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ABSTRACT 

We are reporting an original supramolecular architecture based on a 

rationally designed new nanohybrid with enhanced peroxidase-like activity and 

site-specific biorecognition properties using avidin-functionalized multi-walled 

carbon nanotubes (MWCNTs-Av) and Ru nanoparticles (RuNPs). The 

nanohybrid-electrochemical interface was obtained by drop-coating of 

MWCNTs-Av dispersion at glassy carbon electrodes (GCE) followed by solvent 

evaporation and further electrodeposition of RuNPs (50 ppm RuCl2 for 15 

seconds at -0.600 V). The simultaneous presence of MWCNTs and RuNPs 

produces a synergic effect on the non-enzymatic catatalytic reduction of H2O2 

and allows the quantification of H2O2 in a wide linear range (from 5.0 x 10-7 M to 

1.75 x 10-3 M) with a low limit of detection (65 nM). The avidin residues present 

in MWCNTs-Av/RuNPs hybrid nanomaterial allowed the anchoring by bioaffinity 

of biotinylated glucose oxidase (biot-GOx) as proof-of-concept of the analytical 

application of MWCNTs-Av platform for biosensors development. The resulting 

nanoarchitecture behaves as a bienzymatic-like glucose biosensor with a 

competitive analytical performance: linear range between 2.0 x 10-5 M and 1.23 

x 10-3 M, sensitivity of  (0.343 ± 0.002) µA mM-1 or (2.60 ± 0.02) µA mM-1 cm-2, 

detection limit of 3.3 µM, and reproducibility of 5.2 % obtained with five different 

GCE/MWCNTs-Av/RuNPs/biot-GOx bioplatforms prepared the same day using 

the same MWCNTs-Av dispersion, and 9.1% obtained with nine biosensors 

prepared in different days with nine different MWCNTs-Av dispersions. The 

average concentrations of glucose in Gatorade®, Red bull® and Pepsi® with the 

biosensor demonstrated excellent agreement with those reported in the 

commercial beverages. 



Keywords: MWCNTs-functionalization; Ruthenium nanop articles; Avidin; 

Nanozyme; Glucose Oxidase; Supramolecular recogniti on. 

 

1. INTRODUCTION 

One of the most important challenges in the development of 

electrochemical biosensors is to obtain platforms that allow the robust 

immobilization of the biorecognition molecules and a sensitive, selective and 

fast transduction of the biorecognition event (Maduraiveeran et al., 2018; Zhu et 

al., 2015). 

Recently, nanomaterial-based artificial enzymes (named “nanozymes”) 

have emerged as the next generation enzyme-mimics with important 

advantages such as ease and low-cost mass-production, robustness to work in 

harsh environments, and high stability, compared to the intrinsic shortcomings 

of natural enzymes (high cost for purification, low stability, and limitations in 

storage and reusing) (Wei and Wang, 2013; Wu et al., 2019). Since the 

discovery of peroxidase-like activity of Fe3O4 nanoparticles in 2007 (Gao et al., 

2007), several nanomaterials have emerged as nanozymes with intrinsic 

peroxidase-like activities (Attar et al., 2019). The unique physicochemical 

properties of nano-sized materials like high surface-to-volume ratio, catalytic 

activity, biocompatibility and easy functionalization endow nanozymes with 

multiple functionalities and provide interesting possibilities for the rational 

design of high-performance electrochemical interfaces with interesting 

(bio)sensing applications (Golchin et al., 2017). Moreover, the possibility of 

tailor-made design of nanomaterials with specific properties by rational 

manipulation of their composition and functionalities represents an interesting 



alternative for the development of novel multifunctional nanozymes systems 

(Wu et al., 2018).  

Biosensing devices prepared with innovative hybrid materials constituted by 

two or more components have attracted great attention as they have shown 

improved properties compared to the individual components due to the 

combined properties and/or synergistic effect of the individual materials. For 

example, hybrid materials based on carbon nanotubes (CNTs) combined with 

other carbon-based nanomaterials (Bai et al., 2016; Wang et al., 2017), and 

metallic (Liu and Ding, 2017; Zhang et al., 2018) or metal oxides (Shahnavaz 

and Abd Hamid, 2017) nanoparticles have shown improved peroxidase-like 

activities compared to the individual components. 

