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a b s t r a c t

This paper presents a glucose biosensor, which was developed using a Au/Ni/copper electrode. Until now,
research regarding the low electrical resistance and uniformity of this biosensor electrode has not been
conducted. Glucose oxidase (GOD) immobilized on the electrode effectively plays the role of an electron
shuttle, and allows glucose to be detected at 0.055 V with a dramatically reduced resistance to easily oxi-
dizable constituents. The Au/Ni/copper electrode has a low electrical resistance, which is less than 0.01 �,
eywords:
lucose oxidase (GOD)
u/Ni/copper electrode
lectroless-plate
isposable glucose biosensor

and it may be possible to mass produce the biosensor electrode with a uniform electrical resistance. The
low electrical resistance has the advantage in that the redox peak occurs at a low applied potential. Using a
low operating potential (0.055 V), the GOD/Au/Ni/copper structure creates a good sensitivity to detect glu-
cose, and efficiently excludes interferences from common coexisting substances. The GOD/Au/Ni/copper
sensor exhibits a relatively short response time (about 3 s), and a sensitivity of 0.85 �A mM−1 with a linear
range of buffer to 33 mM of glucose. The sensor has excellent reproducibility with a correlation coefficient
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of 0.9989 (n = 100 times) a

. Introduction

Glucose investigation is very important in numerous situa-
ions. It is of importance in the food industry for quality control
urposes, in fermentation and, most importantly, as a clinical indi-
ator of diabetes (American Diabetes Association, 1994, 1999). In
ddition, self-monitoring of blood glucose is a critical aspect of
iabetes care (Owen, 1995; Nakamura and Karube, 2003; Newman
nd Turner, 2005). The requirements for in vitro glucose monitor-
ng systems to measure glucose concentrations in capillary blood
amples as well as procedures to verify and validate their perfor-
ance by the intended users are specified by international standard

5197 (ISO 15197 First edition, 2003). These systems are intended
or self-testing by laypersons to manage diabetes mellitus. Inter-
ational Standard 15197 is applicable to manufacturers of such
ystems, while other organizations (e.g. regulatory authorities and
onformity assessment bodies) are responsible for assessing the

erformance of these systems. The glucose meter is a medical
evice used to determine the approximate concentration of glucose

n the blood. A small drop of blood, obtained by pricking the skin
ith a lancet, is placed on a disposable test strip, which the meter

∗ Corresponding author. Tel.: +81 532 44 6745; fax: +81 532 44 6757.
E-mail address: srlee@dev.eee.tut.ac.jp (S.-R. Lee).
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total non-linearity error of 3.17%.
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eads and uses to calculate the blood glucose level. The meter then
isplays the level in mg dL−1 or mmol L−1 (Podczasy et al., 1997).
lectrochemical glucose sensors based on an electrode modified
ith immobilized glucose oxidase have been reported previously

Sulak et al., 2006). A disposable amperometric biosensor to detect
lood glucose has also been developed. Various biosensor elec-
rode fabrication techniques have been reported in the literature,
ncluding rolling, screen printing (Crouch et al., 2005; Guan et al.,
005), and sputter deposition techniques (Hashimoto et al., 2007).
ypically, a biosensor is based on a screen printed electrode. A
arbon-paste electrode (CPE) is made from a mixture of conducting
raphite powder and a pasting liquid. These electrodes are sim-
le to make, and offer an easily renewable surface for electron
xchange. These electrodes are widely used, mainly for voltam-
etric measurements. Carbon paste-based sensors (Yabuki et al.,

992; Ge et al., 1998; Boujtita et al., 2000; Hong et al., 2002; Hart
t al., 2002; Fähnrich et al., 2003; Darain et al., 2003; Gao et al.,
003; Honeychurch et al., 2003; Darain et al., 2005; Dı́az-González
t al., 2005; Ledru et al., 2006; Corgier et al., 2007; Piermarini et al.,
007; Tangkuaram et al., 2007; Honeychurch et al., 2007; Djellouli

t al., 2007) are also applicable in coulometry (both amperometry
nd potentiometry). The wide application of a carbon paste as the
atrix of an enzyme electrode is attributed to the simple prepara-

ion procedure, which facilitates mass production and therefore,
s economical. Electrodes made in this way are highly selective

http://www.sciencedirect.com/science/journal/09565663
mailto:srlee@dev.eee.tut.ac.jp
dx.doi.org/10.1016/j.bios.2008.04.017
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Glucose + 2Fe(CN)6 + H2O−→gluconic acid + 2H+ + 2Fe(CN)6

