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Abstract

Different strategies, including palladium electrodeposition (Pdcy), Pd sputtering (Pds) and Nafion-solubilized carbon nanotube casting
(Nafion/CNT), were used to modify screen-printed carbon electrodes (SPCEs) for the fabrication of amperometric enzyme biosensors. The elec-
trochemical properties of the bare and modified SPCEs and the optimal conditions for surface modification were determined. The electrochemical
response of the bare SPCE to H,O, under the potential of 0.3V could be improved about 100-fold by Pd modification by electrodeposi-
tion or sputtering. By contrast, the electrochemical response of the bare SPCE was enhanced by only about 11-fold by Nafion/CNT casting.
Moreover, the Pdcy-SPCEs exhibited better reproducibility of electrochemical response (a relative standard deviation (R.S.D.)<6.0%) than
freshly prepared Pds-SPCEs (R.S.D.>10%). The glucose biosensor fabricated from Pd-modified electrodes could be stored for up to 108
days without loosing significant activity. The Pdcy-SPCE also showed very reliable signal characteristics upon 50 consecutively repeated
measurements of ascorbic acid. The electrocatalytic detection of the Pd-SPCE was combined with additional advantages of resistance to
surface fouling and hence good stability. In conclusion, this study demonstrated that deposition of Pd thin film on SPCEs by electrodepo-
sition or sputtering provided superior enhancement of electrochemical properties compared to Nafion/CNT-SPCEs. Despite their high elec-
trochemical response, Pds-SPCEs required an activation process to improve stability and Pdcy-SPCEs suffered from poor between electrode
reproducibility.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recent trends in research and development of biosensors have
increasingly emphasized the manufacture of portable biosensing
systems (Thévenot et al., 2001; Malhotra and Chaubey, 2003;
Zhang et al., 2000). Screen-printed carbon electrodes (SPCEs)
are frequently used for the construction of simple portable
devices for fast screening purposes and in-field/on-site moni-
toring because of their low cost and easy integration into mass-
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production processes (Albareda-Sirvent et al., 2000; Castillo et
al., 2004; Yoon and Kim, 1996; Gao et al., 2003). Electroactive
species generated during enzymatic reactions can be measured
amperometrically by these sensors. However, such amperomet-
ric biosensors often suffer from electrochemical interference
by oxidizable species, such as L-ascorbic acid, uric acid, and
acetaminophen (Mizutani et al., 1998a,b). Like hydrogen perox-
ide, these interferants can be oxidized on the electrode resulting
in a large current response. To avoid the interference from these
oxidizable species, attempts have been made to modify elec-
trodes with suitable electrocatalytic metals, such as platinum,
rhodium, ruthenium, palladium as well as carbon nanotube, to
reduce the overpotential for the oxidation of hydrogen perox-
ide (Xu et al., 2002; Yamato et al., 1997; Sarkar et al., 1999;
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Wang and Musameh, 2003; Wang et al., 2004; Wang, 2005;
White et al., 1994; Newman et al., 1995; Chi and Dong, 1993;
Johnston et al., 1995). Among available transition metals, pal-
ladium is often chosen to modify the electrode because it is
difficult to oxidize, electrocatalytically active and relatively
inexpensive (Xu et al., 2002; Yamato et al., 1997; O’Connell
et al.,, 1998; Chang et al., 2003). Interestingly, carbon nan-
otube (CNT) can also be used for the modification of carbon
electrodes, because it is capable of accelerating electron trans-
fer during electrochemical reactions (Wang et al., 2004; Wang,
2005).

