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Abstract. The paper demonstrates a novel glucose/O2 biofuel cell (BFC) based on the electrospun collagen-SWNTs 
nanofibres with the glucose oxidase (GOD) as the anodic biocatalysts and the laccase as the cathodic biocatalysts. With an 
average diameter of about (260 ± 95) nm, the electrospun collagen-SWNTs nanofibres exhibited smooth surfaces. The 
collagen-SWNTs nanofibres modified electrode showed good electron transfer behavior, because of the properties of SWNTs 
and the three-dimensional reticular structure of the electrospun nanofibers. The GOD and laccase, immobilized in the 
collagen-SWNTs nanofibres, exhibited good catalytic activity towards glucose oxidation and oxygen reduction through 
mediators of ferrocene monocarboxylic acid (FMCA) and 2,2’-azinobis (3-ethylbenzthiazoline-6-sulfonic acid) diammonium 
salt (ABTS), respectively. The maximum power density of the assembled glucose/O2 BFC based on the electrospun collagen-
SWNTs nanofibres was ca. 14.3 �W/cm2. Moreover, more than 50% of the initial value remained after continuous operation 
of 100 h. The results indicated the potential to apply the electrospun collagen-SWNTs nanofibres for novel BFC device. 
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1. Introduction 

The enzymatic biofuel cell (BFC) is a new kind of environmental friendly power source, which can 
convert chemical energy of the organic compounds into electrical energy directly or indirectly by 
using the enzyme as the catalyst. In recent years, the research of BFCs has been largely promoted with 
the great development of nanotechnology and biotechnology [1-5]. BFCs have been extensively used 
in the fields of medicine, aerospace industry, environmental control and so on. However, some 
drawbacks such as the low electron transfer efficiency, inactivation, poor stability, and short service 
life of enzymes as the biocatalysts have restrained the further applications of BFCs. Therefore, the 
improvement of the transfer efficiency of electron between enzyme and electrode and the prolongation 
of the life-time of enzyme is of great significance to develop new kinds of enzymatic BFCs with high 
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performance. Up to now, great efforts have been made by either incorporating enzymes into the 
appropriate matrix, such as conductive materials, polymers with conductive functional groups and 
small molecular compounds, or using electron mediators [6-8].  

Owing to the special properties of nanomaterials such as high specific surface area and strong 
adsorptive force, the adsorption capacity and stability of the enzyme could be enhanced by 
immobilizing it into nanomaterials. Furthermore, the bioelectrocatalytic activity of enzymes could be 
also improved because of the size effect of nanomaterials, which make the redox center of 
biomacromolecule closer to the electrode and facilitate the electron transfer between the enzyme and 
electrode. Therefore, nanomaterials have attracted considerable research attention in the field of 
bioelectrochemistry in the past decade [9,10]. 

Electrospinning is a simple and efficient technology of producing one-dimensional nanomaterials, 
which can better control the size of nanomaterials and the morphology of the modified electrode in 
comparison with some conventional synthesis methods. Many electrochemical researchers have 
carried out systematic investigations on the preparation and characterization of electrochemical 
properties of the electrospun nanomaterials in recent years. It was suggested that the electrospun 
nanomaterials are ideal electrode materials and have potential application prospects in the 
electrochemical research field [11,12]. Thus, in the present study, the collagen-SWNTs nanofibres 
modified electrode were fabricated by electrospinning and the properties of electron transfer and 
electrocatalysis of the glucose oxidase and laccase immobilized in the electrospun collagen-SWNTs 
nanofibres were studied. Moreover, the electrochemical performance of glucose/O2 BFC based on the 
electrospun collagen-SWNTs nanofibres was investigated.  

