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A three-dimensionally (3D) ordered freestanding porous platinum (Pt) nanowire array electrode

(PPNWAE) with pores of several nanometers in size and a Pt nanowire array electrode (PNWAE)

without pores were facilely fabricated by metal electrodeposition and direct integration with a Pt disk

electrode. The unusual PPNWAE with high active area showed excellent sensitivity (0.36 mA cm�2

mM�1) and a wide detection range (4.5 mM–27.1 mM) to hydrogen peroxide (H2O2). A glucose oxidase

(GOD)-based biosensor (PPNWAE/GOD) with a considerably wide detection range (4.5 mM–189.5 mM)

to glucose was demonstrated. Furthermore, a lower detection limit, higher sensitivity and smaller value

of Michaelis–Menten constant km were recorded for PPNWAE-based biosensors compared with

PNWAE-based biosensors. Particularly, the response current to glucose of PPNWAE/GODwas ca. 100%

higher than that of PNWAE/GOD and the response current to H2O2 of PPNWAE was ca. 50% higher

than that of PNWAE, owing to the granular and rougher porous nanowire surface enabling greater

bioactivity for GOD. The selectivity of PPNWAE/GOD glucose biosensor was also estimated.
1. Introduction

For a long time, fast and accurate determination of glucose has

been a vital subject as glucose concentration is a crucial indicator

for many diseases, such as diabetes and endocrine metabolic

disorders.1 Recently, reliable glucose biosensors have been

developed by using electrochemical,2 chemiluminescence3 and

other methods.4 Among these methods, glucose biosensors based

on electrochemistry, especially amperometric biosensors

employing glucose oxidase (GOD), have drawn much attention

due to their merits of simplicity, high selectivity and relatively

low cost.5–7 The employed enzyme GOD catalytically converts

glucose into gluconic acid accompanied by generation of

hydrogen peroxide (H2O2) to which the amount of glucose is

proportional.8 It was well recognized that the performance of

such glucose biosensors strongly relied on the electrode mate-

rials. Therefore, it is highly desirable to search for materials

sensitive to H2O2 that in addition are capable of providing a

good environment for efficient enzyme loading and maintenance

of enzyme bioactivity.
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As important one-dimensional (1D) nanostructures, nanowires

possess a high surface area-to-volume ratio, rendering them

extremely sensitive to species adsorbed on their surfaces and

resulting in excellent sensitivity and activity.9–11 Themost common

assembly of nanowires is known as a nanowire array. This ordered

electrode structure with high surface area has been widely used to

assemble sensors12 because it can enhance the electrochemical

properties and electrocatalytic activity.13–15 As is well known, the

noble metal Pt can strongly catalyze the decomposition of H2O2

into water and oxygen.16Moreover, with the aforesaid advantages,

Pt nanowire array electrodes with a high electrochemically active

area have been applied in sensors.17–19 The current response to

H2O2 at Pt electrode was under mixed kinetic and diffusion

control and further complicated by competitive adsorption of

oxygen onto Pt active surface sites and the protonation of the

adsorbed H2O2 complex species.20 The faradic currents associated

with the kinetically controlled electrochemical events were sensi-

tive to the nanoscopic active surface area.21 High surface area

mesoporous Pt microelectrodes have also been used for H2O2

detection and raising the upper detection limit.22 One valid

strategy could be adopted to boost further the active sites of

nanowire array electrodes by introducing pores for each nanowire

element. In other words, a three-dimensionally (3D) ordered

porous nanowire array may enhance activity dramatically.

Little work has been done on electrochemical sensors for H2O2

and glucose utilizing 3D ordered freestanding porous Pt nano-

wire array electrodes (PPNWAE), despite a report in which a

porous Pt nanowire array was pasted onto the electrode of an

ethanol fuel cell.23 In this work, we fabricated such PPNWAE

by co-electrodepositing Pt–Cu nanowires into the porous
Nanoscale, 2012, 4, 6025–6031 | 6025
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track-etched polycarbonate template membrane and preferen-

tially de-alloying the Cu component.24 Distinct from other

nanowire array electrodes, we integrated the substrate Pt disk

electrode and the nanowire array by direct growth of nanowires

onto a Pt disk electrode according to our former work,25 which

makes the prepared electrode more stable and more conductive

in solution than methods that fix the array onto the substrate

electrode with binders.9,26 The electrochemical performance was

studied with H2O2 and glucose as targets. The PPNWAE and

GOD modified PPNWAE biosensor (PPNWAE/GOD) showed

considerably wide detection ranges toward H2O2 and glucose

with good sensitivities and low detection limits. To highlight the

synergistic effect of the porous nanostructure and the anowire

array structure, a Pt nanowire array electrode (PNWAE) was

also prepared and anaylsed. The results showed clearly that

PPNWAE behaved better than PNWAE.