CNTs functionalization has demonstrated to be a critical aspect when 

developing electrochemical (bio)sensors. In fact, it is absolutely necessary to 

functionalize the nanostructures, either covalently or non-covalently, to be able 

to manipulate them and to allow their incorporation at the electrochemical 

transducers. Among the different schemes used to functionalize the 

nanostructures, the use of biological molecules with particular biorecognition 

properties, like glucose oxidase (Gutierrez et al., 2012), cytochrome c (Eguílaz 

et al., 2016), calf-thymus double stranded DNA (Primo et al., 2014, 2013), and 

cysteine (Gutierrez et al., 2017), has proved to be highly advantageous. 

Recently (Gutierrez et al., 2019), we have proposed the non-covalent 

functionalization of MWCNTs with avidin (MWCNTs-Av) as a building block to 

obtain a multifunctional analytical platform with successful application for 

hydrogen peroxide biosensing by anchoring the biotinylated horseradish 



peroxidase at glassy carbon electrodes (GCE) modified with the MWCNTs-Av 

dispersion. 

In this work, we report for the first time the preparation of a hybrid material 

with enhanced peroxidase-like activity and supramolecular recognition 

properties, based on the rational combination of avidin-functionalized multi-

walled carbon nanotubes and ruthenium nanoparticles (RuNPs). In the following 

sections we discuss the catalytic activity of MWCNTs-Av/RuNPs nanohybrid 

towards hydrogen peroxide, the optimization of the experimental conditions for 

the bienzymatic-like glucose biosensing through the site-specific immobilization 

of biotinylated glucose oxidase (biot-GOx), and the analytical performance of 

the resulting biosensor. 

 

2. EXPERIMENTAL 

2.1. Chemicals and solutions 

Glucose oxidase (GOx) (from Aspergillus niger, EC 1.1.3.4, 163,400 units/g 

of solid) and ruthenium atomic absorption standard solution (1010 µg mL-1 in 5 

% HCl)  were purchased from Sigma. Carbon nanotubes (MWCNTs, (30 ± 15) 

nm diameter, (1 – 5) µm length, purity > 95%), were supplied from Nanolab 

(USA). NaH2PO4 and Na2HPO4 were received from Baker. β-D-(+)-glucose was 

obtained from Merck. EZ-LinkTM NHS-LC-Biotin and avidin (from egg white) 

were purchased from Thermo Fisher Scientific. Gel filtration Column-Sephadex® 

G-25M was purchased from Sigma. Other chemicals were of analytical grade 

and used without further purification. The supporting electrolyte was a 0.050 M 

phosphate buffer solution pH 7.40. Ultrapure water (ρ = 18.2 MΩ cm) from a 

Millipore-MilliQ system was used for preparing all aqueous solutions.  



2.2. Apparatus  

Sonication treatments were performed with a VCX 130W ultrasonic 

processor (Sonics and Materials, Inc.), of 20 kHz frequency with a titanium alloy 

microtip (3 mm diameter).  

Scanning electron microscopy (SEM) pictures were obtained with a field 

emission gun scanning electron microscope (FE-SEM, Zeiss, ƩIGMA model) 

equipped with secondary and back-scattered electron detectors. The samples 

were prepared by dropping the dispersion onto GCE disks followed by the 

evaporation of the solvent. 

UV-vis absorption spectra were obtained with a Shimadzu UV-1700 Pharma 

spectrophotometer using a quartz cell of 1 mm path length. 

Electrochemical experiments were carried out with a TEQ_04 potentiostat. 

Bare glassy carbon (GCE, CH Instruments, 3mm diameter) and modified GCE 

were used as working electrodes. A platinum wire and a Ag/AgCl, 3 M NaCl 

(BAS) were used as auxiliary and reference electrodes, respectively. All 

potentials are referred to this reference electrode. The electroactive areas of the 

electrodes were performed by cyclic voltammetry using hydroquinone solution 

as redox probe. 

 

2.3. Preparation of biotinylated GOx 

A 10.0 mg mL-1 GOx solution (prepared in 0.050 M phosphate buffer 

solution pH 7.40) was mixed with 300.0 µL of NHS-LC-Biotin reagent (4.4 mg 

mL-1, prepared in DMSO) and incubated for 24 h at 4 ºC. biot-GOx was purified 

by gel filtration with Sephadex G-25 following the procedure described by the 



supplier. The concentration of biot-GOx, obtained from the maximum 

absorbance of FAD band, was 3.0 mg mL-1. 