Carbon paste electrodes can be modified by dispersing pal-
ladium particle and/or CNT powder in carbon (graphite) paste
prior to fabrication of the electrode (Wang et al., 1992, 1995;
Rubianes and Rivas, 2003; Wang and Chen, 1994; Cai et
al., 1995; Yamato et al., 1997; Sarkar et al., 1999). Pd- and
CNT-dispersed carbon electrodes exhibited high electrocatalytic
activity and increased response to hydrogen peroxide (Wang et
al., 1992; Rubianes and Rivas, 2003; Wang and Chen, 1994;
Cai et al.,, 1995; Yamato et al., 1997; Sarkar et al., 1999).
However, their response times were slow and several minutes
were required for the reaction to reach a steady-state. Moreover,
the surface characteristics of the Pd- and CNT-dispersed elec-
trodes were altered as the reaction proceeded, resulting in poor
reproducibility of performance. Other modifications, such as
preanodization and electrochemical cycling (Wang et al., 1996;
Cui et al., 2001; Jae et al., 2001), were required for the activa-
tion of the electrodes, thereby enhancing their electrochemical
activity and improving their reproducibility. Alternatively, car-
bon electrodes can be modified by the deposition of palladium
or CNT (O’Connell et al., 1998; Nowall and Kuhr, 1995). The
electrochemical properties of glassy carbon and metal electrodes
could be improved by the electrodeposition of palladium (Zhang
et al., 2000). Although the electrochemical activity of the elec-
trodes was improved, the palladium on the surface of glassy car-
bon or metal electrodes was mechanically unstable (O’Connell
et al., 1998; Sakslund and Wang, 1994), presumably because
metal particles were not incorporated during electrodeposition.
However, this approach has not been used in the improvement
of screen-printed carbon electrode. The disadvantages exhib-
ited in glassy carbon and metal electrodes may not occur in
SPCE because of its rough and porous structure (Lubert et al.,
2001a,b).

This study presented the analysis of the effect of palladium
modification of the SPCE surface by electrodeposition and sput-
tering (Os et al., 1996; Kuwabata and Martin, 1994). Electro-
chemical properties, such as electrochemical response, response
time, and cyclic voltametric behavior, and mechanical stability
were carefully investigated on the electrodeposited and sput-
tered Pd-SPCEs. These properties were compared with those of
a CNT-modified electrode. An amperometric glucose biosensor
was fabricated using the Pd-modified electrodes, and its charac-
teristics and sensitivity were studied. The easy availability of the
electrode modification processes presented in this study suggests
the potential for future development of SPCE-based biosen-
sors with high sensitivity and reproducibility on a commercial
scale.

2. Experimental
2.1. Reagents

Bovine serum albumin (BSA), glucose and palladium chlo-
ride (PdCly) were purchased from Sigma Chemical Co. (St.
Louis, USA). PVA-SbQ was obtained from Toyo Gosei Kogyo
Chemical (Tokyo, Japan) (Chang et al., 2003). The L-Glucose
oxidase (GOx, EC 1.1.3.4), hydrogen peroxide were purchased
from Fluka. The palladium strip electrode was obtained from
Boehringer—Mannheim (Yuan et al., 2005). The screen-printing
carbon strip was obtained from ApexBichem (Hsinchu, Taiwan).
Multiple wall carbon nano tubes (CNT) with an average exter-
nal diameter of 20-40 nm and length of 5-15 wm were obtained
from Conyuan Biochemical Technology Co. (Taipei, Taiwan).
The buffer for assay is 100 mM phosphate buffer saline (PBS).
One hundred millimolar phosphate buffer were prepared by mix-
ing stock standard solution of K;HPO,4 and KH,PO4 and adjust
the pH with NaOH. The common chemicals used for prepara-
tion of buffers, etc., were of analytical reagent grade. All of the
solutions were prepared with deionized distilled (D-D) water.

2.2. Electrodeposition of palladium on the SPCE

Oxygen plasma treatment was performed using an UV/O3
cleaner (Nippon laser and electronics, Japan) and UV light
irradiation in a pure oxygen atmosphere. All measurements
were performed at room temperature. The electrodes were then
immersed in a solution containing 5mM palladium chloride.
The surface concentration of the palladium films could be con-
trolled by the appropriate choice of the number of cyclic scans.
Electrodeposition on the strip was performed by cyclic potential
scanning between —0.4 and 1.0 V versus Ag/AgCl at 50mV/s.
Unless otherwise stated, Pd-modified electrodes were developed
using cyclic scans for 15 cycles.

