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Fabrication  of  well  aligned  PPyNWA
of  20  nm  diameter  within  AAO  tem-
plate.
Improvement  of electrochemical
properties  by  decoration  with  PtNPs.
Sensitive  amperometric  and
potentiometric  detection  of  glu-
cose  by  adsorption  of  GOx  on
PPyNWA–PtNPs.
Detection  of as  little as 5.6  �M  glu-
cose  with  potentiometric  detection.
Comparable  or  better  detection  limit
and  sensitivity  than  some  glucose
biosensors  fabricated  with  nanoma-
terials.
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A  novel  glucose  biosensor,  based  on  the  modification  of  well-aligned  polypyrrole  nanowires  array
(PPyNWA)  with  Pt  nanoparticles  (PtNPs)  and  subsequent  surface  adsorption  of  glucose  oxidase  (GOx),  is
described.  The  distinct  differences  in  the  electrochemical  properties  of  PPyNWA–GOx,  PPyNWA–PtNPs,
and  PPyNWA–PtNPs–GOx  electrodes  were  revealed  by  cyclic  voltammetry.  In  particular,  the results
obtained  for  PPyNWA–PtNPs–GOx  biosensor  showed  evidence  of  direct  electron  transfer  due  mainly  to
modification  with  PtNPs.  Optimum  fabrication  of  the  PPyNWA–PtNPs–GOx  biosensor  for  both  potentio-
metric  and  amperometric  detection  of glucose  were  achieved  with  0.2  M  pyrrole,  applied  current  density

−2

Py nanowires
t nanoparticles
iosensor
lectrochemical detection
lucose

of 0.1  mA  cm ,  polymerization  time  of 600  s, cyclic  deposition  of  PtNPs  from  −200  mV to  200  mV,  scan
rate  of  50  mV  s−1, and  20  cycles.  A  sensitivity  of  40.5  mV/decade  and  a linear  range  of  10  �M to  1000  �M
(R2 =  0.9936)  were  achieved  for potentiometric  detection,  while  for amperometric  detection  a sensitivity
of 34.7  �A  cm−2 mM−1 at an  applied  potential  of  700  mV  and  a linear  range  of  0.1–9  mM  (R2 =  0.9977)  were
achieved.  In  terms  of  achievable  detection  limit,  potentiometric  detection  achieved  5.6  �M  of  glucose,
while  amperometric  detection  achieved  27.7 �M.
∗ Corresponding author. Tel.: +61 399026450.
E-mail address: Sam.Adeloju@monash.edu (S.B. Adeloju).

003-2670/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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1. Introduction
The unique electronic, chemical, and physical properties of
nanomaterials have continued to attract considerable interest for
fabrication of chemical sensors and biosensors [1–5]. In particular,
nanomaterials such as nanoparticles and carbon nanotubes have

dx.doi.org/10.1016/j.aca.2012.09.037
http://www.sciencedirect.com/science/journal/00032670
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een employed in several studies for electrode modification to
mprove the sensitivity and other performance of biosensors [6–8].
n recent years, one-dimensional nanoarrays, such as anodized tita-
ium oxide (TiO2) nanotubes array [9],  and noble metal nanoarrays
10], including those obtained by using anodised aluminum oxide
AAO) templates, have also gained interest for fabrication of biosen-
ors.

The ability to use these nanomaterials for fabrication of
iosensors relies on the adequate immobilization of the desired
iomolecules. The use of conducting polymers has proven to be
ne of the successful approaches for immobilization of enzymes
n various nanomaterials because of their biocompatibility, ease
f formation and high conductivity. In particular, polypyrrole (PPy)
nd polyaniline (PAn), both of which have been widely used for fab-
ication of numerous biosensors in the absence of nanomaterials,
ave attracted the most interest [11–14].  With the use of nano-
aterials, the effective surface area can be increased significantly

ue to the formation of porous structures within the films. The
ormation of conductive polymer nanowires by this approach can
nhance the performance of biosensors significantly. It has been
eported that PPy and PAn nanowires can be obtained in a number
f ways, including direct polymerization of pyrrole on glassy carbon
lectrode [15,16] and also growing on AAO template [17,18]. The
eposition of conducting polymer nanowires on AAO templates is
articularly significant for fabrication of biosensors because of their
xcellent biocompatibility, stability and high conductivity.

