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A novel Nb0.95Ti0.95O4 (NTO) nanoparticle was synthesized and successfully fabricated in enzyme 

biosensors by integrating glucose oxidase (GOx) with a chitosan-Nb0.95Ti0.95O4 (CHIT–NTO) 

nanocomposite onto an indium-tin-oxide (ITO) electrode. The results reveal that the presence of NTO 

can enhance electron transfer and increase the electroactive surface area between GOx and the ITO 

electrode. This mainly attributes to substitution of Ti
4+

 by Nb
5+

 to form ionization of defects improving 

its electrical conductive property. The NTO-modified bioelectrode exhibits an excellent linear range, 

low detection limit and long shelf life. The results suggest that CHIT-NTO is a promising material for 

biosensor electrode. 
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1. INTRODUCTION 

Amperometric enzyme biosensors have recently received attention because of their potential 

applications in biological and chemical analysis, clinical detection, environmental monitoring, food 

and safety/security control [1-3]. Highly sensitive, repeatable, stable and disposable enzyme biosensors 

are required in the diagnosis of diabetes in order to determine the glucose levels in blood and urine [4]. 

In the development of a biosensor with improved electrochemical response, enzyme attachment and its 

compatibility with a solid surface are crucial factors [5]. A wide variety of electrode- modifying 

materials and techniques have been developed to achieve these key parameters [6-8]. However, the 

search for novel materials to further improve electrochemical biosensors remains paramount. 

A number of metal oxide nanoparticles such as CeO2 [9-12], ZnO [13-15], SnO2 [16-17], Fe3O4 

[18], ZrO2 [19], NiO [20] and TiO2 [21-24] have been found to exhibit interesting properties such as 
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large surface-to-volume ratio, high surface reaction activity, high catalytic efficiency, non-toxicity and 

strong adsorption ability [25] that make them potential candidate materials for the fabrication of 

enzyme-based biosensors. Enzyme biosensors require direct electron transfer between the redox 

protein and the electrode for the three-dimensional structure of the protein hinders interaction [26].  

Recently, combining the advantages of inorganic materials and organic polymers for the 

fabrication of biosensors has been reported. Chitosan (CHIT), a natural cationic polymer, in 

combination with metal oxide nanoparticles, has excellent film-forming ability, mechanical strength, 

biocompatibility, non-toxicity, high permeability towards water, susceptibility to chemical 

modification and cost-effectiveness, and has been used as a stabilizing agent for enzyme (GOx) 

immobilization [12,27]. The potential of combining ceramic materials and organic polymers as a 

composite matrix for GOx immobilization deserves investigation. Furthermore, doping TiO2 

nanoparticles with a small amount of donor-type ions, such as Nb, can provide excellent electronic 

conductivity along with the original characteristic properties of the metal oxide [28-29]. That is 

because titanium oxide can form nonstoichiometric compounds, which have different electrical 

properties than stoichiometric titanium oxide[30]. Nonstoichiometric compounds have additional 

electron level in band gap and exhibit semiconducting properties [31]. It is well known that its 

electrical properties are dominated by oxygen vacancies and impurities. It is highly desirable to 

chemically incorporate impurity atoms without changing the crystallographic structure. 

In this study, in order to obtain excellent electrical conductive nanomaterial based on doping 

impurities, a novel Nb0.95Ti0.95O4 nanoparticle was firstly synthesized and successfully used in glucose 

biosensors. Amperometric glucose biosensors were then fabricated by immobilization of the GOx 

enzyme on a nanoporous CHIT–NTO thin film deposited on an ITO-coated glass plate. The 

fabrication, characterization and analytical performance of the modified glucose biosensor based on 

CHIT–NTO are described below. 

 

 

 

2. EXPERIMENTAL 

2.1 Reagents 

Ammonium niobate(V)oxalate hydrate, and tetrabutyl titanate were purchased from Sigma-

Aldrich, USA; D-Glucose, GOx (>100U/mg), Chitosan(CHIT) were acquired from Amresco, USA. 

