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1 Introduction

The redox properties of ruthenium polynuclear oxo-com-
plex have been studied with special attention to the sta-
bility of the oxidation states of the metallic cation, and
many studies are based on qualitative molecular orbital
interaction schemes dp(metal)¢pp(ligand) [1–4]. These poly-
nuclear oxo complexes exhibit electron transfer processes
with multiple steps that result in a high stability in differ-
ent oxidation states and the ability to exchange charges
between metallic cations. Notably, a wide range of dinu-
clear ruthenium complexes have been chemically and/or
electrochemically studied [5, 6]. The complexes
[(bpy)2(H2O)RuIII(m-O)RuIII(H2O)(bpy)2](ClO4)4 (where
bpy=2,2Ï-bypyridyne) and [(NH3)5RuIII¢O¢
RuIV(NH3)4¢O-RuIII(NH3)5]

6+ are examples that have
been intensively studied by MeyerÏs [7,8] and KanekoÏs
groups [9, 10], respectively. These complexes were investi-
gated for their ability to catalyse water oxidation in an ar-
tificial photosynthetic system [11] and electrocatalytic
processes [12]. In addition, ruthenium dinuclear oxo-com-
plexes can be used as artificial electron-transfer mediators
in biosensors [13]. However, the ruthenium dinuclear
oxo-complex [(bpy)2(NH3)RuIII(m-O)RuIII(NH3)(bpy)2]-
(ClO4)4 has not been studied to date as a redox mediator
in the development of glucose biosensors.

The use of artificial redox mediators allows the flow of
electrons from the redox enzyme to the surface of the
electrode center, decreasing redox potential and ideally
preventing interference by electro-oxidizable species such
as ascorbic acid, therefore, increasing the selectivity and
sensitivity of the (bio)sensor [14]. The determination of
the optimal redox mediator for the production of a bio-
sensor is extremely important for its efficiency. A media-

tor should be selected that possesses a lower redox poten-
tial than the other electrochemically active interfering
compounds present in the sample. Furthermore, a high
electrochemical constant is very desirable, which is impor-
tant to ensure that the response of the biosensor is not
limited by the kinetics of electrodes or by oxygen inter-
ference [15]. An ideal mediator is also characterized by
reversible kinetics, a high chemical stability in both re-
duced and oxidized forms and unreactivity with oxygen
[13]. To date, several transition-metal complexes such as
iron [16–18], osmium [19,20] have been investigated as
redox mediators and are the most used, but ruthenium
complexes can also be used, due to their higher reactivity
with glucose oxidase (GOx) [13,21].

This study describes the electrochemical performance
of the oxo-bridged dinuclear ruthenium ammine
[(bpy)2(NH3)RuIII(m-O)RuIII(NH3)(bpy)2]

4+ incorporated
into a Nafion film coating a glassy carbon electrode that
acts as an electron-transfer mediator for the development
of glucose biosensors. The electrochemical performance
of the modified Ru¢O¢Ru/Nafion

Ô

/GC electrode was
performed by cyclic voltammetry. The electrocatalytic ac-
tivity of the glucose biosensor GOx/oxo-bridged dinuclear
ruthenium ammine/Nafion

Ô

/GC was also studied.
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2 Experimental Section

2.1 Materials

All the reagents used were of analytical grade and were
used without further purification. Silver nitrate, sodium
phosphate, cis-(bpy)2RuIICl2, and ammonium sulfate were
purchased from Sigma¢Aldrich (St. Louis, MO, USA).
Sodium perchlorate was obtained from Merck (Darm-
stadt, Germany). A 5 % (w/v) Nafion

Ô

alcoholic solution
was obtained from Sigma¢Aldrich (St. Louis, MO, USA).
High-purity deionised water (resistance, 18 MWcm) was
obtained from the Millipore Milli-Q system. Acetate-
buffer solution (pH 4.75) was prepared from anhydrous
sodium acetate and acetic acid from Sigma¢Aldrich (St.
Louis, MO, USA) and was used as a supporting electro-
lyte. All experiments were performed at room tempera-
ture, which was approximately 25 8C.

Glucose oxidase (GOx) from Aspergillus niger (1.0 mg/
mL) was purchased from Sigma¢Aldrich. Phosphate-
buffer solution (pH 7.0) was prepared from Na2HPO4 and
NaH2PO4 from Sigma¢Aldrich (St. Louis, MO, USA).
The initial amount of enzyme contained in the vessel was
diluted with phosphate-buffer solution (PBS), aliquoted
into Eppendorf

Ô

microtubes and frozen until use. The glu-
cose solution 0.001 molL¢1 was prepared in acetate-buffer
solution and was used as stock solution.

2.2 Apparatus

Electrochemical measurements were carried out with a m-
Autolab type III (Eco Chimie, Netherlands) potentiostat/
galvanostat coupled to a computer and controlled by
GPES 4.9 software. All measurements were carried out in
a 50-mL thermostated glass cell at 25 8C, with a three-
electrode configuration: a glassy carbon electrode (diam-
eter 3.0 mm) coated with polymeric film as the working
electrode, a saturated calomel electrode (SCE) as a refer-
ence and platinum wire as an auxiliary electrode. During
the measurements, the solution within the cell was neither
stirred nor aerated. The ultraviolet-visible (UV¢vis) ab-
sorption spectra were recorded on a Shimadzu UV-
1650PC spectrometer with a system interface for a com-
puter.