Many studies, particularly those based on fabrication of glucose
iosensors, have focused their efforts on enhancement of the elec-
rochemical detection of H2O2 through the modification of noble

etal nanoparticles on TiO2 nanotubes [19,20] and polypyrrole
21]. Other studies have indicated that it is possible to enhance the
ensitivity of glucose biosensor with inclusion of carbon nanotubes
CNT) by deposition of Pt nanoparticles on CNT/TiO2 nanotubes
rray by a factor of up to 5 times [2],  on glassy carbon electrode
y a factor of a least 2 [21], and on mesoporous carbon by a factor
f 4–8 times [22]. However, this has never been attempted with
PyNWA or PAnNWA.

In this paper, the growth of well aligned PPy nanowires
PPyNWs) on AAO template is considered for improvement of the
lectron transfer of glucose biosensors. Furthermore, the possibil-
ty of using Pt nanoparticles (PtNPs) for decorating the PPyNWs is
nvestigated for improvement of the performance of amperometric
nd potentiometric detection of glucose. The achievable perfor-
ance for each mode of detection is compared to establish the best

onditions for utilization of the PPyNWA–PtNPs–GOx biosensor for
lucose detection. To this end, the effect of key parameters such as
hoice of pyrrole concentration, applied current density, potential
weep range, and scan rate was carefully evaluated.

. Experimental

.1. Chemicals

Glucose oxidase (type XS) extracted from Aspergillus niger was
urchased from Sigma–Aldrich and used as received. The enzyme
olution was prepared by dissolving GOx in 0.05 M phosphate
uffer to give a 2000 U mL−1 solution and was kept at 4 ◦C in the
ridge. Pyrrole, potassium chloroplatinate, sulphuric acid, potas-
ium chloride, glucose, oxalic acid, phosphoric acid, chromic acid,
nd other chemicals, of analytical reagent grade, were purchased
rom Sigma–Aldrich Company. The pyrrole was distilled at about

30 ◦C prior to use, and was stored in a bottle covered with alu-
inium foil in the freezer to prevent UV degradation.
High purity aluminium foil (99.999%) was purchased from Bei-

ing Cuibolin Non-Ferrous Technology Developing Co., Ltd, China.
cta 755 (2012) 100– 107 101

The supporting electrolyte was  a 0.05 M phosphate buffer (pH 7)
obtained by adjusting the ratio of Na2HPO4 and NaH2PO4.

2.2. Instruments

AAO templates were anodized with a direct-current power sup-
ply. Electrochemical polymerization and potentiometric detection
were performed on a computerized potentiostat/galvanostat with
a three-electrode cell, comprising of an Ag/AgCl (3 M KCl) ref-
erence electrode, a Pt/Ti wire auxiliary electrode, and an AAO
template fixed on a gold disc working electrode. Cyclic voltam-
metric experiments were performed with VoltaLab PGZ  301
potentiostat–galvanostat (Copenhagen). Morphological study of
the samples was performed with a JEOL JSM-6300F scanning elec-
tron microscope.

2.3. Fabrication of AAO template

AAO template was  fabricated by a two-step anodization on
an aluminum sheet. High purity aluminium discs (99.999%,
0.2 mm  thick) of 22 mm diameter were used in the experi-
ments, and 0.3 M oxalic acid was  used as the electrolyte. The
first anodization was performed by applying a potential of
45 V for 4 h at 0 ◦C, and the first oxide layer was  removed
by immersing samples in a mixed solution of phosphoric acid
(0.5%) and chromic acid (0.5%) at 60 ◦C for 6 h. The second
anodization was performed, after removing the first oxide layer,
and then the aluminum on the reverse side was  removed by
immersing sample in 0.5 M copper chloride solution. The AAO
template was  immersed in 0.5 M phosphoric acid solution at
40 ◦C for 20 min  to remove the barrier layer and enlarge the
holes.

2.4. Formation of PPy nanowires array (PPyNWA) on AAO
templates

The gold-disc electrode was polished with 5 �m aluminum
oxide on a soft polishing pad to remove any film and washed thor-
oughly with Milli-Q water. The electrode was  dried with fibre-free
tissue paper. The AAO template was made conducting by vacuum-
deposition of a gold layer on it. The template was  then cut into
a small size and fixed on the surface of the gold working elec-
trode. The PPyNWA were formed by galvanostatic polymerization
of pyrrole in a monomer solution which contained varying pyrrole
concentration and 0.1 M KCl at different applied current density
from 0.05 mA  cm−2 to 0.3 mA cm−2 for 600 s.

