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Abstract
A bioanode for glucose based biofuel cell have been fabricated by combining glucose oxidase and highly 

ordered Palladium (Pd) nanowire array electrode. The Pd nanowires were 5.57 µm in length and 64.28 nm in 
diameter. The hydrogel composite modified Pd nanowire array bioanodes were characterized with cyclic voltammetry 
in the presence of different scan rates and different substrate concentrations under physiological conditions. The 
electrochemical measurements showed a linear amperometric response in the range of 1 mM to 13 mM. In addition, 
surface and structural characterization were performed by scanning electron microscopy leading to the conclusion 
that the Pd nanowires are highly ordered and vertically aligned and thereby promotes the number of electroactive 
sites for the catalysis of the oxidation of glucose. The combination of glucose oxidase and Pd nanowire arrays 
revealed the capability of these enzymatic bioanodes to perform direct electron transfer to Pd nanostructure surfaces 
and be used in a glucose biofuel cell.
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Introduction
Enzymatic biofuel cells, especially glucose-O2 biofuel cells are 

fabricated from a variety of electrode materials [1]. Currently, there 
is a strong focus on the development of these biofuel cells for use as 
implantable and micro/ nano device power sources [2-9]. The desire to 
develop energy sources based on glucose biofuel cells for implantable 
devices can be attributed to the fact that the bioanode enzymes such 
as glucose oxidase and glucose dehydrogenase can oxidize glucose at 
physiological conditions. This permits the extracted glucose from the 
bloodstream or the interstitial fluid to be used as fuel substrate for 
energy harvesting under a physiologic conditions. 

Typically, glucose-based biofuel cells consist of a bioanode and a 
biocathode at which oxidation-reduction (redox) reactions occur in the 
presence of the fuel source. The biofuel cell circuit is completed with an 
external load to allow the conduction of electrons from the bioanode 
to the biocathode (Figure 1). Therefore, the choice of the anodic and 
cathodic material depends on several factors including but not limited 
to the biocatalyst to catalyze the electrode reactions; the integration 
of the biocatalyst with the appropriate physicochemical transduction 
element for harvesting energy from the various concentration of glucose 

in blood or interstitial fluid; effective transduction element surface area 
in order to increase the number of binding sites for the biocatalyst; ease 
of fabrication; and enhanced durability to ensure extended functional 
lifetimes of biofuel cell devices for implantation [9-14]. Furthermore, 
a biocompatible encapsulating layer for the biofuel cell is required 
in order to enhance the biocompatibility and durability of the entire 
device in vivo. 

In this work, we describe the fabrication of a glucose biofuel cell 
bioanode based on the combination of glucose oxidase and Palladium 
(Pd) nanowire array electrodes, which has not been reported with 
respect to glucose-based biofuel cell applications. Pd nanowire array 
electrodes are high surface area three-dimensional bioanode, which 
are fabricated from Anodized Aluminum Oxide (AAO) template 
electrodeposition method [15-17]. These fabricated AAO templates 
are inherently ordered in nature and exhibits a highly self-arranged 
hexagonal array that permit them to be used as a template for the 
electrodeposition of metal species [18]. The nanowires formed on the 
electrode surface were characterized by Scanning Electron Microscopy 
(SEM). Glucose oxidase was covalent immobilized using a hydrogel 
composite membrane onto the Pd nanowire arrays. Cyclic voltammetry 
measurements were performed at different scan rates and in different 
glucose concentration to evaluate the electrocatalytic activity of the 
hydrogel composite modified Pd nanowire arrays [2,19]. In principle, 
the combination of glucose oxidase and Pd nanowire arrays leads to 
the development of a glucose oxidase bioanode that can oxide glucose, 
enhance the bioanode conductivity and facilitate the direct electron 
transfer of the biocatalyst without the use of a mediator [8].
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Figure 1: Schematic representation of the biofuel cell structure. Glucose is 
oxidized at the anode to gluconolactone and the electrons generated are 
transferred glucose oxidase to the Pd nanowires. The electrons are then 
transferred from the Pd nanowires to laccase at the cathode where oxygen 
is reduced to form water.
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Experimental