2.3. Sputtering of palladium on the SPCE

SPCEs with a working area of 4.8 mm? were sputtered using
a S200C radio frequency sputter coater designed by Branchy
Technology Co. Ltd. (Tao-Yuan, Taiwan) using 99.999% pure
palladium. A sputtering time of 2—4 min at a pressure of 5 kPa
and a current of 70 mA were used to yield a 50-150 nm thick
sputtered-Pd layer.

2.4. Casting CNT on the SPCE

Multiple wall CNT was solubilized in 0.5% Nafion solution
to give a concentration of 1 mg/mL via mild sonication and sub-
sequently film-cast onto the SPCE surface (Lim et al., 2005).

2.5. Enzymes immobilization

The enzymes were immobilized by a combination of PVA-
SbQ photo cross-linking and glutaraldehyde exposure. A mix-
ture of 50 mg PVA-SbQ and 150 mg L-GOx (500 U/mL) was
prepared and 1 p.L of this mixture was deposited onto the active
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area of the electrode, the sensor was then placed in a dark sealed
box containing glutaraldehyde vapor. The box was kept at 4 °C
for 8 h, followed by exposure under UV light for 25 min.

2.6. Amperometric measurements procedure

Amperometric measurements were performed using a home-
made potentiostat (Chang et al., 2003). Input and output signals
from the potentiostat were coupled to a PC (Pentium 600 MHz)
using a peripheral interface card (AT-MIO-16E, National Instru-
ments, Austin, TX, USA). The interface card consisted of a
16-channel analog-to-digital (A/D) converter (12 bit) and a
2-channel digital-to-analog (D/A) converter (12 bit). Voltage
output, data display and recording were programmed using the
LabVIEW 6.1 Software package (National Instruments). All
measurements were taken with a three-electrode system under a
fixed working potential of 0.5V versus Ag/AgCl using a modi-
fied commercial palladium strip with an active area of 4.8 mm?>
as the working and counter electrodes. The working solution
was 9.9 mL PBS buffer (pH 7.0) in a cylindrical cell, with tem-
perature controlled using a thermostat. All experiments were
carried out at 37 °C. For the measurement of glucose, 0.1 mL
glucose stark solution was injected into the test solution using
a micro syringe when a steady-state of the testing-system had
been obtained. Following the injection of glucose, the response
current was displayed and simultaneously recorded by the com-
puter until a steady-state was achieved. Magnetic stirring during
the operation was used to ensure the homogeneity of the solu-
tion. The difference between the baseline and the steady-state
current was used to calculate the concentration of glucose.

3. Results and discussion
3.1. Modification of the SPCE with Pd

To reduce the overpotential for the oxidation of hydrogen
peroxide the electrocatalytic metal, Pd, was deposited on the
surface of the SPCE by either electrodeposition (Pdcy-SPCE)
or sputtering (Pds-SPCE). The electrodeposition of Pd was per-
formed using cyclic voltammetry in the 100 mM PBS buffer (pH
7.0) containing 5 mM palladium chloride with a scanning range
of —0.4 to 1.0V and a scan rate of 50mV/s. The SPCE was
also modified with palladium using a sputter coater. A thin sput-
tered Pd layer (50-150 nm) was obtained using sputtering times
ranging from 2 to 4 min at a pressure of 5kPa and a current of
70mA. As shown in Fig. 1, the bare and 50 nm Pd layer-coated
(Pds50-SPCE) electrodes displayed similar cyclic voltammo-
grams, while a substantial increase in the current response
was observed on the 100 nm (Pds;0o-SPCE) and 150 nm thick
Pd layer (Pdgis0-SPCE) coated electrodes. Among the Pd-
coated SPCE electrodes, the Pdg100-SPCE achieved the highest
response, whereas the response of Pdgjso-SPCE showed only
moderate amplification. A surface area differences among three
Pd-coated SPCEs may account for their differential electro-
chemical responses to H,O,. The surface characteristic of SPCE
and Pds-SPCEs was further studied by scanning electron micro-
graph (SEM) (Fig. 2). As illustrated in Fig. 2A, the surface of
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Fig. 1. Cyclic voltammograms of electrodes modified by Pd sputtering of dif-
ferent thicknesses.
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Fig. 2. Typical scanning electron micrograph of (A) SPCE electrode, (B) Pd
sputtering SPCE electrode and (C) commercial Pd strip electrode (magnifica-
tion 20,000-fold). This microscopic images show a rough and jagged structure
with randomly distributed carbon particles and binder on the surface of SPCE
electrode (A and B).
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Fig. 3. Cyclic voltammograms of the bare SPCE (A), Pds100-SPCE (B), Pdcy5-SPCE (C) and commercial Pd strip electrode (D). Scan rate was 50 mV/s.