 

2.4. Preparation of the nanohybrid bioplatform (GCE /MWCNTs-

Av/RuNPs/biot-GOx) 

 

2.4.1. Preparation of MWCNT-Av dispersion 

MWCNTs-Av dispersion was obtained by mixing 0.50 mg of MWCNTs with 

1.0 mL of avidin solution (1.0 mg mL-1 prepared in 50:50 v/v, ethanol/water) 

followed by sonication with a sonicator probe for 5.0 min. The amplitude was 

50% and the sample was kept in an ice-bath during the procedure. 

 

2.4.2.  Construction of GCE/MWCNTs-Av/RuNPs 

Before modification, the GCEs were first polished with alumina slurries of 

1.0, 0.3 and 0.05 µm for 1.0 min each, rinsed thoroughly with deionized water, 

sonicated for 5 s in water, and finally dried under a nitrogen stream. 

GCE/MWCNT-Av was prepared by casting 20 µL of the MWCNT-Av dispersion 

onto the glassy carbon surface and drying at room temperature. RuNPs were 

electrodeposited at GCE/MWCNTs-Av surface by applying a constant potential 

of -0.600 V for 15 s in a 50 ppm ruthenium solution under stirring conditions. 

Subsequently, the GCE/MWCNTs-Av/RuNPs electrode was exhaustively rinsed 

with water. 

 

2.4.3.  Immobilization of biot-GOx at GCE/MWCNTs-Av/RuNPs 

(GCE/MWCNTs-Av/RuNPs/biot-GOx) 



GCE/MWCNTs-Av/RuNPs/biot-GOx bioplatform was obtained by drop-

coating a 20 µL-aliquot of 3.0 mg mL-1 biot-GOx onto GCE/MWCNTs-Av/RuNPs 

for 1 h under conditions that avoiding solvent evaporation. Finally, 

GCE/MWCNTs-Av/RuNPs/biot-GOx was rinsed by immersion in a 0.05% 

Tween-20 solution (prepared in a 0.050 M buffer phosphate solution pH 7.40) 

for 5 s and in a 0.050 M buffer phosphate solution pH 7.40 for 5 s. As control, 

GCE/MWCNTs-Av/RuNPs/GOx was prepared under similar experimental 

conditions using non-biotinylated GOx. 

 

2.5. Procedure  

Cyclic voltammetry experiments were carried out between 0.400 V and -

0.400 V at a scan rate of 0.100 Vs-1. Amperometric experiments were 

performed in stirred solutions at -0.050 V. All electrochemical experiments were 

conducted at room temperature in a 0.050 M phosphate buffer solution pH 7.40. 

 

2.5. Determination of glucose in soft drink samples  

Commercial soft drinks (Pepsi®, Gatorade® and Red Bull®), obtained from a 

local drugstore, were used to evaluate the real application of the proposed 

nanohybrid glucose biosensor. A 10 µL-aliquot of soft drinks was directly 

transferred to the electrochemical cell containing 5.0 mL of  0.050 M phosphate 

buffer solution pH 7.40, and the determination of glucose was performed by 

amperometry at -0.050 V using the standard additions method in all cases. 

 

3. RESULTS AND DISCUSSION 

 



3.1. Characterization of GCE/MWCNTs-Av/RuNPs  

Figure 1 shows the different steps involved in the modification of GCE with 

MWCNTs-Av and RuNPs and further construction of a GOx-based biosensor 

through protein supramolecular complex formation by site-spectific avidin-biotin 

interactions.  

GCE

20 µL of MWCNTs-Av

GCE/MWCNTs-Av

RuNPs electrodeposition:

Eapp = -0.600 V for 15 s

GCE/MWCNTs-Av/RuNPs

20 µL of biotinylated GOx

GCE/MWCNTs-Av/RuNPs/biot-GOx  

Figure 1: Schematic display of the steps involved in the preparation of the 

GCE/MWCNTs-Av/RuNPs/biot-GOx biosensor. 