Nitric acid, citric acid, ammonium hydroxide, sodium dihydrogen phosphate and sodium hydrogen 

phosphate were obtained from Aladdin, China. All chemicals were used without further purification. 

Deionized water was used for the preparation of aqueous solutions.  

The stock solution of GOx (1 mg/dL) was freshly prepared in phosphate buffer solution 

(50mM) at pH=7.0 and stored at 4°C. Different concentrations of glucose solution were freshly-

prepared in deionized water. 
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2.2 Preparation of Nb0.95Ti0.95O4 nanoparticles 

6.0 g of citric acid (C6H8O7) were dissolved in 200 mL of deionized water by heating and 

stirring at 80 
o
C. 5mL of concentrated nitric acid solution were added after the citric acid had 

completely dissolved. 3.5 mL of tetrabutyl titanate solution was then added, with constant stirring, for 

2 h at 80~100 °C, generating a clear solution. Ammonium hydroxide (NH4OH) was added until a 

neutral pH was achieved, prior to dissolving 3.0 g of ammonium niobate (V) oxalate hydrate in the 

solution, with stirring for 1~2h, at 80~100 °C. A swollen black sample, obtained by placing the 

solution into an oven at 200°C ~250°C, was sintered at 900 °C for 5 h to generate nanoparticles of 

NTO. 

 

2.3 Preparation of the CHIT–NTO/ITO nanocomposite electrodes 

0.5% CHIT solution was prepared by dissolving 10 mg CHIT in 2.0 mL of acetate buffer (0.05 

M, pH 4.2) solution. 2 mg of NTO was ultrasonically dispersed as nanoparticles in the CHIT solution, 

requiring more than 1h due to the high viscosity of the resulting solution. 10 μL of the CHIT–NTO 

solution was then transferred onto a 0.25 cm
2
 ITO surface and allowed to dry at room temperature 

overnight in a controlled environment. The CHIT–NTO nanocomposite film was then washed with 

deionized water to remove any unbound particles. 

 

2.4 Immobilization of GOx onto the CHIT–NTO/ITO electrode 

   Immobilization of GOx onto the CHIT–NTO matrix was achieved by utilizing the 

electrostatic interaction between positively-charged CHIT and the negatively-charged GOx enzyme. 10 

µL of freshly-prepared GOx solution (1mg/dL) was spread onto the CHIT–NTO/ITO electrode; the 

resulting GOx/CHIT–NTO/ITO bioelectrode was kept undisturbed for about 12 h at 4 °C. Prior to 

washing with 50 mM PBS (pH 7.0), in order to remove any unbound GOx from the electrode surface, 

then kept at 4
 ◦
C when not in use. 

 

2.5 Characterization 

The phase of the NTO nanoparticles was determined by X-ray diffraction (XRD, D8 

ADVANCE, Bruker AXS). The NTO, CHIT–NTO/ITO electrode and GOx/CHIT–NTO/ITO 

bioelectrodes were investigated using Fourier transform infrared spectroscopy (FTIR, Prestige-21, 

SHI-MADZU) and atomic force field emission scanning electron microscopy (SEM, JSM-6330F, 

JEOL). Electrochemical analysis was conducted on an Autolab Potentiostat/Galvanostat (PGSTAT-30, 

Eco Chemie, Netherlands) using a three-electrode system with ITO as the working electrode, platinum 

(Pt) as the auxiliary electrode, and Ag/AgCl as the reference electrode in a phosphate buffer saline 

(PBS) solution (50 mM, pH 7.0, 0.9% NaCl) containing 5mM [Fe(CN)6]
3−

/
4− 

as the redox probe. 
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3. RESULTS AND DISCUSSION 

3.1 XRD analysis 

Fig.1-I shows the XRD pattern of NTO nanoparticles. All the XRD peaks were consistent with 

the peaks of Nb0.95Ti0.95O4 (PDF card No.47-0024). No other impurity phase was detected by XRD 

analysis. 

 

3.2 FTIR 

The FTIR spectra of NTO nanoparticles exhibited a sharp, intense peak at 518 cm
−1

, which 

may be attributed to the bonding of Nb-O-Ti (Fig. 1-II).  