Fe(CN)6
4−Au/Ni/copper electrode−→ Fe(CN)6

3− + e−
S.-R. Lee et al. / Biosensors an

ensors for both inorganic and organic electrochemistry. However,
n practice, printing conditions must be adjusted to control thick-
ess as well as electrode area, which are known to proportionally
ffect the sensor response. Screen printing consists of a screen, a
queegee, and ink, and is a type of stencil printing. A screen is a type
f mesh, which has holes that are clogged by emulsion to leave the
esired patterns. A squeegee is a rubber spatula, which squeezes

nk out of screen’s holes onto a base film (Kaimori et al., 2006).
With regard to the screen printing method, many factors are

nown to affect the accuracy of printing.

. Screen printer: printer type, print speed, clearance, and print
pressure.

. Squeegee: squeegee type, hardness, attack angle.

. Screen: frame size, print area, print pattern, gauze, thickness,
opening, mesh material, the number of meshes, emulsion mate-
rial, emulsion thickness.

. Ink: ink type, viscosity, thixotropy, leveling, stirring, wettability
to base film and other ink layers, drying method.

. Base film: affinity to ink, heat contraction.

To minimize the dispersion of the electrode area, the print speed,
learance, print pressure, squeegee hardness, attack angle, print
rea, print pattern, mesh material, the number of meshes, ink
ype, thixotropy, and heat contraction are all important factors in
djusting the screen printing conditions. Nevertheless, until now,
esearch has not been conducted on the low electrical resistance
nd uniformity of this biosensor electrode. Many of the issues asso-
iated with glucose biosensors have very little to do with the device
tself. In virtually every case, the basic design of commercially suc-
essful biosensors has not changed significantly. Herein we report a
iosensor solution to this electrical resistance. In this work, we have
eveloped a new form of an enzyme electrode to improve the per-
ormance of disposable glucose sensors. We fabricated electrodes
ith an Au/Ni/copper structure, which offer a very low uniform

lectrical resistance of about 0.01 �, by attaching a copper film to
plastic film substrate using a laminating method and subsequent
lating of nickel and gold on to it with an electroless technique. The

abrication of the enzyme electrode was completed by immobiliz-
ng the enzyme on the electrode surface. The fabricated glucose
ensor exhibits a very rapid sensing time (3 s) with an excellent
eproducibility and fabrication yield.

. Experimental

.1. Materials

All structural materials of the sensor chip and reagents
ere commercially available: glucose oxidase (GOD, EC 1.1.3.4,

5,000–25,000 units g−1. Type II from Aspergillus niger), analytical-
eagent grade potassium hexacyanoferrate (II) (i.e. ferricyanide)
ith 99.9% purity. Triton X-100 wetting agent and �-d-(+)-glucose
ere purchased from Sigma–Aldrich. Deionized (D.I.) water was
sed throughout the experiments to prepare the samples, buffers,
nd enzyme solutions. A 0.1 M phosphate buffer solution (PBS) was
reshly prepared by mixing solutions of KH2PO4 and K2HPO4. The
H of the prepared solution was 7.03. Enzyme solutions were pre-
ared by dissolving solids in the above-mentioned buffer solutions.
he 0.1 M of GOD solutions were immobilized on the Au/Ni/copper

lectrode using the physical absorption method. To prepare the
nzyme electrode, 0.5 �L of the enzyme solution (1.2 g of GOD in
0 mL of PBS) was dropped onto the sensing area with a 5 mm2

hannel size using syringe pump. Then, 0.5 �L of the electron
ransfer mediator (0.1 M potassium ferricyanide solution) was also
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mmobilized onto the sensing area using the same method. The
ensor can be measured after drying for 24 h at room temperature.
.1 M sample stock glucose solution was prepared daily, and stored
vernight to reach mutarotational equilibrium before use.