 

GCE modified with MWCNTs-Av/RuNPs nanohybrid material was prepared 

in two steps. First, MWCNTs were non-covalently functionalized with avidin and 

deposited on the electrode surface. The resulting GCE/MWCNTs-Av was 

further decorated with RuNPs by deposition at -0.600 V for 15 s to build the 

nanohybrid platform denoted as GCE/MWCNTs-Av/RuNPs.  

SEM images of the resulting GCE/MWCNTs-Av shows an excellent 

coverage of the whole surface (Figure 2A). After the deposition of Ru, there is 

an important number of aggregates of RuNPs in intimate contact with the 

nanotubes (Figure 2B).  



A

B

 

Figure 2: SEM micrographs of (A) GCE/MWCNTs-Av and (B) GCE/MWCNTs-

Av/RuNPs. Magnification: 22870 x. The insets correspond to pictures of the 

same electrodes with higher magnification (114330 x). 

 

It is important to remark that the coverage of RuNPs is not complete, 

leaving avidin residues exposed for the interaction with biot-GOx. As it will be 

discussed in the following section, the coverage of Ru was a critical parameter 

to obtain a catalytic surface able to be functionalized with biot-GOx. 

Peroxidase-like properties of MWCNTs-Av/RuNPs hybrid nanomaterial 

were studied by cyclic volmmetry using hydrogen peroxide as redox marker. 

Figure 3A shows cyclic voltammograms for 0.050 M H2O2 obtained at GCE (a), 

GCE/MWCNTs-Av (b), GCE/RuNPs (c), GCE/MWCNTs-Av/RuNPs (d), and 

GCE/RuNPs/MWCNTs-Av (e).  
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Figure 3: (A) Cyclic voltammograms of 0.050 M H2O2 obtained at GCE (a), 

GCE/MWCNTs-Av (b), GCE/RuNPs (c), GCE/MWCNTs-Av/RuNPs (d), and 

GCE/RuNPs/MWCNTs-Av (e). v=0.100 V s-1. (B) Sensitivity towards H2O2 

obtained from amperometric experiments at -0.050 V at GCE, GCE/MWCNTs-

Av, GCE/RuNPs, GCE/RuNPs/MWCNTs-Av and GCE/MWCNTs-Av/RuNPs. 

(C) Amperometric recording obtained at GCE/MWCNTs-Av/RuNPs for 

successive additions of 5.0 x 10-7 M (a), 1.0 x 10-6 M (b), 5.0x10-6 M (c), 1.0 x 

10-5 M (d), 5.0 x 10-5 M (e), 1.0x10-4 M (f) and 5.0x10-4 M H2O2 (g). (D) 

Calibration plot obtained from the amperometric recording shown in Figure 3C. 

Working potential: -0.050 V. Supporting electrolyte: 0.050 M phosphate buffer 

solution pH 7.40. 

 

At bare GCE (a), as expected, the reduction of H2O2 is negligible (Eguílaz et 

al., 2014). The presence of MWCNTs at GCE/MWCNTs-Av produced a 



decrease in the overvoltage for H2O2 reduction and an increase of the 

associated currents (b). This catalytic effect is more pronounced at GCE/RuNPs 

(c) due to the known electrocatalytic activity of Ru towards the reduction of H2O2 

(Sakslund et al., 1995; Ye et al., 2016). More interestingly, at GCE/MWCNTs-

Av/RuNPs (d) there is a remarkable increase in the reduction current due to the 

larger electroactive surface and a synergism between MWCNTs and RuNPs. 

Similar synergic effects for H2O2 reduction have been reported in the case of 

hybrid materials based on MWCNTs/ferrites (Gutierrez et al., 2018), 

MWCNTs/carbon dots (Bai et al., 2016), and MWCNTs/graphene 

oxide/platinum nanoparticles (Wang et al., 2014). Compared to GCE/MWCNTs-

Av/RuNPs, the reduction currents are smaller at GCE/RuNPs/MWCNTs-Av (e) 