Materials and methods
AAO templates (10 mm×10 mm) with average pore diameter of 80 

nm, pore density 2× 109 cm-2 and estimated porosity 15%, were purchased 
from Synkera Technologies, Inc. Glucose oxidase (GOx, EC 1.1.3.4 
from Aspergillus niger), d-(+)-glucose, Hydroxyethylmethacrylate 
(HEMA), Tetraethyleneglycol Diacrylate (TEGDA), 2,2-Dimethoxy-2-
Phenylacetophenone (DMPA, 99%), (3-aminopropyl)trimethoxysilane 
(γ-APS, 97%) and Poly(Ethylene Glycol) Methacrylate (PEGMA) were 
purchased from Sigma–Aldrich. The diacyrlate and methacrylate 
reagents were passed through an inhibitor removal column in order 
to remove the hydroquinone and monomethyl ether hydroquinone 
polymerization inhibitors before use. Glucose solutions were 
prepared using 0.1 M phosphate buffer saline (PBS, pH 7.3). 
Acryloyl(polyethyleneglycol)-N-hydroxysuccinamide (MW 3500), 
was purchased from Jenkem Technology. All supplementary chemicals 
were of analytical grades and solutions were prepared with 18.2 MΩ 
cm Milli-Q water.

Electrodeposition of Pd nanowires
The AAO templates were 98 ± 1µm in depth with a pore diameter 

of 80 ± 8 nm. Pd was electrochemically deposited from an aqueous 
solution containing 1 g L-1 Pd(NH3)4Cl2 (99.99%) and 10 g L-1 NH4Cl 
(99.99%). Ammonium hydroxide was used to adjust the pH to 8. Prior 
to electrodeposition, the AAO template was pretreated in acetone to 
clean the surface of the substrate followed by drying under nitrogen 
flow. A thin layer of Au (400 Å) was sputtered onto one side of the 
AAO template to provide an electrical conduction path for the 
electrodeposition of the Pd nanowires by exposing the pores of the 
AAO template to the underlying Au film. This provides a means for 
the electrodeposition of metal species through the pores. To create an 
electrical connection to the AAO working electrode, a polyethylene 
terephthalate film (0.8 cm×10 cm) was prepared with a thin film of Au 
(400 Å) and was attached to the Au sputtered side of the AAO substrate 
to allow for easy handling of the substrate material. A polyimide tape 
was used for electrode passivation and to define the electroactive area 
of the working electrode. 

The prepared AAO substrate served as the working electrode 
in a three-electrode setup with a platinum mesh and a Ag/AgCl(sat) 
electrode as the counter and reference electrodes, respectively in an 
electrochemical cell with water jacket. The electrodeposition was 
performed at an applied potential of -600 mV with a BASi Epsilon 
Electrochemical Workstation and under a constant temperature of 
30°C (Fischer Scientific Isotemp 3016D) with constant stirring for 8 
hours. The mechanism of Pd nanowire deposition is described in the 
work of Tasaltin et al. [20] and should be Cheng et al. [21] and Peppas 
et al. [22]. After electrodeposition, the substrate was rinsed in deionized 
water and the AAO template was etched away in 2 M NaOH for 30 
minutes at room temperature with agitation resulting in free standing 
Pd nanowire array electrodes. These Pd nanowire array electrodes were 
then rinsed three times with ethanol followed by deionized water. 

Preparation of glucose oxidase bioanode
The surface of the Pd nanowire array electrodes was subsequently 

functionalized by treatment with 10 mM 3-(aminopropyl)
trimethoxysilane (γ-APS) at 40°C for 30 minutes in order to introduce 
silane surface functionalities. After silanization, the Pd nanowire array 
electrodes were rinsed by sequential washing for 1 minute in ethanol, 

then in ethanol/water mixture (1:1, v/v). Finally, the Pd nanowire array 
electrodes were cured at 110°C for 20 minutes in a convection oven. 
This was followed by a derivatization step to create a continuous path 
of covalent bonding between the Pd nanowire electrode surfaces and 
the hydrogel composite membrane. The Pd nanowire array electrodes 
were incubated in the dark for 2 hours in 50 mM HEPES (pH=7.4) and 
1 mM Acryloyl(polyethyleneglycol)-N-hydroxysuccinamide solution 
at room temperature. The derivatized Pd nanowire array electrodes 
were subsequently rinsed with 50 mM HEPES buffer.