The IR spectra of Fig. 1-III illustrate the contrast between CHIT, CHIT–NTO, GOx and the 

GOx/CHIT–NTO/ITO bioelectrode. Compared with curve (a), the characteristic IR bands of the 

functional group corresponding to pure CHIT: the hydroxyl group, amido group (3450, 1600, 1099 

cm
−1

), amide group (C–O stretching along with N–H deformation mode 1640 cm
−1

), C–N axial 

deformation (amine group band 1426cm
-1

) [32] and Nb-O-Ti bond (518 cm
−1

) were all exhibited in 

curve b for the CHIT–NTO nanocomposite. The presence of CHIT in the CHIT–NTO composite 

facilitates immobilization of biomolecules via the amine and hydroxyl groups. The FTIR spectrum of 

the GOx/CHIT–NTO bioelectrode (curve d) exhibits the characteristic infrared bands of GOx (curve c) 

and the CHIT–NTO nanocomposite (curve b), demonstrating the immobilization of GOx on the 

nanocomposite matrix (overlapped peaks at 1640 and 1439cm
−1

).  

 

 
Figure 1. I ) The X-ray diffraction pattern of NTO nanoparticles, II) FTIR spectra of Nb0.95Ti0.95O4, 

III) FTIR spectra of (a) CHIT; (b) CHIT–NTO nanocomposite; (c) GOx; (d) GOx/CHIT–

NTO/ITO bioelectrode. 
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3.3 Surface morphology studies 

Fig. 2 presents SEM images illustrating the surface morphologies of the electrodes: (a) 

NTO/ITO; (b) CHIT/ITO; (c) CHIT–NTO/ITO; (d) GOx/CHIT–NTO/ITO. The SEM image of 

NTO/ITO exhibits granular morphology with an average grain size of about 30–50 nm. Fig.2-b shows 

that the thin film of CHIT spread evenly in the surface of ITO electrode. The globular morphology of 

the CHIT–NTO/ITO electrode is revealed in Fig.2-c, indicating the formation of a CHIT–NTO hybrid 

nanocomposite, which may be attributed to electrostatic interactions between the cationic CHIT and a 

surface charge on the NTO nanoparticles. The granular lacunaris surface of the CHIT–NTO film is 

suitable for the immobilization of biomolecules. The surface morphology of GOx/CHIT–NTO/ITO 

assumes a well-regulated form (Fig. 2-d) once GOx has been firmly immobilized onto the CHIT–

NTO/ITO electrode by electrostatic interactions. 

 

 

 
 

 
 

 

 
 

 

 
 

 

Figure 2. SEM images of: (a) the NTO/ITO electrode; (b) the CHIT/ITO electrode; (c) the CHIT–

NTO/ITO electrode; (d) the GOx/CHIT–NTO/ITO bioelectrode. 

 

 

(a) (b) 

(c) (d) 
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3.4 Electrochemical studies 

Fig. 3-I illustrates the results of cyclic voltammetric (CV) studies conducted on various ITO-

modified electrodes immersed in PBS in the potential range −0.4 to 0.8V at a 10 mV/s scanning rate. 

The increase in magnitude of the current for the CHIT/ITO electrode (curve b) as compared to the ITO 

electrode (curve a) may be due to the acceptance of electrons from the negatively-charged ferricyanide 

species in the PBS by cationic CHIT, resulting in an enhanced redox current[32]. The additional 

increase in magnitude of the current response for the CHIT–NTO/ITO electrode (curve c) suggests that 

the presence of NTO nanoparticles increases electroactive surface area and therefore enhances electron 

transfer. This mainly attributed to substitution of Ti
4+

 by Nb
5+

 to form ionization of defects. After the 

immobilization of GOx onto the electrodes, the CHIT–NTO/ITO electrode (curve e) has a higher peak 

current than the CHIT/ITO electrode, indicating that the CHIT–NTO/ITO electrode accelerates 

electron transfer between GOx and the electrode.  