probably due to a lower accesibility of RuNPs behind the MWCNTs-Av layer, as 

well as a less efficient deposition of MWCNTs-Av at Ru-modified surface, 

compared to GCE. Similar behavior was observed for the different electrodes by 

amperometry at -0.050 V (Figure 3B). In fact, sensitivities to H2O2 of (0.49 ± 

0.02) mA M-1, (9.5 ± 0.6) mA M-1, (12.6 ± 0.7) mA M-1 and (25 ± 1) mA M-1, were 

obtained at GCE/MWCNTs-Av, GCE/RuNPs, GCE/RuNPs/MWCNTs-Av and 

GCE/MWCNTs-Av/RuNPs, respectively. These results confirm the synergism 

between MWCNTs and RuNPs since the sensitivity to H2O2 obtained at 

GCE/MWCNTs-Av/RuNPs is higher than the addition of the sensitivities 

obtained separately at GCE/MWCNTs-Av and GCE/RuNPs. Therefore, the 

rational combination of MWCNTs-Av with RuNPs produced a greatly enhanced 

electrochemical performance for H2O2 reduction at GCE/MWCNTs-Av/RuNPs, 

demonstrating the efficient activity of the nanobiocomposite as peroxidase-

mimic. Figure 3C displays the amperometric response of H2O2 at -0.050 V 



obtained at GCE/MWCNTs-Av/RuNPs. A fast response, with steady-currents 

reached in 5 s is obtained after each addition of H2O2. The corresponding 

calibration plot is shown in Figure 3D. A very wide linear range, of almost four 

orders of magnitude, was obtained with the nanohybrid-modified electrode (5.0 

x 10-7 M – 1.75 x 10-3 M), with a sensitivity of (25.4 ± 0.1) µA mM-1 (r2 = 0.998) 

(or (113.9 ± 0.4) µA mM-1 cm-2)), and a limit of detection of 65 nM (taken as 3.3 

σ/S, where σ is the standard deviation of the blank signal and S the sensitivity 

(Olivieri and Goicoechea, 2007)). No interference of oxygen was observed 

under out experimental conditions since calibrations plots performed in the 

absence and presence of oxygen gave similar sensitivities ((24 ± 2) µA mM-1 

and (25.4 ± 0.1) µA mM-1, respectively). It is important to remark that the 

proposed GCE/MWCNTs-Av/RuNPs sensor shows a wider linear range than 

that obtained with the enzymatic H2O2 biosensor based on MWCNTs-Av and 

biotinylated HRP using hydroquinone as external redox mediator (1.0 x 10-6 M – 

1.4 x 10-5 M) (Gutierrez et al., 2019). Table 1-SI compares the analytical 

performance of our H2O2 sensor with those of other sensors based on hybrid 

materials with peroxidase-like activity reported in recent years. The proposed 

H2O2 sensor possesses an excellent limit of detection which is lower than those 

obtained with hybrid materials based on CNTs and carbon dots (0.25 µM) (Bai 

et al., 2016), oxygen-doped nitrogen-rich carbon nanoribbons polymer (0.51 

µM) (Wang et al., 2017), zinc chromite nanoparticles (0.11 µM) (Shahnavaz and 

Abd Hamid, 2017), or metal-organic framework (0.7 µM) (Wang et al., 2019); 

and comparable to that obtained with a nanohybrid microelectrode based on 

carbon fiber wrapped by gold nanoparticles decorated nitrogen-doped carbon 

nanotube arrays (0.05 µM) (Zhang et al., 2018). H2O2 sensors based on hybrid 



materials of reduced graphene oxide decorated with trimetallic Au-Pt-Pd 

nanoparticles (Dong et al., 2018) and Au-Pt alloy microspheres (Bai et al., 

2018) showed a one-order lower limit of detection.  

 

3.2. Optimization of GCE/MWCNTs-Av/RuNPs/biot-GOx f or the 

quantification of glucose 

Based on the excellent biorecognition properties of the avidin that supports 

the MWCNTs (Gutierrez et al., 2019), we compared the electrochemical 

response to glucose of GCE/MWCNTs-Av/RuNPs modified with biotinylated 

and non-biotinylated GOx, selected as model enzyme (GCE/MWCNTs-

Av/RuNPs/biot-GOx and GCE/MWCNTs-Av/RuNPs/GOx, respectively). 

Amperometric experiments performed at -0.050 V for successive additions of 

5.0 x 10-5 M glucose showed that the response at GCE/MWCNTs-

Av/RuNPs/biot-GOx was 5.6 times higher than that obtained at GCE/MWCNTs-

Av/RuNPs/GOx (Figure 1-SI). These results confirm that GCE/MWCNTs-

Av/RuNPs platform allows stable immobilization of the biotinylated enzyme 

through the formation of a high-affinity supramolecular complexe by site-specific 

avidin-biotin interactions, opening the doors to the development of other 

biosensing platforms. 