After the formation of PPy, the electrode was washed several
times with Milli-Q water to remove residual monomer solution.
Then the electrode was  placed in a 0.5 M NaOH solution to partly
remove AAO template and was subsequently washed thoroughly
with Milli-Q water.

2.5. Deposition of PtNPs on PPyNWA and adsorption of GOx

PtNPs were electrochemically deposited on the PPyNWA by
cyclic voltammetric scanning from −200 mV  to 200 mV  in an elec-
trolyte which contained 0.5 M H2SO4 and 5 mM K2PtCl6 at different
scan rates and number of cycles.

The resulting PtNPs modified PPyNWA (PPyNWA–PtNP) was
rinsed with Milli-Q water. The adsorption of enzyme was achieved

by immersing the PPyNWA–PtNP electrode in 2000 U mL−1 GOx
solution overnight at 4 ◦C. The electrode was then washed with
Milli-Q water to remove residual free enzyme and was stored in a
buffer solution at 4 ◦C.
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Fig. 1. Fabrication of PPyNWA–PtNPs. (a) Chronopotentiogram obtained for growth
of  PPyNWA, the insert is the SEM view of PPyNWA (23,000×). [Py] = 0.2 M,
02 G. Xu et al. / Analytica Chi

.6. Detection of glucose

The potentiometric detection of glucose was performed in a
wo-electrode cell with the PPyNWA–PtNP–GOx biosensor as the
orking (indicator) electrode and an Ag/AgCl (3 M KCl) reference

lectrode in 2 mL  phosphate buffer solution (0.05 M,  pH 7). Once a
teady-state potential was reached, 20 �L glucose standard solu-
ion was added and the addition was repeated as many times as
equired.

The amperometric detection of glucose was performed in a
hree-electrode cell with the PPyNWA–PtNP–GOx biosensor as the
orking electrode in 2 mL  buffer solution. The applied potential
as determined from the cyclic voltammograms.

. Results and discussion

.1. Galvanostatic polymerization of pyrrole and modification
ith PtNPs

The gold-plated AAO template prepared in Section 2.4 was
mmersed in a pyrrole solution (between 0.1 M and 0.5 M)  for
0 min  to allow the solution to fill the holes of the template prior
o growing the PPyNWA. On commencement of the polymeriza-
ion the electrode potential fluctuates dramatically, decreasing to
s low as 300 mV  due to the irregular surface of the gold layer, as
ell as the difficulty of the monomer to diffuse into the nano-holes.

ig. 1a shows the chronopotentiogram obtained for the growth
f PPyNWA on an AAO template with an applied current density
f 0.2 mA  cm−2. Evidently, the fluctuation of the electrode poten-
ial diminished (after 150 s) with time and the potential became

ore stable at around 530 mV.  The inset in Fig. 1a shows that PPy
anowires (PPyNWs) are grown uniformly from the holes of the
AO template with a diameter of about 20 nm.  This diameter is
uch smaller than those of the holes (around 100 nm in diame-

er) and, thus, indicates that PPyNWs grew freely in the template
nstead of growing along the wall of the hole.

Fig. 1b shows the repeated cyclic voltammograms (CVs)
btained during subsequent deposition of PtNPs on PPyNWA
etween −200 mV  and 200 mV  at a scan rate of 50 mV  s−1. The
bserved current noise in the CVs for the PtNP deposition was  due
o two reasons: (a) attachment of the deposited PtNPs to the PPy
anowires array – it is well known that finely divided Pt is usu-
lly deposited by this electrochemical approach [23]. Weak or poor
ontact between the PtNPs and the PPy, as well as any nanowires
ot fully coated with PPy may  contribute to the observed cur-
ent noise. One way of improving on this is to entrap GOx with
Py on top of the PtNPs; and (b) while the current density ranged
rom −2 mA  cm−2 to 1 mA  cm−2, the surface area of the electrode
as only 0.0208 cm2. As the current was between −40 �A and