SPCE is mostly rough and pitted. Although the surface of SPCE
coated with Pd by sputtering still exhibited a rough texture, most
of pits on the surface of Pdgigo-SPCE disappeared (Fig. 2B).
This result suggests that a layer of Pd film thicker than 100 nm
may further smooth the surface of SPCE leading to smaller sur-
face area. This postulation can partially explain the result that
the electrochemical response of Pdg;50-SPCE is lower than that
of Pdg100-SPCE (Fig. 1). This postulation was further confirmed
by the observation that a commercial Pd strip with a smooth sur-
face (Fig. 2C) exhibited a low electrochemical response to H>O»
(Fig. 3D). On the other hand, 50 nm Pd film might not be thick
enough to provide enough H>O» binding and catalytic sites on
the SPCE surface (Hall et al., 1998a,b). Thus, the sputtering time
should be carefully controlled to achieve sufficient thickness of
the Pd layer to cover the entire surface of SPCE. In addition, a
critical thickness of Pd is likely to be required for the electrodes
to allow optimal electrochemical responses to occur (Johnston
et al., 1995).

3.2. Cyclic voltammetric studies of the bare and Pd-coated
SPCEs

Fig. 4 illustrates the cyclic voltammograms of the bare SPCE,
Pds100-SPCE, Pdcv15-SPCE (a Pd-modified SPCE by 15 cycles
of CV) and a commercial Pd strip electrode. A significant charg-
ing current of the bare SPCE was observed in the potential range
0of 0.5-0.7 V without a cathodic arm (Fig. 3A), while the Pdcys-
SPCE (Fig. 3C) and commercial Pd strip electrode (Fig. 3D)
showed similar cyclic voltammograms, exhibiting a potential
window in the range of 0.2—-0.6 V and a pronounced cathodic arm
associated with the reduction of oxides on the surface of these
electrodes. These results indicate that the Pdcy-SPCE exhib-

ited electrochemical properties and cyclic voltametric behavior
which were similar to those of the commercial Pd strip electrode
(O’Neill et al., 2004).

Despite its similar cyclic voltammetric behavior, the Pdcys-
SPCE exhibited a 10-fold higher electrochemical response to
hydrogen peroxide than the commercial Pd strip electrode
(Fig. 3C and D). Itis possible that electrodeposition on the rough
and jagged surface resulted in the generation of a larger reaction
area on the electrode (Fig. 3B and C). The cyclic voltammo-
gram of the Pdg109-SPCE (Fig. 3B) showed a moderate charging
current in the potential range of 0.5-0.7 V. Moreover, both the
Pd sputtering-coated and Pd-electrodeposited SPCEs (Pdcys-
SPCE) exhibited higher background current at 0.1 V in the cyclic
voltammograms than that of the bare SPCE (Fig. 3). This result
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Fig. 4. Cylcic voltammograms of the Pd-SPCE determined in 100 mM phos-
phate buffer solution containing 1 mM H>0, (A) and in 100 mM phosphate
buffer solution (B).
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Table 1

The H,O; concentration-dependent responses of the SPCE and Pd-SPCE

Concentration (mM) Response of the SPCE (nA)* Response of the Pdcy-SPCE (nA)? Folds®
0.2 1.94 (11.16)° 323.85 (2.30) 167
0.4 3.83 (6.05) 637.49 (2.81) 167
0.6 6.45 (7.00) 927.65 (0.76) 144
0.8 9.63 (4.96) 1202.69 (0.46) 125
1.0 11.67 (3.94) 1440.71 (0.43) 123