The electrodeposition time of Ru at GCE/MWCNTs-Av demonstrated to be 

a critical parameter for the construction of the biosensor. Figure 4 shows the 

effect of Ru electrodeposition time on the amperometric response of H2O2 (A) 

and glucose (B) obtained at GCE/MWCNTs-Av/RuNPs and GCE/MWCNTs-

Av/RuNPs/biot-GOx, respectively.  
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Figure 4: Influence of the Ru electrodeposition time on the sensitivity to (A) 

H2O2 obtained at GCE/MWCNTs-Av/RuNPs, and (B) glucose obtained at 

GCE/MWCNTs-Av/RuNPs/biot-GOx, from amperometric experiments at -0.050 

V. Supporting electrolyte: 0.050 M phosphate buffer solution pH 7.40. 

 

The continuous increase in sensitivity for H2O2 reduction in the whole 

evaluated range of Ru electrodeposition time demonstrates the importance of 

the amount of the nanozyme electrodeposited at GCE/MWCNTs-Av on the 

electrocatalytic reduction of H2O2 (Figure 4A). However, the sensitivity to 

glucose increases with Ru electrodeposition time up to 15 s and levels off 

thereafter (Figure 4B), due to the blockage of the avidin sites for further 

supramolecular recognition of biotinylated GOx. Thus, an electrodeposition time 

of Ru of 15 s was selected for the preparation of the bioanalytical platform. 



Figure 5A displays the amperometric response of glucose at -0.050 V 

obtained at GCE/MWCNTs-Av/RuNPs/biot-GOx under the optimal conditions.  
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Figure 5: (A) Amperometric recording obtained at GCE/MWCNTs-

Av/RuNPs/biot-GOx for successive additions of 2.0 x 10-5 M (a), 5.0 x 10-5 M 

(b), and 1.0x10-4 M glucose (c). (B) Calibration plot obtained from the 

amperometric recording shown in Figure 5A. Working potential: -0.050 V. 

Supporting electrolyte: 0.050 M phosphate buffer solution pH 7.40. 

 

A clearly defined and fast response is observed after each addition of 

glucose, with steady-state currents reached in 6 s. The corresponding 

calibration plot displayed in Figure 5B shows an almost two-orders linear range 

from 2.0 x 10-5 M to 1.23 x 10-3 M, with a sensitivity of (0.343 ± 0.002) µA mM-1 

or (2.60 ± 0.02) µA mM-1 cm-2 (r2 = 0.9995), and a limit of detection of 3.3 µM 

(calculated as it was previously indicated). Table 1 shows the comparison of the 



analytical performance of our glucose biosensor with the most relevant 

biosensors reported since 2016 operating at potential able to produce the 

reduction of the enzymatically generated hydrogen peroxide.  

 

Table 1: Comparison of the analytical characteristics obtained with different 

GOx-based biosensors. 

ELECTROCHEMICAL BIOPLATFORMS FOR GLUCOSE BIOSENSING 

Platform Detection Linear Range Sensitivity LOD Ref. 

GCE/MWCNTs-PEG/IL/GOx/Naf Amp. (-0.270 V) (20 – 950) µM -- 0.2 µM
 

(Ning et al., 2019) 

GCE/(MWCNTs-Cyt c/GOx)2/Naf Amp. (-0.050 V) (100 – 1000) µM
 

0.096 µA mM
-1

 8 µM
 

(Eguílaz et al., 2016b) 

GCE/CNTs/HRP-GOx/Naf CV (22 – 7000) µM 5.14 µA mM
-1

 cm
-2

 7 µM (Yang et al., 2017) 

Stainless-steel Pin/MWCNTs/ferrocyanide-HRP-GOx Amp. (-0.200 V) (50 – 1000) µM 1.44 µA mM
-1

 30 µM (Rama et al., 2017) 

KSC/NCNTs/GOx CV (5.8 – 18000) µM 29.4 µA mM
-1

 cm
-2

 1.9 µM (Song et al., 2016) 

GMFE/TiO2NRs/GOx-CS Amp. (-0.500 V) Up to 1500 µM 18.6 µA mM
-1

 cm
-2

 2.2 µM (Zhang et al., 2016) 