0 �A, small variations will be more noticeable. Nevertheless, it
as obvious that a reduction–oxidation couple was observed at

bout −110 mV  and −50 mV  for the deposition of PtNPs on the
PyNWA. The reduction peak remained stable at −110 mV,  and
eak current increased with time. However, the oxidation peak
otential shifted from −50 mV  to −33 mV  with increasing num-
er of cycle as a consequence of the increasing PtNPs thickness,
nd the peak current increased with repeated cycles. The increas-
ng reduction and oxidation peak currents confirmed the formation
f PtNPs on PPyNWA. Previous studies [23–25] have also indicated
hat the observed reduction peak at −110 mV  is associated with for-

ation of metallic platinum. For example, Lingane [23] reported on

he chronopotentiometric reduction of PtCl62− at about −100 mV  vs
CE. He observed anodic and cathodic chronopotentiometric waves
f approximately equal transition times. He suggested that these
orrespond, respectively, to the oxidation of Pt(II) to the Pt(IV) and
[KCl] = 0.1 M,  current density is 0.2 mA  cm−2 and time is 600 s; (b) CV deposition of
PtNPs on PPyNWA. Potential range from −200 mV to 200 mV,  scan speed is 50 mV s−1

and number of cycles is 20.

reduction to Pt(0). He also noticed that finely divided platinum were
deposited on the electrode surface.

3.2. Electrochemical characterization of PPyNWA electrodes in
presence of PtNPs and GOx

To further study the electrochemical properties of the
PPyNWA–PtNPs electrode, two additional electrodes which con-
tained GOx were prepared in the absence and presence of PtNPs for
glucose detection. Fig. 2 shows the cyclic voltammograms obtained
at PPyNWA–GOx, PPyNWA–PtNPs–GOx and PPyNWA–PtNPs elec-
trodes in a phosphate buffer solution in the absence and presence
of glucose at a scan rate of 10 mV  s−1. Curves (a) and (b) in Fig. 2(i)
show the difference in the electrochemical behaviour of PPy–GOx
film in phosphate buffer in absence and presence of glucose. Almost
no change can be observed in the CVs with the addition of 10 mM
glucose, except for a little decrease in the cathodic current at

−610 mV, which indicates that PPy–GOx did not give a notable
response to glucose. In contrast, curves (c) and (d) in Fig. 2(ii)
compare the CVs of PPy–Pt–GOx in absence and presence of glu-
cose. When 10 mM glucose was  added to the buffer solution, the
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ig. 2. Cyclic voltammograms of (i) PPyNWA–GOx, (ii) PPyNWA–PtNPs–GOx, and
.05  M phosphate buffer (pH 7.0).

nodic current obtained with the PPy–Pt–GOx electrode increased
t potentials higher than 300 mV,  accompanied by a little decrease
n the cathodic current. Curves (e) and (f) in Fig. 2(iii) show the
Vs of PPy–Pt in 0.05 M buffer solution in absence and pres-
nce of 10 mM glucose. There was no observable difference in the

wo curves and, thus, indicates that PPyNWA–PtNPs did not give
esponse to glucose in absence of GOx.

The effect of modification of the PPyNWA with PtNPs on its elec-
rochemical behaviour is obvious from comparison of Fig. 2(i) with
PyNWA–PtNPs in buffer and in presence of 10 mM glucose. Scan rate: 10 mV s−1;

Fig. 2(ii). In the absence of PtNPs (Fig. 2(ii)), a reduction peak at
−610 mV  and an oxidation peak at −400 mV  were obtained with a
PPyNWA–GOx electrode placed in phosphate buffer. These peaks
are consistent with those reported by Adeloju and Moline [26].
No other peaks were present, and thus indicate that there is no

direct electron transfer between GOx and PPyNWs. However, at a
PPy–NWA–PtNPs–GOx electrode (Fig. 2(ii)), both the anodic and
cathodic currents increased substantially. The reduction current at
potentials lower than −600 mV and the oxidation peak at −620 mV
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ere due to the electrochemical adsorption and desorption of
ydrogen on Pt surface.