 

 

 

Figure 3. I ) Cyclic voltammograms of the test electrodes: (a) ITO; (b) CHIT/ITO; (c) CHIT–

NTO/ITO; II) Differential pulse voltammograms (DPV) of the test electrodes: (a)ITO; 

(b)CHIT/ITO; (c) CHIT–NTO/ITO; (inset for bioelectrodes: (d) GOx/CH/ITO; (e) GOx/ 

CHIT–NTO/ITO.) III) Electrochemical impedance spectroscopy of the test electrodes: (a) ITO; 

(b) CHIT/ITO; (c) CHIT–Nb0.95Ti0.95O4/ITO; and bioelectrodes (d) GOx/CHIT/ITO; (e) 

GOx/CHIT–Nb0.95Ti0.95O4/ITO; inset: equivalent circuit; IV) Cyclic voltamograms of the 

GOx/CHIT–Nb0.95Ti0.95O4/ITO bioelectrode at scan rates of 20–100mV/s, inset: magnitude of 

the current as a function of scan rate. 
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Fig. 3-II presents differential pulse voltammograms (DPV) of the various ITO-modified 

electrodes in PBS. The presence of cationic CHIT allows acceptance of electrons from the medium and 

transference of these to the electrode, and the uniform dispersion of NTO nanoparticles throughout the 

CHIT network promote electron transfer due to the generation of surface oxygen vacancies. Also，the 

increased magnitude of the response of the CHIT–NTO/ITO bioelectrode (curve e) suggests that the 

presence of NTO provides a favorable environment for the immobilization of GOx, resulting in 

enhanced electron transfer. 

Electrochemical impedance spectroscopy (EIS) has been demonstrated to be an effective 

method for the study of the interfacial properties of surface-modified electrodes [33,34]. Fig. 3-III 

presents the EIS of surface-modified electrodes obtained at open potential along with the equivalent 

circuit in the frequency range of 10
5～10

-2
 Hz. In EIS, the total impedance is determined by various 

parameters, including solution resistance (Rs), double layer capacitance (Cdl), charge transfer resistance 

(RCT) and Warburg element (Zw) [9]. The Rs and Zw values, representing the resistance of the 

electrolyte solution and the diffusion of the applied redox probe, are not affected by biochemical 

reactions occurring at the electrode interface. Cdl and RCT, however, are dependent upon the dielectric 

and insulating features at the electrode/electrolyte interface [35]. The semicircular portion of the EIS 

curve corresponds to an electron transfer-limited process and its diameter is equal to the electron 

transfer resistance, RCT, which controls the electron transfer kinetics of the redox probe at the electrode 

interface.                   

The diameter of the semicircle, RCT, the characteristic of the diffusion limiting step of the 

electrochemical process, is 1.490 KΩ for the ITO electrode (curve a in Fig3-III), decreases to 0.546 

KΩ with the addition of CHIT (curve b in Fig3-III) and further decreases to 0.340 KΩ when NTO is 

incorporated (curve c in Fig3-III). Similarly, for the bioelectrodes, RCT decreases from 0.792 KΩ 

(curve d) to 0.546 KΩ with the incorporation of NTO (curve e). The electron transfer resistance 

decreases in the order: bare ITO > GOx/CHIT/ITO > CHIT/ITO > GOx/CHIT-NTO/ITO >  CHIT-

NTO/ITO, implying easier electron transfer between the solution and the electrode in the CHIT–NTO 

nanocomposite film; NTO nanoparticles provide increased electroactive surface, plus promote electron 

transfer between the electrode and GOx. However, the GOx layer acts as a barrier for electron transfer 

between the electrode surface and the redox probes in the solution, which confirms the immobilization 

of GOx onto the CHIT/ITO and CHIT–NTO/ITO electrodes [1], presumably due to the insulating 

characteristics of glucose oxidase. 

Fig. 3-IV exhibits cyclic voltamograms of the GOx/CHIT–NTO/ITO bioelectrode in PBS (pH 

7.0) as a function of scan rate (from 10 to 100mV/s). Anodic (Ia) and cathodic (Ic) currents are linearly 

proportional to the scan rate (inset, Fig. 3-Ⅳ) according to Eqs. (1) and (2), which show a typical 

diffusion-controlled electrochemical behavior. 