.2. Apparatus

In this study, electrochemical measurements to estimate the
ewly developed sensor chips, which consist of a two elec-
rode system, were performed using an electrochemical analyzer.
he equipment employed included a cyclic voltammeter, an
mperometer (WonATech Co., Ltd), and WPCIPG software ver-
ion 1.0 installed on a personal computer. The Au/Ni/copper
lectrodes on polyethylene terephthalate (PET) substrates were
ustom made at Jaein Circuit Co., Ltd, Korea. All electrochem-
cal experiments were carried out in a cell containing 0.25 �L
.1 M phosphate buffer solution (PBS, pH 7.03) at room tempera-
ure (25 ± 2 ◦C) using Au/Ni/copper as the working and reference
lectrodes.

.3. Measurement method

In this paper, we used cyclic voltammetry and amperometry
echniques to study the electrochemical properties of the immo-
ilized GOD on Au/Ni/copper electrodes for biosensor applications.
OD and potassium hexacyanoferrate (II) can be immobilized
y simple adsorption on a Au/Ni/copper electrode. In addition,
he ferro-ferri cyanide redox coupling electrochemical reaction
Cass et al., 1984) was used as the sensing mechanism for this
lucose sensor. The ferro-ferri redox reaction can occur at a
OD/Au/Ni/copper electrode surface, which produces an oxida-

ion and a reduction current from the redox reaction. However,
OD cannot directly transfer electrons to conventional electrodes in
mperometric sensors because its active site is embedded within
he enzyme layer. In this work, potassium ferrocyanide was used
s the mediator (Dong et al., 1992; Pasco et al., 2004). The fab-
icated glucose biosensor was based on the oxidation of glucose
ccording to the following reactions. Fig. 1 shows the proposed
echanism for GOD/Au/Ni/copper to be oxidized by the entrapped
OD at a polarization of 0.055 V. Potassium ferricyanide had an
lectronic mediator function, and received electrons to become
otassium ferrocyanide. Simultaneously, glucose was oxidized with
luconolactone (C6H10O6). Ultimately, the electric current (e−)
as detected by the Au/Ni/copper electrode, and potassium fer-

ocyanide changed to potassium ferricyanide.

3− GOD 4−
ig. 1. Proposed reaction mechanism of the GOD/Au/Ni/copper glucose sensor
olarized at 0.055 V vs. CV (cyclic voltammograms).
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ig. 2. (a) Manufacturing method for the Au/Ni/copper electrodes. (b) Photograph
f an array of fabricated Au/Ni/copper electrodes.

.4. Au/Ni/copper electrodes

The Au/Ni/copper electrodes were fabricated using heat to lam-
nate a 20 �m copper film on to a 100 �m thick PET substrate. Then
n ultraviolet (UV) photosensitive dry film was adhered using the
aminating method as shown in Fig. 2(a). A reverse photo mask
as used to create the copper electrode pattern by UV exposure

nd wet etching. The copper electrode is a metal, which does not
eact with water (H2O), but the oxygen in the air will react slowly
t room temperature to form a layer of copper oxide on the copper
etal. Nickel plating was used in order to improve the plating adhe-

ion characteristics of gold and copper. Gold plating is often used
n electronics to provide a corrosion-resistant, electrically conduc-
ive layer on copper, typically in electrical connectors and printed
ircuit boards. Moreover, the surface of gold plating was stabilized
lectrochemically, and the immobilization of the enzyme was eas-
er. In this study, the copper electrode was followed by sequential
lectroless-plating of nickel and gold. Fig. 2(b) shows a photograph
f the fabricated Au/Ni/copper electrodes, while Fig. 3(a) and (b)
re a schematic of the disposable glucose biosensor and a photo-
raph, respectively. The glucose biosensor consisted of a bottom, a
iddle, and upper plate. The fabrication process of the sensor is as

ollows:

a) The working and reference electrodes are formed on the fabri-
cated bottom plate.

b) Then the bottom plate is combined with the middle plate.
c) Enzyme solution (GOD + hexacyanoferrate II) is deposited

on the channel of the combined structure (formed bottom
plate + middle plate).
d) Holes to form the inlet and outlet are fabricated in the upper
plate.

e) The glucose biosensor is accomplished by a combination
between (c) and (d).

e
w
a
b
e

ig. 3. (a) Schematic of the biosensor. (b) Configuration of the GOD/Au/Ni/copper
isposable glucose biosensor.

f) The resistance of the fabricated Au/Ni/copper electrode was
about 0.01 �. This low resistance offered a lower operating volt-
age.