Glucose oxidase enzyme solution with a concentration of 15 
mg/mL was entrapped within a composite UV cross-linked HEMA-
based hydrogel membrane material and subsequent deposition onto 
the Pd nanowire array electrodes. The monomer mixture comprised 
of HEMA, PEGMA, TEGDA in a mole ratio of 80:10:10. Glucose 
oxidase was dissolved in ethylene glycol: water (1:1 v/v) and then 
introduced into the monomer mixture. Photoinitiator DMPA (4 
wt%) was then completely dissolved in the mixture and 3 µL of the 
enzyme-monomer mixture was applied to the Pd nanowire array 
electrodes. UV irradiation (2.3 W/cm2, 366 nm, UVP Model CX-2000) 
was performed for 20 minutes to polymerize the methacrylates. The 
PEGMA monomer was added to the hydrogel formulation to provide 
for long-term stabilization of membrane-immobilized glucose oxidase. 
This establishes PEG chains, set pendant to the polymer network, 
in the form of network supported polymer brushes. PEG chains are 
well known to stabilize proteins, preventing their denaturation and 
promoting long-term bioactivity [23].

The cyclic voltammetry experiments were performed on a BASi 
Epsilon at room temperature using a three-electrode cell. SEM 
measurements were performed with Hitachi SU70 to characterize the 
surface structure of the deposited Pd nanowires. 

Results and Discussion
The physical appearance and surface characteristics of the Pd 

nanowire array electrodes were studied with an SEM. Figure 2 illustrates 
the typical SEM image of the free standing Pd nanowire arrays. As 
can be seen, highly ordered Pd nanowires were electrodeposited into 
the pores of the AAO template, upon completely etching away the 
AAO template. The average diameter of the nanowires is about 64.28 
nm with a symmetric distribution. These nanowires are rod-like, 
uniform and vertically aligned on the electrode surface. The average 
length of the nanowires is 5.57 µm. The length of these Pd nanowires 

 

Figure 2: SEM micrograph (cross-section) of electrodeposited Pd nanowires 
from ammoniacal solution at a potential of -600 mV vs. Ag/ AgCl and t = 8 h 
using AAO template. 
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is much longer than those previously reported [15,19] because longer 
deposition time was necessary due to the depth of the AAO template. 
The Pd nanowire length is an important factor for the performance of 
the bioanode since it provides a larger electroactive surface area, thus 
resulting in higher catalytic capability of the glucose oxidase bioanode. 
The resulting hydrogel composite membrane on the Pd nanowire 
arrays (Figure 3) displays a marked difference in surface characteristics. 
This indicates clearly that the hydrogel composite membrane can be 
effectively integrated with the Pd nanowire array electrode surfaces 
through surface functionalization and crosslinking. The underlying Pd 
nanowire array electrode maintains high surface area after coating with 
hydrogel composite membrane. 

The characteristic Cyclic Voltammograms (CVs) of the bare 
Pd nanowire array electrodes and hydrogel composite modified Pd 
nanowire array electrodes responses were measured in the presence 
of 100 mM phosphate buffer (pH = 7.4) at the scan rate of 2 mV s-1. 
Figure 4 shows the corresponding CV curves for the bare Pd nanowires 
and the hydrogel composite modified Pd nanowire array electrodes. 
There is a large observable faradaic current on the Pd nanowire array 
electrodes with an oxidation peak at +0.05 V along with a reduction 
peak at –0.55 V, which attributes to the reduction of palladium surface 
oxides. The CV of the hydrogel composite modified Pd nanowire array 
electrodes shows that a pair of oxidation and reduction peaks at +0.05 

V and –0.55 V, respectively were obtained. This provides confirmation 
that the hydrogel composite membrane restricts the flow of dissolved 
O2 to the Pd nanowire arrays surfaces, thereby resulting in small 
electrocatalytic activity for Pd surface oxide. 