2 Each value is the mean of three measurements. Measurements were carried out at 37 °C in 100 mM sodium phosphate buffer (pH 7.0) under stirring. The polarizing

potential applied to the sensor was 0.4V vs. Ag/AgCl.
b Response of the Pdcy-SPCE/response of the SPCE.
¢ Relative standard deviation.

could be partially explained by the enlargement of the surface
area of the SPCE due to Pd modification by electrodeposition or
sputtering.

The Pd-based catalytic scheme for measuring HyO» has been
described elsewhere (Hall et al., 1998a,b; Johnston et al., 1995).
Under a sufficient anodic potential, Pd(0) is first oxidized to
Pd(II) and then to Pd(OH),. The presence of H,O-Pd(OH),
offers bonding sites for HyO; to allow subsequent reactions to
occur (Hall et al., 1998a,b). As illustrated in Fig. 4, on a Pd-
modified SPCE, the electrochemical response to HyO» could be
easily induced starting from 0.2 V (line A). This was presumably
due to the drastic increase of Pd(OH);-H,O; on the electrode
(Hall et al., 1998a,b). Under such circumstances, the conversion
of Pd(OH);-H; 05 to Pd(0) becomes the rate-limiting step so that
the conversion from Pd(0) to Pd(IT) can occur as soon as Pd(0) is
generated. These results thus suggest that the palladinized elec-
trode had substantially decreased applied potential and amplified
oxidative current resulting from the oxidation of H,O,. The
advantageous of Pd deposited on the SPCE in the catalytic
activity of HyO was further demonstrated by electrochemical
responses of SPCE and Pdcvy-SPCE to various concentrations of
H>0, (Table 1). The electrochemical responses of Pdcy-SPCE
to HoO; showed 123-167-folds higher than that of unmodified
SPCE.

3.3. Comparison of Pd-electrodeposited SPCE with
Nafion/CNT-modified electrodes

An optimal working potential for Pd-modified SPCE to
H>0» could be estimated from the steady-state hydrodynamic
voltammograms. The net steady-state anodic currents of H,O»
of bare, Nafion/carbon nanotube (CNT)-deposited and Pd-
electrodeposited SPCEs were obtained within potentials ranging
from 0 to 0.8 V (Fig. 5). Compared with the bare SPCE the elec-
trochemical responses of the Pd-electrodeposited electrode to
1 mM H,O; exhibited a sharp increase in response to applied
potentials higher than 0.2 V. At 0.3V, the steady-state anodic
current of the Pdcy15-SPCE (i, =5.533 wA) was about 100-fold
higher than that of the bare SPCE (i, =0.055 p.A), and about 70-
fold (i, =22.181 wA) higher than that of the bare SPCE at 0.5 V.
By contrast, the steady-state anodic currents to HyO» of the bare
SPCE remained unchanged within the potential range tested.
Apparently, the improved sensitivity of the SPCE was associated
with the electrocatalytic activity of the palladium surface coat-

ing to HoO,. Furthermore, the electrochemical responses of the
Pdcy15-SPCE to H,O; were highly reproducible with a relative
standard deviation (R.S.D.) lower than 6.0% when determining
electrochemical responses of three electrodes to 1 mM H,O» at
three different potentials 0.4, 0.6 and 0.8 V. This observation
indicates that the Pd-electrodeposited SPCE has good opera-
tional stability for multiple usage or continuous analysis. By
contrast, the reproducibility between batches of the Pdcy-SPCE
was poor, withR.S.D.s of 18.8, 16.2 and 9.3% when determining
electrochemical responses of three electrodes to 1 mM H,O» at
three different potentials.