. Results and discussion

.1. Cyclic voltammograms of glucose solutions

Glucose solutions with different buffer concentrations, 1.1, 2.5,
.5, 8.5, 11.5, 13.5, 16, 21, 25, and 33 mM, were prepared prior
o conducting electrochemical measurements. After adding the
nzyme GOD and the mediator, cyclic voltammetry was conducted
or each concentration of glucose solution, and the response cur-
ent was recorded. The CV results obtained at each concentration of
lucose, glucose oxidase, and mediator showed that the response
urrent increased in proportion to the glucose concentration in the
pecific potential range (i.e., around +0.055 V for the Au/Ni/copper
lectrode oxidation peak and around −0.055 V for the Au/Ni/copper
lectrode reduction peak). However, in this study, the 20 �m cop-
er film on a PET film formed a biosensor electrode with a very low
lectrical resistance. Then the biosensor electrode was fabricated
sing an electroless-plating method to form a 5 �m thick gold
nd nickel films on the fabricated copper/PET film. The fabricated

lectrode surface consisted of the electroless-plated gold, which
as electrochemically stable. The Au/Ni/copper/PET electrode had
low electrical resistance, and it is possible to mass produce the
iosensor electrode with a uniform electrical resistance. The low
lectrical resistance has an advantage in that the redox peak occurs
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Fig. 4. (a) Results of cyclic voltammetry (WonATech Co., Ltd) and (b) cyclic voltam-
metry results showing the current responses for each glucose concentration. Scan
rate: 50 mV/s. Glucose solutions were prepared using a 0.1 M phosphate buffer (pH
7.0). (c) Amperometric profiles of the disposable glucose biosensor showing the
change in the response current of each glucose solution with time. Working and
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t low voltage. Fig. 4(a) and (b) shows the CV results obtained
using scan rates of 50 mV/s). Glucose was oxidized by the electro-
hemical transformation of potassium ferricyanide to potassium
errocyanide. The potassium ferrocyanide was continuously regen-
rated by the electrode under oxidizing conditions. The size of the
esponse current depended on the enzyme and glucose concentra-
ions. The electro-catalytic activity of the Au/Ni/copper electrode
owards the oxidation of glucose solution was demonstrated. In the
lucose solutions, the cyclic voltammetry measurements showed
he characteristics of the Au/Ni/copper electrode, including the
xidation (−0.9 V to +0.9 V) and reduction (+0.9 V to −0.9 V)
egions. Moreover, it showed symmetrical oxidation peaks and
eduction peaks for glucose concentrations from the buffer to
3 mM. The CV characteristic of the glucose redox reaction was
enerated in the 5 mm2 Au/Ni/copper sensing area.

.2. Current–time relationship to measure glucose in solution

Glucose was detected by the electrochemical biosensors based
n the electrochemical oxidation of hydrogen peroxide generated
y the enzyme-catalyzed oxidation of glucose at anodic poten-
ials (+0.6 V vs. Ag/AgCl) (Ianniello and Yacynyeh, 1981; Wang et
l., 1992). However, at this relatively high potential, other oxidiz-
ble species such as ascorbic acid, uric acid, and acetaminophen
ay interfere with the measurement. To avoid interference, some

mproved biosensors have been used to detect hydrogen perox-
de at low potential (Yang et al., 2006; Sun et al., 2006; Crespilho
t al., 2006). The low electrical resistance has the advantage that
he redox peak occurs at low voltage. Fig. 4(b) and (c) shows
he response current-time relationship for glucose solutions of
ifferent concentrations using Au/Ni/copper working and refer-
nce electrodes. The response currents were obtained from the
V results (at +0.055 V) conducted at each glucose concentra-
ion after injecting the glucose solutions with the enzyme GOD
nd a mediator. As shown in Fig. 4(c), the elapsed time to
each steady state (constant current) was relatively short for each
lucose concentration. Because the screen printed carbon elec-
rode had a higher electric resistivity (approximately 80–1 k�
5–10%) than the Au/Ni/copper electrode (about 0.01 �), the screen
rinted carbon electrode required a high applied potential (approx-