2. Experimental

2.1. Reagents

The porous track-etched polycarbonate membrane (PCmembrane,

pore diameter: 400 nm, pore density: 1.2 � 108 cm�2, thickness:

10 mm) was purchased from Whatman (USA). Boric acid (H3BO3,

99.5%), copper nitrate (Cu(NO3)2$3H2O, 99%), hexachloroplatinic

acid (H2PtCl6$6H2O, 37%), nitric acid (HNO3, 68%), dichloro-

methane (CH2Cl2, 99.5%), potassium hexacyanoferrate(III)

(K3Fe(CN)6, 99.5%), potassium hexacyanoferrate(II) trihydrate

(K4Fe(CN)6$3H2O, 99.5%), glutaraldehyde (GA, 50%), hydrogen

peroxide (H2O2, 30%), D-(+)-glucose (99.5%), ascorbic acid (AA,

99.7%) and uric acid (UA, 99%) were all obtained from Sinopharm

Chemical Reagent Co., Ltd., China. Glucose oxidase from Asper-

gillus niger (GOD, EC 1.1.3.4, 10 KU) was provided by Sigma-

Aldrich Co. LLC. 0.553 M standard H2O2 solution, which was

standardized by KMnO4 standard solution, was freshly prepared

by diluting 30% H2O2 with double-distilled water. The standard

H2O2 solutions of lower concentrations were obtained by diluting

0.553 M standard H2O2. A 0.1 M phosphate buffer solution (PBS,

pH 7.0) containing 0.1 M KCl was used as supporting electrolyte

during electrochemical measurements. The other chemicals were

analytical reagents and all solutions employed were prepared from

double-distilled water.

2.2. Preparation of PPNWAE

The steps to fabricate PPNWAE are presented in detail as

follows. Firstly, the porous polycarbonate membrane used as

template was fixed on the surface of Pt disk electrode with a

Teflon cap as shown in Fig. S1 (ESI†). The Pt–Cu alloy nano-

wires were galvanostatically deposited at �60 mA into the pores

with a solution of 50 mM H3BO3 containing 5 mM H2PtCl6 and

15 mMCu(NO3)2. The template was then dissolved in CH2Cl2 to

release the nanowire array. At last, the Pt–Cu alloy nanowire

array was dealloyed in 25% HNO3 to remove the Cu component

so as to form a 3D-ordered, freestanding, porous Pt nanowire

array. The obtained array was washed with double-distilled

water and ethanol for further use. The fabrication procedure of

PNWAE was the same as that of PPNWAE, except the elec-

troplating solution contained only 50 mM H3BO3 and 5 mM

H2PtCl6.
6026 | Nanoscale, 2012, 4, 6025–6031
2.3. Immobilization of GOD

Initially, PPNWAE was electrochemically cleaned by cyclic

voltammetry in 0.5 M H2SO4 and thoroughly cleaned with

double-distilled water and PBS. GOD was immobilized on

PPNWAE with the glutaraldehyde cross-linkage method. At

first, 15 mL GOD (5 KU mL�1) and 7.5 mL glutaraldehyde (wt

5%) were mixed adequately. Then 10 mL of this intermixture was

spread onto the surface of the electrode and cross-linked at 4 �C
for 12 h. Then, the modified electrode (PPNWAE/GOD) was

rinsed with double-distilled water and PBS in order to remove

unfixed molecules for electrochemical testing. PNWAE was also

modified in the same way to get PNWAE/GOD.
2.4. Measurements

A conventional three-electrode system was employed in all

measurements, where PPNWAE, PNWAE, PPNWAE/GOD or

PNWAE/GOD served as the working electrode, Ag/AgCl elec-

trode with a saturated KCl internal solution served as the

reference electrode and a spiral Pt wire acted as the counter

electrode. The CV and amperometric response measurements

were performed on a Solartron Electrochemical Interface (model

1287), while electrochemical impedance spectroscopy (EIS)