2. Materials and methods 

Single-walled carbon nanotubes (SWNTs, diameter 2-10 nm, length 0.5-50 μm) were purchased 
from Shenzhen Nanotech Port Co., Ltd (Shenzhen, China) and were purified by sonicating in 3 mol/L 
nitric acid for 4 h prior to use. Glutaraldehyde (25% solution in water), D-(+)-glucose, bovine serum 
albumin (BSA), ferrocene monocarboxylic acid (FMCA), 2,2’-azinobis (3-ethylbenzthiazoline-6-
sulfonic acid) diammonium salt (ABTS), and glucose oxidase Type X-S from Aspergillus niger (GOD, 
EC 1.1.3.4, 50 kU/g solid) were purchased from Sigma Chemical Co. and was used without additional 
purification. Laccase (E.C. 1.10.3.2, from Trametes versicolor) was purchased from Fluka Chemical 
Co. and purified following the method reported previously [13]. In addition,2,2,2-trifluoroethanol 
(TFE) was selected as the solvent and was purchased from Aladdin Regent Co. (China). Other 
chemicals were of at least analytical grade and used as received.  

Typically, SWNTs were dissolved into TFE and the mixture was sonicated for 2 h at room 
temperature to obtain a homogeneous suspension with the concentration of 45mg/mL. Then 60 mg/mL 
collagen solution and the dispersion of SWNTs were mixed and sonicated for 15 min. The mixture 
was transferred into a syringe with a stainless-steel blunt needle of 0.5 mm in diameter and was 
ejected at a flow rate of 0.5 mL/h using an infusion pump (TS2-60, Baoding Longer Precision Pump 
Co., China). The bare glassy carbon (GC, 3 mm-diameter) electrode was firstly polished with 0.3 and 
0.05 �m alumina slurry on a woolen cloth, and then cleaned under bath sonication in doubly distilled 
water for 5 min and used as collector. A high voltage of 9 kV (high voltage power supply, HB-F303-
1AC, China) was applied between the needle tip and the bare GC collector, the distance of which was 
10 cm. The electrochemical active areas of the resulting electrospun collagen-SWNTs nanofibres 
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modified GC electrode (denoted as collagen-SWNTs/GC electrode) were calculated according to the 
Randles-Sevcik equation for the redox couple [Fe(CN)6]3-/[Fe(CN)6]4-[14]:  

 Ip = 2.69×105 n3/2v1/2D1/2AC  

Where n is the number of electrons appearing in half-reaction for the redox couple, v is the rate at 
which the potential is swept, A is the electrode area and D is the diffusion coefficient of ferricyanide. 
For 1.0×10-3 mol/L K3Fe(CN)6 in the 0.10 mol/L KCl electrolyte, n = 1, D = 7.6×10-6 cm2/s. The 
electrochemical active area of collagen-SWNTs/GC electrode was 2.12±0.28 mm2 (average of three 
measurements).  

The collagen-SWNTs/GC electrode were immersed into 0.10 mo/L phosphate buffer containing 10 
mg/mL GOD for 12 h and then 2μL of the Naifion solution (2wt.%) was introduced to form a tight 
membrane on the enzyme electrode. This electrode (denoted as GOD/collagen-SWNTs/GC electrode) 
was used as the bioanode of the glucose/O2 BFC. On the other hand, a 6 μL of the mixture of laccase 
and 2 mg/mL BAS solution (3:1 v/v) was firstly spread evenly onto the collagen-SWNTs/GC 
electrode with a microsyringe, and then 2μL glutaraldehyde (40 mmol/L) was introduced to cross link, 
followed by a period of standing in air until dry. The resulting electrodes (denoted as laccase/collagen-
SWNTs/GC electrodes) were used as the biocathode of the glucose/O2 BFC and were rinsed with 
distilled water before use. These enzyme electrodes were stored at 4 °C in a refrigerator when they 
were not in use.  

A conventional three-electrode cell was used with the modified GC electrode as working electrode, 
a platinum spiral wire as the counter electrode and a saturated calomel electrode (SCE) as the 
reference electrode. A 0.10 mol/L phosphate buffer solution (pH 6.0) was used as the supporting 
electrolyte. For the experiments conducted under anaerobic conditions, the electrolyte was bubbled 
with pure nitrogen gas for more than 30 min, and the nitrogen gas was kept flowing over the solution 
during the electrochemical measurements. The electrochemical impedance spectra (EIS) were 
recorded at a basis potential of 0.20 V in the frequency range of 106 to 10-2 Hz. The amplitude of the 
applied sine wave potential in each case was 5 mV. For assembling a glucose/O2 biofuel cell, the 
GOD/collagen-SWNTs/GC electrode and the laccase/collagen-SWNTs/GC electrode were placed into 
a two-compartment cell with Nafion as a separator. All electrochemical measurements were performed 
at least three times at room temperature (20±2°C). In order to ensure the reproducibility of the 
experimental results, five enzyme electrodes were prepared for each electrochemical measurement.  