 

vAAAI ITOOTinanoNbCHa  



64

)/( 10405.310605.2)(
295.095.0

       (1) 

 

where v  is scan rate (mV/s); the square of the correlation coefficient, R
2 

= 0.997 
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 AAAI ITOOTinanoNbCHGOc x

64

)//( 10695.310757.2)(
295.095.0

    (2) 

 

where v  is scan rate (mV/s), and R
2 

= 0.998 

The surface concentration of the GOx/CHIT–NTO/ITO bioelectrode has been estimated using 

Eq (3):  

 

Ip = 0.227nFAC
*
0×k

0 
exp [

RT

Fna
(Ep − E

θ′
 )]                           (3) 

 

where Ip is the anodic peak current, n is the number of electrons transferred (1), F is the 

Faraday constant (96485.34 Cmol
−1

), A is the surface area (0.25 cm
2
), R is the gas constant (8.314 

Jmol
−1
K

−1
), C

*
0 is the surface concentration of ionic species on the film surface (molcm

−2
), Ep is the 

peak potential and E
θ′
 is the formal potential. (−αnaF/RT) and k0 (rate constant) correspond to the slope 

and intercept of the ln(Ip) vs Ep− E
θ′
 curve at different scan rates. The addition of NTO nanoparticles 

increases the surface concentration of GOx by an estimated 9.91×10
-6

 mol cm
−2

 higher.  

The effect of pH on the GOx/CHIT–NTO/ITO bioelectrode was investigated using CV (Fig. 4-

I) and DPV (Fig. 4-II) techniques in PBS (50mM) containing 5mM[Fe(CN)6]
3−/4−

at a scan rate of 

10mV/s. Insets in Figs. 4-I and 4-II present the calibration curves obtained as a function of pH from 6 

to 8. The current increases in the pH range from 6.0 to 7.0, while decreasing in the range from 7.0 to 

8.0, suggesting that GOx retains its natural structure in the neutral state, resulting in enhanced 

interaction between the redox ions and the bioelectrode surface. 

 

 

 

Figure 4.  I ) CV curves of the GOx/CHIT–NTO/ITO bioelectrode for pH = 6.0 - 8.0 at a scan rate of 

10mV/s.  (Inset shows the effect of pH on the bioelectrode.); II) Differential pulse voltammetry 

of the GOx/CHIT–NTO/ITO bioelectrode as a function of pH (6.0 - 8.0). 
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3.5 Electrochemical response studies 

The electrochemical response of the GOx/CHIT–NTO/ITO bioelectrode was investigated as a 

function of glucose concentration (100 μL of 10 – 400 mg dL
−1

) using the CV technique (Fig. 5-I) at a 

scan rate of 10 mV/s in PBS (50mM, pH 7.0, 0.9%NaCl) containing 5mM [Fe(CN)6]
3-/4-

. The response 

current increases with increasing glucose concentration; this can be attributed to the presence of CHIT-

NTO nanocomposite which accepts electrons during the reoxidation of GOx and transfers them to the 

electrode, effectively acting as an electron transfer-accelerating layer. The inset in Fig. 5-I shows the 

variation of peak response current with glucose concentration. The low detection limit, fast response 

time and high sensitivity are 0.5mM, 8s, and 1.29mA/mg dL
-1

 cm
2
, respectively. 

The Michaelis-Menten kinetic parameter (Kappm) of enzymatic reaction, which determines the 

affinity of enzyme (GOx) for its substrate, was estimated for the GOx/CHIT–NTO/ITO bioelectrode to 

be 0.629mM (with a regression coefficient of 0.998) using a Hanes plot (Fig. 5-II) (substrate 

concentration as x axis and substrate concentration/current as y axis] [25, 36].  

 

 

 

Figure 5. Electrochemical response studies of the GOx/CHIT–NTO/ITO bioelectrode: I) Current as a 

function of glucose concentration, using CV, Inset: calibration curve of current vs glucose 

concentration (10-400mg.dL
-1

). II) Hanes plot of [S]/current vs substrate concentration. III) 

Effect of contaminants on the GOx/ CHIT–NTO/ITO bioelectrode CV response. 