measurements were carried out on a Solartron Impedance/Gain-

Phase Analyzer (model 1260). PPNWAE, PNWAE and Pt disk

electrode (PE) were electrochemically treated by cyclic voltam-

metry (CV) in 0.5 M H2SO4 before measurements. CV curves of

PPNWAE, PNWAE and PE in 0.5 M H2SO4 as well as

PPNWAE in PBS containing K3Fe(CN)6/K4Fe(CN)6 were

recorded. Amperometric response measurements of H2O2 and

glucose were carried out at 0.55 V, the potential at which

amperometric enzyme sensors are usually operated to detect the

enzymatic product H2O2. In EIS experiments, the dc potential,

potential amplitude of the ac signal and frequency range were set

as 0.25 V, 10 mV and 10�1 to 106 Hz, respectively. All

measurements were carried out at 25 �C.
3. Results and discussion

3.1. Characterization of PPNWAE

Fig. 1A shows a top-view SEM image of the prepared free-

standing porous Pt nanowire array. It was found the obtained

porous Pt nanowire array was stable and orderly since a rela-

tively low plating current was adopted.23 It also could be seen

that, for most of the nanowires, the spacing between two nano-

wires was larger than diameter of the nanowires. This larger

spacing made the deposited porous Pt nanowires more disperse

and independent, compared with the nanowire clusters prepared

from anodic aluminium oxide (AAO) templates.26–28 As far as

slow heterogeneous kinetics, such as H2O2 oxidation and glucose

oxidation on the electrode, were concerned, the local diffusion

rate was elevated and each freestanding porous Pt nanowire

behaved more like an individual nanoelectrode; thus the response

current increased concomitantly.10,17,29

Both the end parts and central parts of the Pt nanowires

appeared porous, with small nanopores of several nanometers, as

shown in TEM images of the side edge of a porous Pt nanowire

(Fig. 1B and C). This meant that the porous Pt nanowire array
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 (A) Top-view SEM image of the fabricated 3D ordered freestanding porous Pt nanowire array electrode (PPNWAE). TEM images: (B) lateral

edge of central part of porous Pt nanowire and (C) lateral edge of end part of porous Pt nanowire.
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integrated with the substrate Pt electrode had a good combina-

tion of stability and porosity. In addition, this structure was in

favor of mass transportation, which was preferential in amper-

ometric biosensor.
3.2. Cyclic voltammetry (CV) properties of PPNWAE

PPNWAE was electrochemically characterized in 0.5 M H2SO4

at a scan rate of 100 mV s�1 as shown in Fig. 2. For comparison,

the CV curves of PNWAE and a bare Pt disk electrode (PE) are

also presented as Fig. 2b and c, respectively. Hydrogen adsorp-

tion started at about 0.1 V, exhibiting two adsorption peaks (HC1

and HC2 in Fig. 2). The adsorbed hydrogen was then electro-

chemically oxidized in the positive potential sweep. By carrying

out the integration of the current–time curve from about 0.15 V

to �0.1 V, the amount of charge required to deposit hydrogen

atoms could be obtained after correction for double-layer

charging. The double-layer charging current was assumed to be

approximately constant and equal to the current measured at the

minimum (about 0.12 V in Fig. 2) of the double-layer charging

region. Assuming that the formation of a monolayer of hydrogen

required about 120 mC cm�2 of real surface area,30 the true

surface area of PPNWAE and PWNAE were evaluated to be

10.08 cm2 and 3.5 cm2, respectively. The roughness factor (Rf) of

PPNWAE was calculated to be 144 while that of PNWAE was

50, whereas the geometric area of PE was 0.07 cm2. The 3D

ordered porous nanowire array structure enabled PPNWAE to
Fig. 2 CV curves in 0.5 M H2SO4 at the scan rate of 100 mV s�1: (a) 3D

ordered freestanding porous Pt nanowire array electrode (PPNWAE),

(b) Pt nanowire array electrode (PNWAE) and (c) bare Pt disk

electrode (PE).

This journal is ª The Royal Society of Chemistry 2012
have a much larger area than its apparent geometric area and

than PNWAE, which facilitates efficient mass transport and

electron transfer for applications in biosensor.