mately 0.2–0.7 V). Therefore, the enzymatic reaction will require
n increased response time to reach a steady state (equilibrium).
ecause the fabricated electrode can reach a steady state within
s, it has a quicker response time than the screen printed carbon
lectrode. The results clearly demonstrate that the response is very
ast, which implies that the sensor will be efficient in detecting
lucose.
.3. Reproducibility with linearity of the Au/Ni/copper electrode
lucose biosensor

The reproducibility of the fabricated sensor was assessed. The
ensor was tested using the amperometric method. A calibration

reference electrodes are Au/Ni/copper. Response currents are obtained from the CV
results. Applied potential is +0.055 V.

able 1
epeatability evaluation of different glucose concentrations

lucose concentration,
mol L−1 (mg dL−1), N = 100

Average (A),
m = (1/n)

∑
xi

Relative standard deviation (A),
�2 = (1/n)

∑
(xi − m)

Coefficient of variation (%),
(standard deviation/airthmetic average) × 100

.7–2.8 (30–50) 7.37E−06 1.09697E−07 1.49
.9–6.1 (51–100) 1.03E−05 5.70455E−07 5.54
.2–6.1 (111–150) 1.26E−05 4.39065E−07 3.48
.4–13.9 (151–250) 1.69E−05 6.82113E−07 4.04
4–22.2 (251–400) 2.45E−05 4.48454E−07 1.83
2.3–33 (401–594) 3.25E−05 8.544E−07 2.63

Total non-linear error (CV) = 3.17 (%)
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ig. 5. (a) Characteristics of the linear correlation coefficient (R2) as a function
f time. 1 s: R2 = 0.997, 2 s: R2 = 0.9978, 3 s: R2 = 0.9989, 4 s: R2 = 0.9967 and 5 s:
2 = 0.9965. (b) Repeatability of the Au/Ni/copper electrode glucose biosensor. Cali-
ration curve: R2 = 0.9989, y = 9E−07x + 6E−06.

urve was obtained from the amperometric response of the sensor
t measurement times from 1 to 5 s. The Au/Ni/copper electrode
chieved a steady state current in less than 3 s with a linear cor-
elation coefficient (R2) of 0.9989, as shown in Fig. 5(a). Fig. 5(b)
hows the characteristic measurement of the fabricated disposable
Au/Ni/copper electrode) glucose biosensor, which was repeated
00 times, and indicates that the disposable (Au/Ni/copper elec-
rode) glucose biosensor has good linearity and considerable
eproducibility. In Table 1, the total non-linearity error is 3.17%
American Diabetes Association, 1999; Clarke et al., 1987). Accord-
ng to ISO 15197 (ISO 15197 First edition, 2003), the permitted
roduction standard for a blood glucose sensor for clinical appli-
ations is a non-linear error ratio within ±7%.

. Conclusion

A disposable glucose biosensor with improved sensor charac-
eristics is fabricated. The glucose biosensor is comprised of an
u/Ni/copper electrode structure on a PET substrate. The fabricated
lectrode has a low electrical resistance (0.01 �). Because of the low
lectrical resistance of the electrode, the sensor can be used with

low operating potential (0.055 V) while maintaining a good sen-

itivity to detect glucose and efficiently exclude interference from
ommon coexisting substances. Thus, the Au/Ni/copper electrode
ensor has a wide linear response range for glucose concentrations
f 1.0–33.0 mM and a high sensitivity, with a linear correlation coef-
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cient of 0.9989. Furthermore, the clinical minimum blood demand
uantity for measurement is only 0.25 �l. Future studies include
sing this fabricated sensor to measure interference from ascorbic
cid, uric acid, and acetaminophen in real blood samples. Hence,
t is anticipated that the Au/Ni/copper electrode will be a neo-
isposable biosensor without compensation (no coding type) in
he healthcare field because the fabricated electrode may be mass
roduced with a uniform and low electrical resistance.
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