GCE/HNF-TiO2/GOx Amp. (-0.450 V) (2 – 3170) µM 32.6 µA mM
-1

 cm
-2

 0.8 µM
 

(Guo et al., 2017) 

SPCE/ERGO/IL-CHO/GOx Amp. (-0.450 V) (50 – 2400) µM 17.7 µA mM
-1

 cm
-2

 17 µM (Manoj et al., 2018) 

AuE/GNS-PEI-AuNPs/GOx Amp. (-0.350 V) (1 – 100) µM 93 µA mM
-1

 cm
-2

 0.32 µM (Rafighi et al., 2016) 

GCE/TCNFs-GOx Amp. (-0.550 V) (13 – 10500) µM
 

628.82 µA mM
-1

 cm
-2

 3.7 µM
 

(Guo et al., 2018) 

AuE/PEDOT-PSS/(CS-NGr-GOx)2 Amp. (-0.200 V) (100 – 1400) µM 237 µA mM
-1

 cm
-2

 41 µM (David et al., 2018) 

GCE/Fe3O4-PB/GOx-BSA/GA Amp. (-0.150 V) (5 – 1200) µM 32 µA mM
-1

 cm
-2

 0.5 µM (Jomma et al., 2016) 

PGE/CdS-ZnS-QDs/GOx Amp. (-0.500 V) (10 – 1000) µM 11.5 µA mM
-1

 cm
-2

 3 µM (Saglam et al., 2016) 

GCE/AuNFs/GNS-IL-AuNRs(sol-gel)/GOx/GA/Naf Amp. (-0.200 V) (1 – 764) µM
 

0.06408 µA mM
-1 

0.38 µM
 

(Tang et al., 2019) 

GCE/CaTiO3NPs-GOx-CS Amp. (-0.450 V) (7 – 1490) µM 14.1 µA mM
-1

 cm
-2

 2.3 µM (L. Wang et al., 2017) 

CPE-TSA-Ag@Zn/GOx/IL Amp. (-0.450 V) (2 – 1022) µM -- 0.8 µM (Dong et al., 2016) 

GCE/KB/HRP-GOx-GA Amp. (-0.100 V) (5 – 1500) µM 330 µA mM
-1

 cm
-2

 2 µM (Xia et al., 2017) 

AuE/SAMs/HRP-GOx/AuNPs/4-amino thiophenol  CV (16.5 – 10000) µM 41.78 µA mM
-1

 cm
-2

 5.4 µM (Gong et al., 2016) 

GCE/MWCNTs-Av/RuNPs/biot-GOx Amp. (-0.050 V) (20 – 1230) µM  
0.343 µA mM

-1
 

(2.60 µA mM
-1

 cm
-2

) 
3.3 µM This work 

GCE: glassy carbon electrode; MWCNTs: multi-walled carbon nanotubes; PEG: polyethylene glycol; IL: ionic liquid; 

GOx: glucose oxidase; Naf: nafion; Cyt c: cytochrome c; CNTs: carbon nanotubes; HRP: horseradish peroxidase; KSC: 

Kenaf Stem-derived porous carbón; NCNTs: nitrogen-doped carbon nanotubes; GMFE: graphite microfiber electrode; 

TiO2NRs: TiO2 nanorods; CS: chitosan; HNF: hollow nanofibers; SPCE: screen-printed carbon electrode; ERGO: 

electrochemically reduced graphene oxide; IL-CHO: aldehyde functionalized ionic liquid; AuE: gold electrode; GNS: 

Graphene nanosheets; PEI: polyethylenimine; AuNPs: gold nanoparticles; TCNFs: titanium carbide-carbon nanofibers; 

PEDOT: poly(3,4-ethylenedioxythiophene); PSS: poly(styrene sulfonate); NGr: nitrogen doped graphene; PB: Prussian 

blue; BSA: bovine serum albumin; GA:  glutaraldehyde; PGE: pencil graphite electrode; QDs: quantum dots; AuNFs: 

gold nanoflowers; AuNRs: gold nanorods; CaTiO3NPs: perovskite-type calcium titanate nanoparticles; CPE: carbon 

paste electrode; TSA-Ag@Zn: thiosalicylic acid metal-organic framework; KB: Ketjen Black; SAMs: self-assembled 