The CV curves of PPNWAE in 0.1 M PBS containing 0.01 M

K3Fe(CN)6–K4Fe(CN)6 and 0.1 M KCl at different scan rates

from �0.2 V to 0.6 V were shown in Fig. 3A. The symmetrical

anodic and cathodic peaks associated with oxidation of

K4Fe(CN)6 and reduction of K3Fe(CN)6 could be observed at

any scan rate on PPNWAE. The separations between the anodic

and the cathodic peak potentials varied slightly with the

increase of scan rate, showing 64.83 mV at 10 mV s�1, 74.65 mV

at 20 mV s�1, 78.29 mV at 40 mV s�1, 68.23 mV at 60 mV s�1,

72.73 mV at 80 mV s�1 and 70.87 mV at 100 mV s�1, respectively.

Additionally, the ratios of anodic/cathodic peak currents

approached 1 while the anodic peak currents (IP) depended

linearly on square root of the scan rates (y1/2), as shown in

Fig. 3B, indicating that both ferrocyanide and ferricyanide pre-

sented reversibility during the electrode process and that trans-

formation between K3Fe(CN)6 and K4Fe(CN)6 on the surface of

PPNWAE was diffusion controlled. These facts might show that

charge transfer occurred rapidly on such PPNWAE.
3.3. Detection of H2O2 with PPNWAE

It is well known that Pt as a noble metal shows excellent elec-

trocatalytic activity. Furthermore, PPNWAE displayed unique

electrical properties based on its special structure. Here,
Fig. 3 (A) CV curves in 0.1 M PBS containing 10 mM K3Fe(CN)6–

K4Fe(CN)6 and 0.1 M KCl: (a) glucose oxidase modified porous Pt

nanowire array electrode (PPNWAE/GOD), (b)–(g) PPNWAE. a,

b 10 mV s�1, c 20 mV s�1, d 40 mV s�1, e 60 mV s�1, f 80 mV s�1,

g 100 mV s�1. (B) Relationship between anodic peak current and square

root of the scan rate in (A).

Nanoscale, 2012, 4, 6025–6031 | 6027
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Fig. 5 Experimental (scattered line) and fitted (solid line) Nyquist plots

of EIS in 0.1 M PBS containing 10 mM K3Fe(CN)6–K4Fe(CN)6 and

0.1 M KCl: (a) porous Pt nanowire array electrode (PPNWAE) and (b)

glucose oxidase modified PPNWAE (PPNWAE/GOD). The top inset

was equivalent circuit used to fit EIS. The bottom inset was the EIS curve

of PPNWAE at high frequencies.

Pu
bl

is
he

d 
on

 2
0 

Ju
ly

 2
01

2.
 D

ow
nl

oa
de

d 
by

 D
uk

e 
U

ni
ve

rs
ity

 o
n 

01
/0

6/
20

13
 1

9:
23

:5
3.

 

View Article Online
PPNWAE was examined for its amperometric response toward

H2O2. Fig. 4A(a) depicted the typical amperometric response of

PPNWAE to H2O2 oxidation by successive addition of certain

concentrations of H2O2. A fast and sensitive response was

observed with changes in level of H2O2, achieving a steady signal

within 5 s. A detection limit of 3.6 mM was obtained. The low

detection limit may result from the advantages of the nanowire

array in improving the S/N ratio. The amperometric response of

PNWAE to H2O2 was also presented in Fig. 4A(b). It could be

seen that the response of PNWAE was less sensitive than that of

PPNWAE, especially at the initial stage of H2O2 injection.

PNWAE didn’t give an obvious response until addition of

553 mM H2O2. The outstanding performance for PPNWAE

could be ascribed to the porous structure which could improve

the active surface area tremendously.

Based on the amperometric responses, the calibration curves

were obtained in Fig. 4B. The amperometric signal increased

with the rise of H2O2 concentration and the relation for

PPNWAE could be expressed as

I ¼ 8.43324 + 364.2805CH2O2
, (CH2O2

¼ 4.5 mM–0.43 mM,

R ¼ 0.9998) (1)

I ¼ 0.00152 + 0.25638CH2O2
� 0.0038C2

H2O2
, (CH2O2

¼ 0.43 mM

–27.1 mM, R ¼ 0.9985) (2)