3. Results and discussion 

Typical SEM and TEM images of the electrospun collagen-SWNTs nanofibres are shown in Figure 
1. It can be seen that the electrospun collagen-SWNTs nanofibres with the average diameter of about 
(260 ± 95) nm were uniform and smooth (Figure 1A) except a few bead-shaped defects embedded in 
the nanofibres, which is probably due to the aggregation of SWNTs in the collagen solution and the 
resultant non-uniform distribution of charge in the electrospun solution. In addition, the randomly 
oriented SWNTs were either embedded in the electrospun nanofibres or entangled in some regions, as 
shown in Figure 1B. 

Electrochemical impedance spectra are powerful technique for investigating the electrochemical 
properties of the electrode surface. Therefore, the electrochemical properties of the electrospun 
collagen-SWNTs/GC electrode were further investigated using potassium ferricyanide as the probe. 
Figure 2 shows the Nyquist plots of a bare GC electrode and a collagen-SWNTs/GC electrode in 1.0 
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mmol/L [Fe(CN)6]3-/4- redox probe solution containing 0.10 mol/L KCl. It can be obviously seen that 
the bare GC electrode exhibited a semi-circle portion and a linear portion, while an almost straight line 
was observed for the collagen-SWNTs/GC electrode. The results suggested that more effective 
electron conduction pathways were formed between collagen-SWNTs nanofibres modified electrode 
and the electrolyte during the [Fe(CN)6]3-/4- redox reaction due to the excellent electrical conductivity 
of SWNTs and the three-dimensional reticular structure of electrospun nanofibers. 

     

Fig. 1. SEM (A) and TEM (B)  images of the electrospun collagen-SWNTs nanofibres. 
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Fig. 2. Electrochemical impedance spectra of collagen-SWNTs nanofibres modified and bare GC electrodes. 

Figure 3A shows the CVs of the GOD/collagen-SWNTs/GC electrode response to glucose in the 
air-saturated phosphate buffer solution containing 0.50 mmol/L FMCA as the mediator. The pair of 
peaks at +0.31 V and +0.25 V (vs. SCE) were attributed to the redox behaviors of FMCA [15]. When 
glucose was added into the FMCA solution, the anodic peak current increased significantly (solid line 
in Fig. 3A) in comparison with that in the absence of glucose (dashed line in Fig. 3A). This increase of 
the oxidation peak currents was accompanied with the decrease of the cathodic peak currents. 
Moreover, the oxidation peak currents increased with the increasing glucose concentrations. These 
results suggested that an electrocatalytic oxidation of glucose was realized by using GOD and FMCA 
as mediators, which might be useful for the development of GOD-based bioanode of BFC. 

As a kind of multi-copper oxidase, laccase is able to catalyse molecular oxygen reduction to water 
by a four-electron process without producing hydrogen peroxide, which has attracted increasing 
attention [16]. However, the direct electron transfer of laccase is generally difficult due to the complex 
structures of its redox centers. Thus, to improve the electron transfer between laccase and the electrode, 
2,2’-azinobis (3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS) and osmium-based 
polymers have been applied as redox mediators in recent years [3,17]. The electrochemical behavior of 
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laccase/collagen-SWNTs/GC electrodes in nitrogen-saturated and air-saturated 0.10 mol/L phosphate 
buffer solution (pH 6.0, containing 1.0 mmol/L ABTS) was investigated, as shown in Figure 3B. As 
for the CV obtained in nitrogen-saturated solution, a pair of redox peaks at about +0.54 V and +0.41 V 
(vs. SCE) at a scan rate of 10 mV/s were attributed to the one-electron oxidation process of ABTS2-, 
which formed the radical ABTS•- [ , ]. On the other hand, in the case of CV obtained in air-
saturated solution, the reduction peak current increased obviously, which was probably due to the fact 
that the mediators donated electrons to the T1 Cu-site of the laccase, and induced the electrocatalytic 
reduction of dioxygen to water when the ABTS2- was oxidized into ABTS•-. It was indicated that 
ABTS can be used as redox mediator to promote the electrocatalytic reduction of dioxygen to water by 
laccase. Additionally, ABTS exhibited a formal redox potential in pH 6.0 buffer solution, which was 
close to the T1 copper reduction potential of laccase. Therefore, the high evolution overpotential could 
be avoided when ABTS was used as the electron mediator. The reduction of dioxygen at high potential 
has important significance for the development of new kind of oxygen cathode of BFC. 