The sensitivity and electrochemical characteristics of
palladium-modified electrodes were also compared with
those of Nafion/CNT-deposited electrodes. Interestingly, the
Nafion/CNT-deposited SPCE (CNT-SPCE) exhibited a sigmoid
steady-state anodic current curve with maximum current at 0.7 V
(Fig. 5). Although the maximum steady-state anodic current of
the Pdcy-SPCE and CNT-SPCE was about the same at 0.7 V, the
steady-state anodic currents of the CNT-SPCE were only about
12% (i, =0.647 nA) and 22% (i, =5.895 wA) of those of the
Pdcy-SPCE at 0.3V (i3, =5.533 nA)and 0.5 V (i, =22.181 pA),
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Fig. 5. Hydrodynamic voltammograms of (@) Pdcy5-SPCE, (H) Nafion/CNT-
deposited SPCE and (A ) bare SPCE to 1 mM H;O;. Measurements were carried
out at 37 °C in 100 mM sodium phosphate buffer (pH 7.0) under stirring. The
net steady-state anodic current was calculated by subtracting the background
current from the H,O, oxidative current at the designated working potential.
The data are presented as mean =+ S.D. of three independent experiments.
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respectively (Fig. 5). This result indicates that deposition of Pd
on the SPCE allows the modified electrode to detect HyO, with a
high sensitive even under a low applied potential, e.g. 0.4-0.5'V,
which may not be feasible for the Nafion/CNT-deposited SPCE
(Fig. 5).

Hydrogen peroxide could be effectively oxidized on the bare
SPCE above a working potential of 0.6V (Fig. 4, line B), a
result consistent with the reported oxidative potential of hydro-
gen peroxide. However, under such a high working potential,
interference from electroactive species, such as ascorbic acid,
uric acid and acetaminophen, could also be induced. In the
present study, the palladium-modified SPCE exhibited a very
sensitive response to HyO»,, even at a relatively low working
potential (e.g. +0.3 to +0.5 V). Thus, in order to minimize the
interference from electroactive species, an operation potential
of +0.5V was selected for the following experiments.

In previous studies, Pdcy-SPCEs have been shown to exhibit
higher electrochemical responses to hydrogen peroxide than
Nafion/CNT-dispersed SPCEs (Fig. 5). In this study, the resis-
tance to surface fouling of the Pdcy-SPCE and Nafion/CNT-
dispersion electrode was further investigated and compared. The
Pd-modified electrode exhibited a consistent signal readout dur-
ing 50 consecutive measurements of ascorbic acid (decrease
in response to ascorbic acid of only 7%). This observation is
in agreement with the findings of Matos et al. (2000). The
Nafion/CNT-based electrode, however, showed a decrease in
response to analyte over all of the 40 detection runs (up to
14-16%) (Wang and Musameh, 2003; Wang et al., 2004; Wang,
2005). The electrocatalytic detection of the Pd-SPCE is coupled
to its resistance to surface fouling, which provides good stability.

3.4. Fabrication and characterization of
PVA-SbQ/GOx/Pd-SPCE electrodes

The properties of the Pd-modified electrodes were further
characterized by immobilizing glucose oxidase with PVA-SbQ
on the modified SPCE and subjecting it to electrochemical anal-
ysis. The results showed that the glucose biosensor fabricated
by using a Pd-electrodeposited SPCE (PVA-SbQ/GOx/Pdcy-
SPCE), exhibited a dramatic increase in electrochemical
response to 1 mM glucose. The electrochemical responses of
PVA-SbQ/GOx/Pdcy-SPCE to glucose seemed to be affected
by the amount of Pd deposited on the SPCE (Table 2). The
PVA-SbQ/GOx/Pdcv1o-SPCE exhibited a steady-state anodic
current of 3658 =248 nA; whereas the glucose biosensors fab-
ricated from Pdcy-SPCEs after 15 and 20 CV cycles, i.e.
Pdcv15-SPCE and Pdcy20-SPCE, showed steady-state anodic
currents of 5366 259 and 4130 £ 232 nA, respectively. Com-
pared with the glucose biosensor fabricated from an unmod-
ified SPCE (14.5nA) the electrochemical responses to 1 mM
glucose increased 250-370-fold. However, the electrochemical
response of glucose sensor made from PVA-SbQ/GOx/CNT-
SPCE, to 1 mM glucose was 139+ 10.6 nA. Notably, the glu-
cose biosensors developed with Pdcvio-, Pdcvis- and Pdcyao-
SPCEs showed high reproducibility with R.S.D.s of 6.77, 4.82
and 5.63%, respectively. The electrochemical responses of bear
SPCE or Pd-modified SPCE without enzyme was also exam-