Fig. 2(iii) shows the CVs obtained with PPyNWA–PtNPs elec-
rode which did not contain GOx. A comparison of the CVs with
hose obtained with PPy–NWA–PtNPs–GOx electrode (Fig. 2(ii))
eveals that there is only a common cathodic shoulder peak which
ppeared between −300 mV  and −500 mV  on both sets of CVs. Fur-
hermore, it was noted that the presence or absence of glucose had
o effect on the CVs (Fig. 2(iv)) obtained with the PPyNWA–PtNPs
lectrode. In contrast, the presence of GOx in the electrode (as
PyNWA–PtNPs–GOx electrode) did not only reduce the magnitude
f the anodic and cathodic current by 53% and 32%, respectively,
ut also reveal notable differences in the absence and presence of
lucose. As shown in Fig. 2(iii), when 10 mM glucose was added
o the buffer solution, the anodic current increased by 27 mA  cm−2

t potentials higher than 300 mV,  accompanied by a decrease of
3 mA  cm−2 in the cathodic current. This observation clearly indi-
ates that the catalytic oxidation of glucose occurs readily in the
resence of the immobilized GOx. The mechanism of the catalytic
xidation of glucose by the immobilized GOx can be explained by
he following electrode reactions [22]:

Glucose + O2
GOx−→Gluconic acid + H2O2

H2O2 + 2H+ + 2e−electrode−→ 2H2O (cathodic current response)

2H2O2
electrode−→ H2O + 2H+ + 2e− (anodiccurrent response)

In addition to the observed anodic and cathodic current changes,
hree distinct additional peaks; 2 anodic at 500 mV  and −340 mV,
nd 1 cathodic at 120 mV;  were evident when CVs were obtained
ith the PPyNWA–PtNPs–GOx electrode in presence of glucose

Fig. 2(iii)). The anodic peak at about 500 mV  and the cathodic peak
t 120 mV  were clearly associated with the catalytic oxidation of
lucose and possibly due to the oxidation and reduction of perox-
de generated by the enzymatic reaction. The presence of PtNPs has
een previously shown to improve electrocatalytic activity [27].

As illustrated in Fig. 2(ii), the immobilized enzyme on
PyNWA–GOx electrode has the same catalytic effect on glucose
s the enzyme immobilized on the PPyNWA–PtNPs–GOx elec-
rode. This is evident from the suppression of the cathodic peak
t −610 mV  (Fig. 2(ii)), but lacked sensitivity to the H2O2 pro-
uced from the catalytic reaction. This view is well supported by
he absence of the anodic peak or current increase at 500 mV  and

 cathodic peak at 120 mV  observed in Fig. 2(iii). Overall, it can
e concluded that the electrochemical reactivity and conductiv-

ty of PPyNWs modified with PtNPs were much better than those
n which the nanoparticles were absent, as reflected by the num-
er of peaks and the current magnitude. This is again consistent
ith the reported improvement of electrocatalytic activity when

tNPs are present [27]. Furthermore, as shown in Fig. 2(iii), the
Vs obtained with the PPyNWA–PtNPs–GOx electrode in pres-
nce of glucose clearly indicates that a larger current response
as obtained at potentials more positive than 300 mV.  Further-
ore, the hydrogen peroxide generated during the enzymatic

eaction at the PPyNWA–PtNPs–GOx electrode gave potentiometric
esponse which decreased with increasing glucose concentration.
o fully appreciate the analytical utility of the PPyNWA–PtNPs–GOx
iosensor, it was  necessary to further optimized the biosensor for
oth amperometric and potentiometric detection of glucose.

.3. Optimization of the PPyNWA–PtNPs–GOx biosensor
Fig. 3a shows the effect of the different current density
mployed for the growth of PPyNWA on the potentiometric and
mperometric responses obtained for glucose. Evidently, the use
cta 755 (2012) 100– 107

of a current density of 0.1 mA cm−2 to grow the PPyNWA gave
optimum amperometric and potentiometric response for glucose.
At a lower current density (less than 0.1 mA  cm−2), the resulting
PPyNWs were too short and difficult to expose from the AAO hole
when the template was partly removed. This limited the adsorp-
tion of GOx and consequently affected glucose detection. The lower
potentiometric response observed when current density above
0.1 mA cm−2 was  used for the growth of the PPyNWs was due to
an increase in nanowire length and thickness which increases the
diffusion and electron transfer barriers of hydrogen peroxide.