0.0 0.2 0.4 0.6 0.8
-5

0

5

10

0 mmol⋅L-1
2 mmol⋅L-1
4 mmol⋅L-1
8 mmol⋅L-1

 
 

I /
 μ

A

E / V vs.SCE

A

0.0 0.2 0.4 0.6 0.8
-10

-5

0

5

10

 

I /
 μ

A

E / V vs.SCE

B

 

Fig. 3. Cyclic voltammograms of GOD/collagen-SWNTs/GC electrode in 0.10 M phosphate buffer solution (containing 0.50 
mM FMCA) with different concentrations of glucose (A) and laccase/collagen-SWNTs/GC electrode in N2 (black dashed 
line) and air (red solid line) saturated 0.10 M phosphate buffer (pH 6.0) containing 1.0 mM ABTS (B). 

To demonstrate the application of the electrospun collagen-SWNTs nanofibres as electrode 
materials for the construction of BFC, the as-prepared GOD-based bioanobe and laccase-based 
biocathode were assembled to form a two-compartment BFC. Figure 4A shows the polarization curves 
of the bioanode and the biocathode. As can be seen, the catalytic oxidation of the glucose and the 
catalytic reduction of oxygen started at +0.14 V and +0.58 V (vs. SEC), respectively, and the 
maximum electrocatalytic current density were ca. 330 �A/cm2 and 380 �A/cm2, respectively. 
Compared with the previous results [6], the current density of oxygen electroreduction in the present 
study was greatly improved. 

The performance of the assembled glucose/O2 BFC based on the electrospun collagen-SWNTs 
nanofibres was further investigated, as shown in Figure 4B. It is showed that the open circuit voltage 
of the BFC was ca. 0.42 V and the maximum power density was 14.3 �W/cm2 at a cell voltage of 0.20 
V. The power density was similar to our previously reported value [6], but lower than those reported 
in some literatures [3]. The reasons may be the aggregation of SWNTs in the electrospun collagen-
SWNTs nanofibres or the higher thickness of collagen-SWNTs nanofibres layer on the surface of 
electrode, which might inhibit the electron transfer. In our previous report, it was found that the anodic 
and cathodic peak currents were significantly affected by the electrospun time [12], which determined 
the thickness of the electrospun Hb-collagen microbelts. Therefore, the impact of the thickness, 
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crosslink time of nanofibres layer on the surface of electrode should be further studied to improve the 
performance of the BFCs in future studies. In addition, the stability of the BFC was also evaluated by 
monitoring the power density over a period of time, as shown in Figure 5. It can be seen that the power 
density only decreased by ca. 5% of its initial value during the first 12 h, and then showed a slow 
decrease in the following time of continuous operation. The power output of the assembled BFC lost 
50% of its initial power output after 120 h.  
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Fig. 4. (A) Polarization curves of the bioanode and the biocathode. (B) Polarization and performance curves  
of the assembled collagen-SWNTs/GC electrode based glucose/O2 BFCs.  
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Fig. 5. Stability of the glucose/O2 BFC based on electrospun collagen-SWNTs nanofibres. 

4. Conclusions 

In this study, the electrocatalytic glucose oxidation and dioxygen reduction on the electrospun 
collagen-SWNTs nanofibres modified GC electrode with immobilized GOD and laccase were 
achieved. A glucose/O2 BFC based on collagen-SWNTs nanofibres with GOD and laccase as the 
anodic and cathodic biocatalysts were successfully assembled. The maximum power density of the 
assembled BFC was ca. 14.3 �W/cm2 and lost 5% of its initial value during the first 12 h of continuous 
operation. Although the power output of the BFC should be further improved, the present strategy is of 
great use for the development of novel kinds of BFCs and biosenors. 
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