As described above, in the H2O2 concentration range of

4.5 mM–0.43 mM, the amperometric signal was linearly related to

the H2O2 concentration with sensitivity of 0.36 mA cm�2 mM�1,

2.4 times higher than that of PNWAE. In higher H2O2 concen-

tration range until 27.1 mM, the amperometric signal and H2O2

concentration had the relation as shown in eqn (2) with a

sensitivity of ca. 0.26 mA cm�2 mM�1 while the sensitivity

of PNWAE was ca. 0.18 mA cm�2 mM�1. The sensitivities

of both electrodes were much superior to the reported

0.096 mA cm�2 mM�1 with Pt nanowires,31 0.07 mA cm�2 mM�1

with horseradish peroxidase,32 and 0.01 mA cm�2 mM�1 with a

conventional Pt electrode,33 indicating that PPNWAE exhibited

excellent electrocatalytic activity toward H2O2 due to its higher

active area. The whole detection range was 4.5 mM–27.1 mM,

covering 4 orders of magnitude. This obtained detection range

was comparable to the sensor utilizing synergic action of carbon

nanotubes and Pt nanowires (1 mM–30 mM)34 and wider than the
Fig. 4 (A) Amperometric response with successive addition of certain concen

array electrode (PPNWAE) and (b) Pt nanowire array electrode (PNWAE). Th

H2O2. (B) Calibration curves according to (A): (a) PPNWAE and (b) PNWA

H2O2.

6028 | Nanoscale, 2012, 4, 6025–6031
biosensor based on myoglobin/gold nanoparticles/carbon

spheres 3D architecture bioconjunction (0.28 mM–0.84 mM).35

3.4. Electrochemical properties of PPNWAE/GOD

As an effective method for examining the electrode–solution

interfacial properties, especially those with modified surfaces,

electrochemical impedance spectroscopy (EIS) was employed to

investigate the nature of PPNWAE and effect of GOD modifi-

cation on the electron transfer kinetics at electrode surface as

shown in Fig. 5. The experimental impedance spectroscopies

were fitted according to a traditional Randles electrical circuit

(Fig. 5, top inset). This circuit included the ohmic resistance of

the electrolyte solution (Rs), the interfacial charge transfer

resistance (Rct) corresponding to the redox probe charge transfer

process, the Warburg impedance (W) resulting from diffusion of

ions from bulk electrolyte to electrode and the double layer

capacitance (CPE). A CPE (constant phase element) instead of

pure capacitance was used to describe the double layer capaci-

tance in view of the electrodes’ roughness and porosity.36,37 The

impedance of a CPE was represented by38,39

Z ¼ 1/[T(iu)P] (3)

where i is an imaginary number, u is the angular frequency, T

(CPE-T) is the admittance constant, P (CPE-P) is an adjustment
trations of H2O2 to stirred 0.1 M PBS at 0.55 V: (a) porous Pt nanowire

e insets are current–time curves upon addition of lower concentrations of

E. The inset presents the calibration curves for lower concentrations of

This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 (A) Pictorial representation of glucose oxidase (GOD) immobi-

lization and (B) biochemical reactions involved in glucose sensing from

selected area in (A).
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parameter (0 # P # 1). P is related to the phase angle a by a ¼
(1 � P)90�. For a perfect capacitor, a ¼ 0, P ¼ 1 and T is the

capacitance. In the limiting case of P ¼ 0, the impedance

represents a resistor. When values of P are between 0 and 1, the

P value reflects directly the roughness of the electrode. Hence,

from the fitting parameter values listed in Table 1, it could be

seen that the very small P value of PPNWAE indicated a fairly

rough and porous surface. In general, the quite rough and porous

structured electrode would effectively accelerate electrolyte

diffusion and electron transfer, which was advantageous for

biosensors.40 Assuming the electrode–solution interface behaved

like a parallel-plate capacitor, GOD modification smoothed the

surface to a certain extent resulting in a rising P value, accom-

panied by a diminishing electrode area leading to decrease of T

according to41

C ¼ 330S/d (4)

where C is the capacitance, 3 is the dielectric constant, 30 is the

permittivity of free space, S is the area of a parallel plate and d is

the separation between two plates. After PPNWAE was func-

tionalized with GOD, the electron transfer between the electro-

chemical probe and electrode surface was inhibited, owing to the

GOD insulator layer and the electrostatic repulsion of GOD (PI:

4.2) with negative charges and the negatively charged electro-

chemical probe. This brought the elevation in Rct and fall in peak

current as shown in Fig. 3A(a). The modified film might partly

obstruct the diffusion of redox probe from solution to electrode,

showing an increased W value.
3.5. Detection of glucose with PPNWAE/GOD

As studied above, PPNWAE exhibited prominent electro-

catalytic activity toward H2O2, which meant the electrode could

serve as an ideal electrochemical platform for constructing

oxidase-based biosensors. With glucose oxidase as a model

enzyme, a glucose biosensor was fabricated via cross-linkage to

immobilize enzyme as presented in Fig. 6A. The reactions

involved in glucose detection were depicted in Fig. 6B. Under air-

saturated conditions, glucose molecules (Glc) diffused from the

analyte solution to the electrode surface and reacted with flavin

adenine dinucleotide, the active center of GOD, leading to the

conversion of glucose into gluconic acid and the oxidized form of

GOD (GOD(Ox)) into the reduced form (GOD(Red)). GOD(Red)

was then oxidized rapidly to GOD(Ox) again by dissolved oxygen

in water, accompanied by formation of H2O2. The amount of

glucose could be examined by measuring the anodic oxidation

current of the produced H2O2.
42

Fig. 7A shows a fast and sensitive amperometric response

toward glucose with a steady-state current achieved in 4–10 s.

Meanwhile, the detection limit of PPNWAE/GOD glucose
Table 1 Fitting parameters based on equivalent electrical circuit shown
in the top inset of Fig. 5 for different EIS plots

Electrodes CPE-T/mF CPE-P Rct/U W/U

PPNWAE 1813.20 0.5015 2.77 35.29
PPNWAE/GOD 94.76 0.8665 289 96.7

This journal is ª The Royal Society of Chemistry 2012
biosensor was determined to be 4.5 mM. However, PNWAE/

GOD could not respond noticeably until 5 mM glucose was

added. The amperometric signal of PPNWAE/GOD increased

with the increase of glucose concentration, as shown in the

calibration curve (Fig. 7B(a)), and the relation could be

expressed as

I¼ 0.61763� 0.40723exp(�CGlc/204.97586)� 0.2055exp(�CGlc/

11.73513), (R ¼ 0.9999) (5)

As presented above, in glucose concentration range of 4.5 mM–

27.8 mM, the sensitivity was ca. 8.74 mA cm�2 mM�1, which was

more than 2 times higher than that of PNWAE/GOD. The whole

detection range was demonstrated to be from 4.5 mM to

189.5 mM, covering 5 orders of magnitudes and much wider than

some electrochemical glucose biosensors as listed in Table

2.17,21,34,40,43–45 The enhancement could be ascribed to the fact that

the perpendicularly orientated porous nanowire array provided a

large quantity of surface electroactive sites, and thus circum-

vented the problems related to the limited number of active sites

and expanded the upper detection limit.46 This detection range

was sufficient for medical use, for example, in monitoring human

blood glucose levels, where the blood glucose concentration in

normal human ranges from 4.4 mM to 6.6 mM and in people

with diabetes exceeds 11.1 mM.47 Such a wide detection range

opens the opportunity to be applied in the medicine field and the

food industry.

In glucose concentration range of 4.5 mM–100 mM, the

apparent Michaelis–Menten constant km, which depicted the

enzyme–substrate kinetics, could be calculated from the evolved

Lineweaver–Burk equation:48

Is
�1 ¼ kmImax

�1CGlc
�1 + Imax

�1 (6)

where Is is the steady-state current, Imax is the maximum current

measured under substrate saturation and CGlc is the concentra-

tion of the substrate, glucose. The km values of GOD confined at

the surface of PPNWAE and PNWAE were estimated to be

14.6 mM and 17.6 mM, respectively. These values were lower

than some recently reported glucose sensors based on a sol–gel/

chitosan composite (21 mM),49 ZnO:Co nanoclusters (21 mM),50

nano-CaCO3 (21.4 mM),51 polypyrrole films (37.6 mM).52 In

particular, km of GOD in solution was 33–100 mM.53 The lower

km suggested a higher enzymatic activity of the immobilized

GOD. Thus, the above result further indicated that the

PPNWAE/GOD biosensor possesses a high affinity to glucose.
Nanoscale, 2012, 4, 6025–6031 | 6029
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Fig. 7 (A) Amperometric response with successive addition of certain concentrations of glucose to stirred 0.1 M PBS at 0.55 V: (a) glucose oxidase

modified porous Pt nanowire array electrode (PPNWAE/GOD) and (b) glucose oxidase modified Pt nanowire array electrode (PNWAE/GOD). The

inset shows current–time curves for addition of lower concentrations of glucose. (B) Calibration curves according to (A): (a) PPNWAE/GOD and (b)

PNWAE/GOD. The inset depicts the calibration curves for lower concentrations of glucose.
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Remarkably, from the results of our research, utilizing