ined. The result showed that their exhibited no electrochemical
response to glucose (data not shown). This observation suggests
that Pdcy-SPCEs have a commercial potential for fabrication
of biosensors despite moderately poor reproducibility between
batches of prepared electrodeposited Pd-SPCEs. This may be
due to the uneven deposition of Pd(0) on the SPCE surface,
resulting from the uneven distribution of palladium chloride near
the SPCE surface. Apparently, the ragged and porous SPCE sur-
face could be the main cause of the heterogeneous reduction
reaction of Pd(II) on the SPCE surface and hence the uneven
distribution of the palladium chloride solution during electrode-
position.

Although the glucose biosensor made using a sputtering-
deposited Pdsigo-SPCE exhibited a high electrochemical
response (4865 £ 515nA) to 1 mM glucose, it had poor repro-
ducibility with an R.S.D. of around 10.6% (Table 2). This might
be attributable to loosely bound Pd particles in the outer layer of
the electrode-during sputtering, which could easily be stripped
during the first several runs of electrochemical measurements.
Hence, the electrochemical pre-treatment of the Pd-modified
electrodes with cyclic voltammetry (ranging from O to 1 V ver-
sus Ag/AgCl) in phosphate buffer, pH 7.4 was performed to
try to improve the reproducibility of SPCEs developed using Pd
sputtering (Zhang and Rechnitz, 1994; Yamato et al., 1997). The
result shows that the reproducibility of glucose biosensor fabri-
cated from electrochemically pre-treated Pdg-SPCE increased
from the R.S.D. of 10.6% to the R.S.D. of 5.13% (data not
shown), which is similar to that for biosensors made from elec-
trodeposited Pdcy15-SPCE (Table 2).

3.5. Measurement of glucose concentration and
reproducibility of the glucose sensor

The cyclic voltammetry pre-treated PVA-SbQ/GOx/Pdsq0-
SPCE biosensor exhibited a linear calibration range for glucose
concentrations from 0.5 to 1000 uM (data not shown), with
a slope of 4.1 nA/puM and a correlation coefficient of 0.993
(n=11). The detection limit of glucose was 0.5 uM (S/N =3).
The pre-treated PVA-SbQ/GOx/Pdgs100-SPCE biosensor exhib-
ited a good reproducibility with a R.S.D. of <5.0% when the
glucose concentration was 50 .M or below. This result indicated
that PVA-SbQ/GOx/Pds100-SPCE exhibited a good operational

Table 2
Comparison of the response and reproducibility of PVA-SbQ/GOx/Pd-SPCEs
developed using carbon paste electrodes modified by Pd via CV and sputtering

Modification Response (nA)? S.D. (nA) R.S.D. (%)
SPEC 14.5 - -

Pdcvio 3658 248 6.8
Pdcyis 5366 259 4.8
Pdcvao 4130 232 5.6
Pdsi00 4865 515 10.6
CNT-SPCE 139 10.6 6.9

2 Each value is the mean value of three independent measurements. Measure-
ments were carried out in 1 mM glucose at 37 °C in 100 mM sodium phosphate
buffer (pH 7.0) under stirring. The working potential applied to the sensor was
0.5V vs. Ag/AgCl.
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Fig. 6. Long-term stability of PVA-SbQ/GOx/Pdgioo-SPCE. The PVA-
SbQ/GOx/Pds09-SPCE was stored under dark and dry conditions and was
placed in phosphate buffer at 4 °C before testing. Measurements were performed
with 100 uM glucose as substrate in 100 mM sodium phosphate buffer (pH 7.0)
at 37°C. Each value is the mean & S.D. of three independent measurements.
The working potential applied to the sensor was 0.5V vs. Ag/AgCl.

stability for multiple-usage and continuous analysis. This study
also revealed that the fabricated glucose biosensor was quite
reliable when detecting low concentrations of substrate, but only
moderately reliability when higher concentrations of substrate
were detected.