The CVs for hydrogel composite modified Pd nanowire array 
electrodes responses were measured in the presence of 5 mM glucose 
substrate (pH = 7.4) at different scan rates (Figure 5). With increasing 
scan rates, the peak-to-peak separation and the observed linear 
relationship between the peak currents (Ipa and Ipc) and the scan rate (ν) 
from 2 to 800 mV s-1 in the insert of (Figure 3) illustrate that the redox 
process of glucose oxidase in this hydrogel composite membrane is a 
reversible process and is in agreement with the typical surface-confined 
process.

The resulting hydrogel composite modified Pd nanowire array 
electrodes exhibited good electrocatalysis toward the oxidation of 
glucose. The CVs for the hydrogel composite modified Pd nanowire 
array electrodes responses were measured in the absence of glucose 
substrate and at glucose concentrations of 1, 3, 5 and 13 mM under 
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Figure 3: SEM micrograph of the morphology of the bioanode.
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Figure 4: CVs of 100 mM phosphate buffer (pH = 7.4) at (----) bare Pd 
nanowires and (_____) hydrogel composite modified Pd nanowire array 
electrodes. Scan rate: 2 mV s-1.
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Figure 5: CVs of hydrogel composite modified Pd nanowire array bioanode in 
5 mM glucose (pH = 7.4) at various scan rates. The scan rate is 2, 5, 10, 25, 
50, 100, 200, 400, 599, 800 mV s-1 (from inner to outer). Insert: Plot of peak 
currents vs. scan rate. 

0.3

0.1

-0.1

-0.3

-0.5

-0.7

-0.9

-800           -600               -400           -200             0              200            400                600            800

-0.35

-0.55

-0.75
-0.95

-1.15
-1.35

1     3      5      7      9     11    13

E / mV vs. Ag/ AgCI

[Glucose] / mM

I /
 m

AI /
 m

A

r = 0.978                           Ipa

1m M Glucose

3m M Glucose

5mm Glucose

13m M Glucose
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to outer. Insert: Calibration curve (R = 0.978). Scan rate of 2 mV s-1. 
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physiological conditions at the scan rate of 2 mV s-1 (Figure 6). 
The oxidation current became larger and larger with increased 
concentration of glucose as a result of the oxidation of glucose to 
gluconic acid. The amperometric response reached saturation in the 
presence of glucose concentration greater than 13 mM. The calibration 
curve corresponding to the amperometric response (Figure 6) has a 
linear dynamic range from 1 mM to 13 mM (r = 0.978). The current 
density and power density for glucose oxidation at 5 mM glucose 
concentration, which is in the normal range of glucose concentration 
in the bloodstream is 851 µA cm-2 and 1.2 mW cm-2, respectively. 
This demonstrates that the Pd nanowire array electrodes promote 
the number of electroactive sites for the oxidation of glucose. These 
results further demonstrate that the glucose oxidase Pd nanowire 
array bioanode exhibits higher electrocatalytic activities at physiologic 
conditions, which directly improves glucose biofuel cell efficiency.

Conclusion
The major driving forces for the development of glucose based 

biofuel cells is energy sources for biomedical implantable devices. 
5.57 µm long palladium nanowires with an average diameter of 
64.28 nm were successfully electrodeposited using AAO template 
electrodeposition method. The hydrogel composite modified Pd 
nanowire arrays exhibited good electroactivity toward the oxidation 
of glucose. The hydrogel composite membranes achieved the direct 
electron transfer of redox enzyme, thereby not only demonstrating its 
potential to be used as a bioanode in glucose based biofuel cells, but 
also can be extended to biosensors. 
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