The growth of PPyNWs with different pyrrole concentra-
tion had less effect on the glucose response obtained with
the PPyNWA–PtNPs–GOx biosensors. In particular, the glucose
responses obtained by potentiometric detection were not much dif-
ferent and the optimum response was  obtained when the PPyNWs
were grown with 0.2 M Py for both amperometric and potentiomet-
ric detection (Fig. 3b). At lower pyrrole concentration, the diffusion
of pyrrole monomer was low and, hence, produced inadequate cov-
erage of the electrode and gave low response to glucose. Beyond
0.2 M Py, the increased PPy film thickness and associated increase
in diffusion barrier contributed to the observed reduction in the
magnitude of the glucose response. Although the variation in the
amperometric response obtained with PPyNWs formed with 0.2 M
Py was slightly higher than for those formed in the presence of
higher Py concentration, the considerable difference in the amper-
ometric response (>100%) compensates for the slight variation.
Interestingly, for potentiometric detection, there was no significant
variation in the response obtained with PPyNWs prepared with
≥0.2 M Py.

Fig. 3c shows the influence of potential scan rate used for the
deposition of PtNPs on the response of the PPyNWA–PtNPs–GOx
biosensor to glucose. Evidently, both the amperometric and poten-
tiometric response increased with the increasing scan rate from
25 mV  s−1 to 50 mV s−1. However, beyond a scan rate of 50 mV  s−1

the glucose response obtained by both detection modes decreased
considerably due to the increased thickness and particle size of the
PtNPs. Consequently, an optimum scan rate of 50 mV  s−1 was  used
for the deposition of the PtNPs on the PPyNWA.

Furthermore, both the amperometric and potentiometric
response of glucose obtained with the PPyNWA–PtNPs–GOx
biosensor increased, as shown in Fig. 3d, with the number of CV
cycles used for the deposition of PtNPs over the PPyNWA up to 20
cycles. Beyond 20 cycles, the rapid decline in the response was  due
to increased PtNPs thickness and particle size. This may  lead to for-
mation of a Pt film over the PPyNWA and may  block the adsorption
of enzyme, as well as increase the diffusion barrier to the catalytic
product and, thus, reduce the sensitivity of the response. Conse-
quently, 20 cycles of CV was used as optimum for deposition of
PtNPs over PPyNWA.

In summary, the optimum conditions established for fabrication
of the PPyNWA–PtNPs–GOx biosensor for sensitive amperometric
and potentiometric detection of glucose were: PPy film formation
with 0.2 M Py, applied current density of 0.1 mA cm−2, and poly-
merization time of 600 s; PtNPs deposition within −200–200 mV
at a scan rate of 50 mV s−1, and 20 CV cycles; enzyme adsorption
with 2000 U mL−1 GOx for 15 h.

3.4. Analytical performance

Fig. 4a shows the typical chronopotentiograms obtained
for increasing glucose concentrations with the optimized

PPyNWA–PtNPs–GOx biosensor. The potentiometric response
decreased sharply with each addition of glucose and took a long
time (more than 100 s) to achieve stabilization, especially at
lower glucose concentration. A plot of potential change versus
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ig. 3. Effect of (a) current density of polymerization, (b) concentration of pyrro
mperometric detection of glucose with PPyNWA–PtNPs–GOx biosensor. Applied
.1  mA  cm−2; [Py] = 0.2 M;  scan rate for PtNPs deposition is 50 mV s−1 and 20 CV cyc

log[glucose] (Fig. 4b) gave a Nernstian behaviour with a slope
f 40.5 mV/decade and a linear concentration range from 10 �M
o 1 mM (R2 = 0.9936). The minimum detectable concentration
f glucose achieved with the PPyNWA–PtNPs–GOx biosensor
as 10 �M and the calculated detection limit (3�) was  5.6 �M.
lthough the sensitivity achieved with this biosensor is not as good
s that achieved (∼90 mV/decade) with an ultra-thin PPy–GOx film
iosensor [26], the detection limit is superior to those achieved
ith other glucose biosensors which employed nanomaterials

uch AuNW (46 �M)  [28], Au modified CNT (20 �M)  [29], and
PyNT (108 �M)  [30].