 

The observed low Kappm value reveals the enhanced affinity of GOx for its substrate. It can be 

seen that the low value of Kappm in the present investigations for glucose (Table 1) indicates the 

advantage of CHIT–NTO nanocomposite as compared to other oxides or polymer matrices for enzyme 
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immobilization. Favorable orientation provides a suitable microenvironment for effective 

immobilization of enzyme (GOx), and a higher loading of GOx on the enhanced surface area of the 

nanocomposite film, which also allows fast electron communication between the enzyme’s active site 

and electrode. 

 

Table 1. Comparison of the GOx/CHIT–Nb0.95Ti0.95O4/ITO bioelectrode with those reported in 

literatures.  

 

Immobilization 

matrix 

Method of 

immobilization 

Detection 

range  

Detection 

limit 

Km Shelf-life References 

Gold nanoparticles 

macroporous TiO2   

CeO2 

CHIT/NiFe2O4NPs 

CHIT–Nb0.95Ti0.95O4 

Covalent 

Physical 

Physical 

Physical 

Physical 

50-

300mg/dL 

0.05-2.5 

mM 

25–

300mg/dL 

0.1–20mM 

10-

400mg/dL 

- 

0.02 mM 

- 

- 

0.5mM 

3.74 mM 

1.4 mM 

1.01mM  

- 

0.629mM 

180 days 

10 days 

10 weeks  

>30 days 

>10 

weeks 

[13] 

[37] 

[5] 

[1] 

Present work 

 

Scheme 1 shows a proposed mechanistic pathway for electron generation in the biochemical 

reaction at the GOx/CHIT–NTO/ITO bioelectrode during glucose detection, wherein GOx hydrolyses 

glucose, resulting in the production of gluconic acid. 
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Scheme 1. Schematic of the electrochemical reaction at the surface of the GOx/ CHIT–NTO/ITO 

bioelectrode. 
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The reproducibility of the GOx/CHIT–NTO/ITO bioelectrode was investigated at 100 mg/dL 

glucose concentration, and no significant change in the current response was observed after at least 15 

uses. When not in use, the electrode was stored dry at 4 
◦
C in a refrigerator. Long term stability is an 

important criterion for a biosensor; the electrochemical current response of the GOx/CHIT–NTO/ITO 

bioelectrode in glucose solution was measured at a regular interval of 2 week, and retained more than 

90% of the GOx activity after 6 weeks; thereafter, the current response decreased to 80% after 10 

weeks, indicating a good stability. 

The selectivity of GOx/CHIT–NTO/ITO bioelectrode was investigated by determining the 

amperometric response when normal concentrations (physiological range) of interferents (Fig. 5-III) 

such as uric acid (0.1 mM), urea (1 mM), ascorbic acid (0.05 mM) and lactic acid (1 mM) were added 

in equal concentration with that of glucose. The value of the electrochemical current response was 

virtually unchanged, demonstrating that the GOx/CHIT–NTO/ITO bioelectrode was not significantly 

affected by the presence of interferents, and demonstrates excellent selectivity. 

 

 

 

4. CONCLUSIONS 

A novel chitosan-NTO thin film was used to immobilize GOx by physisorption for glucose 

detection. The CHIT-NTO demonstrated excellent electronic conductivity as well as good 

biocompatibility, and maintains the biological activity of the enzyme plus enhances electron transfer 

between glucose and the GOx/ CHIT - NTO/ITO electrode surface. The fabricated glucose biosensor 

exhibits fast amperometric response, high sensitivity, a low detection limit, high selectivity, and long-

term stability. Furthermore, the low Kappm value (0.629mM) indicates a high affinity of the GOx/ 

CHIT - NTO/ITO bioelectrode for glucose. These results demonstrate that the CHIT -NTO 

nanocomposite could be readily extended to the fabrication of efficient amperometric biosensors for 

the detection of other clinically important antigens, and for other biological applications. 
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