PPNWAE instead of PNWAE to test H2O2 and glucose could

achieve better performance, such as a lower detection limit, a

greater sensitivity and a smaller km value. In essence, the detec-

tion of glucose was directly correlated to H2O2 detection; the

ratio of the amperometric response to glucose of PPNWAE/

GOD to that of PNWAE/GOD should be the same as that of the

amperometric response to H2O2 of PPNWAE to that of

PNWAE. However, at higher concentrations, the response of

PPNWAE/GOD was ca. 100% higher than that of PNWAE/

GOD while the response of PPNWAE was ca. 50% higher than

that of PNWAE. At lower concentrations, the contrast was more

evident. The results may arguably be explained by two aspects.

Firstly, because of the porous structure of each nanowire as

shown in Fig. 1B and C, the H2O2 derived during oxidation of

glucose can be electrooxidized on larger active area at PPNWAE.

PPNWAE/GOD was more sensitive than PNWAE/GOD to

glucose, consistent with the fact that PPNWAE performed better

than PNWAE toward H2O2. Secondly, the response ratio of

PPNWAE/GOD to PNWAE/GOD was mismatched with that of

PPNWAE to PNWAE, which could be attributed to the immo-

bilized GOD. Here, with the size of 7 � 5.5 � 8 nm,54 GOD was

unlikely to enter predominately into the pores because most of

the pores were not big enough, as shown in Fig. 1B and C.

Nevertheless, the side surface of the porous Pt nanowire was

granular and rougher while that of normal Pt nanowire was

relatively smoother, which would help the immobilization of
Table 2 Comparison of the performance of the present sensor and some ele

Biosensora
Sensitivity/mA
cm�2 mM�1 Detect

Pt–Pb NWAE 11.25 8
MPP 9.6 —
GCE/PtNW-CNT-CHIT/
GOD

30 3

GNTE/GOD 8.77 100
AuE/MWCNTs-BA/GOD 23.5 10
NPG 20.1 3
GCE/CHIT-GNW/GOD — 5
PNWAE/GOD 4.21 83.3
PPNWAE/GOD 8.74 4.5

a NWAE: nanowire array electrode, MPP: mesoporous platinum, GCE: glas
CHIT: chitosan, GOD: glucose oxidase, GNTE: gold nanotubes electrode, A
one-butyric acid, NPG: nanoporous gold, GNW: gold nanowires.
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GOD and facilitate GOD adjusting its conformation so as to

better fit substrate molecules,55 thus improving the production of

H2O2. This explained why PPNWAE/GOD had a lower km value

as well.

In order to evaluate the selectivity of PPNWAE/GOD, a test

was carried out in the presence of 5.6 mM glucose and interfer-

ence substances, 0.1 mM ascorbic acid (AA) and 0.02 mM uric

acid (UA). The current responses to AA and UA were ca. 24%

and 1% of that to glucose, respectively, which was consistent with

the results in the literature.40
4. Conclusions

In summary, a three-dimensionally ordered freestanding porous

platinum nanowire array electrode integrating a porous nano-

structure and a well-organized nanowire array was simply

fabricated by co-electrodeposition and de-alloying strategies.

PPNWAE showed high electrochemical activity, fast mass

transport and effective enzyme utilization due to its larger

specific surface area and rougher surface structure. The

PPNWAE/GOD glucose biosensor performed in a fairly wide

detection range by boosting the upper detection limit to 189.5

mM, and presented a relatively small Michaelis–Menten

constant km, indicating the preservation of GOD bioactivity on

PPNWAE. Compared with PNWAE, PPNWAE had enhanced

GOD activity and provided a superior performance, such as a

lower detection limit, higher sensitivity and smaller km value. In
ctrochemical glucose biosensors

ion limit/mM Detection range/mM Ref.

0.008–11 17
�10 21
0.005–15 34

0.4–11 40
0.01–2.5 43
1–18 44
0.01–20 45
0.083–182 This work
0.0045–189.5 This work

sy carbon electrode, PtNW: platinum nanowire, CNT: carbon nantube,
uE: gold electrode, MWCNTs: multi-walled carbon nanotubes, BA: 1-

This journal is ª The Royal Society of Chemistry 2012
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particular, the fabrication strategy could be extended to other

noble metal and alloy electrodes. The present results suggested

PPNWAE with the special structure reported here may offer a

promising platform for various biosensing and bioelectronics

applications.
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