3.6. Long-term stability of the glucose sensor

The stability of the glucose sensors made from various Pd-
coated SPCEs stored dry at 4 °C was investigated. The elec-
trochemical responses of stored glucose biosensors were tested
periodically during storage. The PVA-SbQ/GOx/Pdcv15-SPCE
showed no apparent change in the electrochemical responses
over a storage period of 5 months (data not shown). The long-
term stability of PVA-SbQ/GOx/Pdsigp-SPCE prepared from
cyclic voltammetric pre-treated Pdg;oo-SPCE was examined by
determining electrochemical responses to 100 wM glucose three
times a month over a 108-day storage period. Prior to electro-
chemical analysis, the electrodes were pre-wetted by immersion
in the phosphate buffer solution (pH 7.0) for 30 min. As shown
in Fig. 6, after 1 day of storage, the electrochemical response
of PVA-SbQ/GOx/Pds9o-SPCE was increased about 30% com-
pared with the initial response, and at 21 days of storage was
increased about 50%. These changes may be attributable to the
formation of an optimal matrix structure of PVA-SbQ polymer
during storage that allowed oxygen and/or substrates to rapidly
access the encapsulated enzyme. The changes in structure lead-
ing to the increased response might be due to buffer mediated
matrix swelling or the loss of soluble PVA-SbQ from polymer
matrix due to generation of a porous polymer matrix resulting
from immersion in the buffer (Rouillon et al., 1994). About 10%
soluble PVA-SbQ monomers leaked from the polymer matrix
when the content of SbQ in the polymer was 1.1% (Rouillon et
al., 1994). Although the response of the PVA-SbQ/GOx/Pds00-
SPCE to 100 uM glucose gradually increased during storage
from 1 to 21 days, the reproducibility of the prepared enzyme
electrode remained good with R.S.D. lower than 5%. The elec-

trochemical responses of the prepared glucose biosensor reached
a plateau at day 21 of storage which was unchanged for the
remainder of the storage period (Fig. 6). This result suggests
that enzyme can be stably entrapped in the PVA-SbQ polymer
matrix by cross-linking with glutaraldehyde. The high stability
of entrapped enzymes can also be attributed to the presence of
a great number of OH groups in the matrix; the enzymes are
kept in a hydrophilic environment even in a dry state, thereby
preventing enzyme denaturation (Jaffrezic-Renault et al., 1999).

4. Conclusion

SPCE modification by Pd electrodeposition or sputtering
markedly enhanced electrochemical responses to hydrogen per-
oxide, resulting in higher electrochemical responses to the oxi-
dation of hydrogen peroxide than Nafion/CNT-dispersed SPCE.
The electrocatalytic detection with a Pd-SPCE also provides the
additional benefit of resistance to surface fouling, which results
in good stability. The glucose biosensor made from Pdcy-SPCE
showed 250-370-fold higher response to 1 mM glucose than
that fabricated from the unmodified SPCE. The glucose biosen-
sors based on Pd-modified SPCEs maintained stable response
characteristics over a storage period of 108 days. The palladium
modified electrodes developed in this study exhibited several
advantages over transition metal particle-dispersed and/or CNT-
dispersed electrodes, such as high electrochemical response,
easy fabrication compared to particle dispersion electrodes and
low cost. In addition to the fact that the CNT-modified electrodes
suffer from problems of insolubility of CNT during doping
(Wang and Musameh, 2002) and fragility of CNT during stor-
age (Rubianes and Rivas, 2003), the CNT-modified electrode
in this study was less stable than that made from Pd-modified
SPCE. The electrode-based biosensor based on this construction
lost about 40% of its initial response to analytes within 50 days
(Lim et al., 2005).
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