monolayers 

The limit of detection is comparable or lower than most of them. Glucose 

biosensors based on the immobilization of GOx onto electrode surfaces 

modified with metal-organic framework (Dong et al., 2016) and magnetite-

prussian blue (Jomma and Ding, 2016) nanocomposites,  graphene-



polyethylenimine-gold nanohybrid (Rafighi et al., 2016), MWCNTs, polyethylene 

glycol and ionic liquid (Ning et al., 2019), porous TiO2 hollow nanofibers (Guo et 

al., 2017), and a 3D network material of gold nanoflowers, ionic liquid-modified 

graphene and gold nanorods (Tang et al., 2019) showed a one-order lower limit 

of detection. Despite the sensitivity is smaller than most of the biosensors 

showed in Table 1, our biosensor works at potentials considerably less negative 

than most of them and the linear range and detection limit are very competitive. 

It is important to mention that even when the sensitivity is smaller at the 

selected working potential, under these experimental conditions it was possible 

to obtain a fast stabilization of the base line, a low level of noise and, 

consequently, a low detection limit.  

The reproducibility obtained with five different GCE/MWCNTs-

Av/RuNPs/biot-GOx bioplatforms prepared the same day using the same 

MWCNTs-Av dispersion was 5.2%, while the reproducibility obtained with nine 

biosensors prepared in different days with nine different MWCNTs-Av 

dispersions was 9.1%. 

The selectivity of GCE/MWCNTs-Av/RuNPs/biot-GOx was evaluated in the 

presence of other sugars such as lactose, galactose, fructose and maltose (all 

of them 1.0 x 10-4 M). As can be seen in Figure 2A-SI, no interference for the 

determination of 1.0 x 10-4 M glucose was observed in any case. Figure 2B-SI 

shows the effect of the addition of ascorbic acid and uric acid on the 

amperometric response of glucose. No interference was observed under the 

experimental conditions.                                                                                    

To evaluate the real application of the nanohybrid bioplatform, we quantified 

glucose in different soft drink beverages. The average concentrations of 



glucose, obtained from 5 determinations, were (2.5 ± 0.1) g/100 mL, (3.4 ± 0.2) 

g/100 mL and (4.1 ± 0.2) g/100 mL for Gatorade®, Red bull® and Pepsi® 

samples, respectively, values that are in excellent agreement with those 

reported in the commercial beverages (2.4, 3.6 and 3.9 g/100 mL, respectively). 

These results confirmed the analytical usefulness of GCE/MWCNTs-Av/RuNPs 

nanohybrid platform for the development of electrochemical biosensors through 

the association of the electrocatalytic activity of MWCNTs/RuNPs hybrid, and 

the supramolecular recognition between the avidin that supports the MWCNTs 

and the biotinylated biorecognition element, in this case exemplified with 

biotinylated GOx and glucose quantification in soft drinks beverages. 

 

4. CONCLUSIONS 

We proposed an innovative and original avenue for designing a 

bioanalytical platform based on the use of a nanohybrid material that allows the 

site-specific recognition of the biosensing molecule and an efficient 

(bio)catalytic activity. We built a bienzymatic-like biosensor that involves the use 

of a nanohybrid constituted by MWCNTs dispersed in avidin, to drive the 

interaction with biotinylated glucose oxidase used as proof-of-concept, and Ru 

nanoparticles as peroxidase-like-nanozyme. The resulting pseudo-bienzymatic 

glucose biosensing nanoarchitecture demonstrated to be sensitive, selective 

and robust, with successful application in real samples. The new platform 

represents an interesting alternative for the simple, easy and fast preparation of 

other biosensors just by a judicious selection of the nanomaterials and the 

biorecognition and transduction events. 
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Highlights-RIVAS ET AL 

 

• The nanohybrid MWCNTs-Av/RuNPs presents enhanced peroxidase-like 

activity and site-specific biorecognition properties. 

• The combination of MWCNT-avidin/RuNPs allows the synergic catalytic 

reduction of H2O2. 

• GCE/MWCNT-avidin/RuNPs makes possible the highly sensitive 

quantification of H2O2. 

• GCE/MWCNT-avidin/RuNPs/biotin-GOx works as a highly sensitive 

pseudo-bienzymatic glucose biosensor. 

• GCE/MWCNT-avidin/b-HRP is successfully used for detecting of glucose 

in soft drinks. 
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