB-
modified SPCE. (d) Glucose sensing performance with different conductive fillers at 
0.6 V (each step representing electrode response after spiking with 0.5 mM of glucose 
solution). (e) Extracted step peak current versus glucose concentration. (f) interference 
test adding equimolar (0.5mM) of ascorbic acid, uric acid, glucose and uric acid + 
ascorbic acid under stirring condition in 0.1 M PBS.

This refined analysis highlights the enhanced catalytic performance of the Au-CNT 
nanohybrid, attributed to its improved electron transfer efficiency and increased surface 
area. As represented in Fig. 5(d), the performance of the developed biosensor was 
additionally assessed using the amperometric i-t response. Upon the addition of glucose, 
both the SPCE/PB/Au-CNT/BSA/GA/GOx and SPCE/PB/CNT/BSA/GA/GOx   
modified electrodes exhibited a rapid increase in response current, reaching 95% of 
their steady-state value within just 2 seconds. This demonstrates the fast response time 
of the modified electrodes to glucose. The linear concentration ranges for both 
electrodes spanned from 0.5 to 8.00 mM, which is within the clinically relevant range 
for glucose detection. The SPCE/PB/Au-CNT/BSA/GA/GOx electrode exhibited a 
limit of detection (LOD) of 31.2 µM and a sensitivity of 53.35 µA·mM⁻¹·cm⁻², while 
the SPCE/PB/CNT/BSA/GA/GOx electrode displayed a sensitivity of 6.815 
µA·mM⁻¹·cm⁻² and an LOD of 246 µM. The SPCE/PB/Au-CNT/BSA/GA/GOx 
electrode demonstrated nearly 8 times higher sensitivity towards glucose compared to 
the CNT-modified electrode. This enhanced sensitivity can be attributed to the Au-CNT 
nanohybrid, which is decorated with AuNPs to enable rapid kinetics, while the CNT 
provides extensive conductive channels for efficient charge transfer. The AuNPs play 
a crucial role in improving charge transfer, thereby enhancing the efficiency of glucose 
oxidation catalyzed by glucose oxidase.50 To evaluate the selectivity of the 
SPCE/PB/Au-CNT/BSA/GA/GOx interface, a stirred 0.1 M PBS solution was spiked 
with an equal concentrations of common interfering species like Uric Acid and 
Ascorbic Acid, as illustrated in Fig. 5(f). The real-time current response to common 
interferents was minimal compared to the response to glucose, which can be attributed 
to the selective enzyme layer composed of BSA/GA and GOx. This biorecognition 
interface not only enables specific catalytic detection of glucose but also acts as a 
physical and chemical barrier, minimizing the access of interfering species to the 
underlying PB layer. As a result, non-specific electrode responses are significantly 
reduced, enhancing the overall selectivity of the biosensor. These findings highlight the 
potential of the Au-CNT nanohybrid as a highly sensitive and effective material for the 
development of advanced biosensors. Its unique properties make it a promising 
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candidate for applications in biosensing and analytical chemistry, particularly in 
biomarker detection and real-time monitoring of biological processes. 

Conclusion

In conclusion, we have developed a facile method for synthesizing a multifunctional 
Au-CNT nanohybrid, enabling controlled and uniform decoration of gold nanoparticles 
on the CNT surface. This nanohybrid exhibits enhanced electrochemical properties,  
superior electron transfer kinetics, and robust potential for bioconjugation with a variety 
of recognition elements such as enzymes, aptamers, antibodies, and proteins. To 
demonstrate its practical utility, a glucose oxidase based electrochemical biosensor was 
fabricated using the Au-CNT nanohybrid. The resulting sensor (SPCE/PB/Au-
CNT/BSA/GA/GOx) showed a significantly improved performance, with a sensitivity 
of 53.35 μA mM⁻¹ cm⁻² and a LOD of 31.2 μM. In comparison, the CNT-only sensor 
(SPCE/PB/CNT/BSA/GA/GOx) exhibited a lower sensitivity of 6.815 μA mM⁻¹ cm⁻² 
and a higher LOD of 246 μM, both measured over the same linear detection range of 
0.5–8.0 mM. These findings clearly highlight the superior performance of the Au-CNT 
nanohybrid in electrochemical biosensing applications. Owing to its excellent 
biocompatibility, high surface area, and ability to form a well-dispersed and conductive 
nanostructured network, the Au-CNT hybrid offers promising potential for a broad 
range of electrochemical catalytic and affinity biosensors, particularly for clinically 
important analytes.
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