Fig. 4c shows typical amperometric responses obtained at dif-
erent applied potentials with the PPyNWA–PtNPs–GOx biosensor
o successive additions of glucose in a phosphate buffer solution.
he upper left inset shows the increase in amperometric response
o successive increase in the lower glucose concentration range.
he anodic current increases stepwise with successive injection
f glucose, and the rapid response time (ca. 7 s) to changes in glu-
ose concentrations indicate excellent electrocatalytic behaviour
f the PPyNWA–PtNPs–GOx biosensor. It was obvious that the

se of higher applied potential (700 mV)  gave optimum glucose
esponse. Fig. 4d shows that the amperometric response obtained
ith the PPyNWA–PtNPs–GOx biosensor at this applied potential

ncreases linearly with glucose concentration from 0.1 mM to 9 mM
 scan rate of CV deposition and (d) number of cycles on the potentiometric and
tial is 700 mV for amperometric detection; current density for polymerization is

(R2 = 0.9977). From the calibration plot, a linear relationship was
obtained within this concentration range as illustrated in Fig. 4d.
The sensitivity of the PPyNWA–PtNPs–GOx biosensor obtained
with an applied potential of 700 mV  was  34.7 �A cm−2 mM−1,
which is much higher than those of other glucose biosensors
which employed nanomaterials such as Pt modified PPy–GOx at
9.9 �A cm−2 mM−1 [21], AuNW at 15.6 �A cm−2 mM−1 [28], and
PPyNT at 7.4 �A cm−2 mM−1 [30]. Even with the use of applied
potentials of 500 and 300 mV  with the PPyNWA–PtNPs–GOx
biosensor, the achieved sensitivities of 29 and 24 �A cm−2 mM−1,
respectively, were still much better. The achieved detection limit
(3�) of 27.7 �M with the PPyNWA–PtNPs–GOx biosensor is also
better than those reported with other nanomaterials such as
AuNW at 46 �M [28], and PPyNT at 108 �M [30], but not as good as
that (5.6 �M)  achieved by potentiometric detection in this study.
This superior detection limit obtained with the potentiometric
detection is due to the ability of the hydrogen peroxide produced
from the enzyme catalysed oxidation of glucose to cause signifi-
cant potential change and, thus, result in a higher sensitivity. This
has been shown to result in the attainment of super-Nernstian

response for glucose [26] and, thus, can lead to improved detection
limit. Further improvement in the sensitivity and achievable detec-
tion limit by both amperometric and potentiometric detection of
glucose with the PPyNWA–PtNPs–GOx biosensor can be realized
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ig. 4. Potentiometric and amperometric detection of glucose with the PPyNWA–
b)  Nernstian plot, (c) chronoamperograms for increasing glucose concentrations a
hosphate buffer (pH 7.0). For (c), each addition of glucose for inset is 0.1 mM,  and 

y immobilization of the enzyme by direct entrapment into the
Py–NWA or on top of the PtNPs. Both of these approaches are
urrently being investigated in our laboratories to enable reliable
pplication of the PPyNWA–PtNPs–GOx biosensor to real samples.

. Conclusions

Fabrication of a well aligned PPyNWA with a diameter of about
0 nm within AAO template has been successfully demonstrated.
he electrochemical properties of the PPyNWA were significantly
nhanced by decoration with PtNPs via cyclic deposition. Adsorp-
ion of GOx over the PPyNWA–PtNPs enabled both amperometric
nd potentiometric detection of glucose. The potentiometric detec-

ion achieved much lower detection limit (5.6 �M)  than with
mperometric detection (27.7 �M).  However, the response time
or the latter (∼7 s) was much faster than for the former (>100 s).
ased on detection limit and linear concentration range, the use of
–GOx biosensor. (a) Chronopotentiograms for increasing glucose concentrations,
rent applied potentials, and (d) typical calibration curve. Measurement in 0.05 M
ers (black, blue and red traces) is 1 mM.

the PPyNWA–PtNPs–GOx biosensor in the potentiometric mode is
superior than the amperometric mode, but can be used comple-
mentarily to detect low (10 �M to 1 mM  by potentiometric mode)
and high (0.1 mM  to 9 mM by amperometric mode) glucose con-
centrations. The possibility of achieving further improvement in
sensitivity and detection limit by both detection modes via direct
entrapment of GOx within PPyNWA or on top of PPyNWA–PtNPs is
currently being investigated.
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