2.3 Ruthenium Oxo-complex Synthesis

The bis(oxo-bridged) dinuclear ruthenium-bipyridyl-
ammine complex ([(bpy)2(NH3)RuIII-O-RuIII(NH3)-
(bpy)2](ClO4)4) was synthesized as proposed by Meyer et
al. [6,12], based on pretreatment of the
[(bpy)2(H2O)RuIII-O-RuIII(H2O)(bpy)2]

4+ complex. Ini-
tially, the ruthenium complex was prepared from its mon-
omeric cis-(bpy)2RuIICl2 precursor following well-estab-
lished synthetic procedures and was used without further
purification. Specifically, 1.0 g of Ru(bpy)2Cl2·2H2O was
dissolved in 12.5 mL water and was heated for 1 h at
100 8C in a water bath, following which 0.65 g of AgNO3

was added and the mixture was heated for a further 2.5 h
in the water bath. The AgCl that formed was filtered off
using fine-porosity filter paper and the filtrate was diluted
with 30 mL water. Ten milliliter of saturated NaClO4 was
subsequently added and precipitation was induced by
overnight storage in a refrigerator. The complex obtained
was dried in vacuo at room temperature for 72 h. An
aqueous solution of 0.1 M Na3PO4 (20 mL) containing
0.47 mmol of [(bpy)2(H2O)RuIII-O-RuIII(H2O)(bpy)2]

4+

and 7.57 mmol of (NH4)2SO4 was heated in a steam bath
for 1 h. The solution was cooled to room temperature and
a saturated aqueous solution of NaClO4 was added. The
solution was kept at room temperature overnight, and the
precipitate was collected on a frit.

2.4 Biosensor Preparation

Prior to modification, the surface of the GC electrode
was polished with a 0.3 mm alumina slurry and was then
rinsed thoroughly with double-distilled water, sonicated
for 5 min in ethanol and 5 min in water, and was air-
dried. A polymeric coating layer was prepared only on
the disk electrode by casting Nafion

Ô

solution (ion ex-
change capacity: 0.8 meqg¢1) using a micropipette (5 mL),
which was then air-dried for 24 h at room temperature.
The coated electrode was then immersed into 1.0 ×
10¢3 molL¢1 oxo-bridged dinuclear ruthenium ammine
complex in aqueous solution for 24 h. The polymeric
membrane on the surface electrode acquired a green-blue
color. Subsequently, a 25-mL aliquot of the GOx solution
was placed onto the polymeric membrane as a droplet
and the solvent was then evaporated at room tempera-
ture.

3 Results and Discussion

3.1 Characterization UV-Vis of the Oxo-bridged
Dinuclear Ruthenium Ammine

The absorption spectrum in the UV-Vis region for the
oxo-bridged dinuclear ruthenium ammine
[(bpy)2(NH3)RuIII(m-O)RuIII(NH3)(bpy)2]

4+ in acetonitrile
(Figure 1) shows two intense absorption bands of high
energy centered at 245 and 286 nm in the UV region,
which are typical for bipyridine systems and ligand transi-
tions bpy(p)!bpy(p*). Two bands of mean energy ab-
sorption at 360 and 420 nm were observed, which proba-
bly induced charge-transfer transitions of the metal-
ligand dp(Ru)!p*(bpy), and a low energy absorption
centered at 646 nm due to transitions between molecular
orbitals composed of orbital dp of ruthenium and pp of
the oxo-bridge, typical of oxo-ligands linked to ruthenium
dimers RuIII¢Ooxo¢RuIII [22]. These results agree with
data in the literature for the ruthenium dinuclear poly-
pyridyl oxo-complex [3,15, 22] and thus confirm the pres-
ence of this oxo-complex. Moreover, the electron donor
ability of the metallic center (ruthenium) combined with
the electron acceptor nature of the bipyridine, produces
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an effective interaction of molecular orbitals and an ex-
tensive electronic delocalization [15], which confers ex-
cellent properties on this oxo-complex, to be used as an
electron-transfer mediator in electrochemical biosensors.

3.2 Electrochemical Properties of the Immobilized
Ruthenium Dinuclear Oxo-complex

In reports by Teixeira and co-workers [6,23, 24], metal
complexes that are confined to electrode surfaces are
active catalysts for a variety of electrochemical reactions
and the surfaces of the electrodes that are modified by
these complexes can be obtained simply by coating cation
exchange polymer film. The electrochemical performance
of the modified electrode with the oxo-bridged dinuclear
ruthenium ammine complex incorporated into Nafion

Ô

polymeric film was analysed in 0.1 molL¢1 acetate buffer
by cyclic voltammetry, to investigate the electrochemical
properties of the oxo-complex on the conductive sub-
strate. Figure 2(A) shows a typical cyclic voltammogram
with two peaks: an anodic peak at +0.131 V (EPA) and
a cathodic peak at ¢0.009 V (EPC), which remains stable
after the second cycle. The anodic and cathodic peak po-
tentials in Figure 2(A) can be attributed to the redox pro-
cess of the ruthenium dinuclear oxo-complex immobilized
onto the Nafion

Ô

polymer film. Equation 1 shows the pro-
cesses involved in redox-cyclic voltammograms:

bpyð Þ2 NH3ð ÞRuIII m¢Oð ÞRuIII NH3ð Þ bpyð Þ2
£ ¡4þ !

bpyð Þ2 NH3ð ÞRuIII m¢Oð ÞRuIV NH3ð Þ bpyð Þ2
£ ¡5þþe¢

ð1Þ

The voltammetric profile of modified electrodes with
ruthenium dinuclear polypyridyl oxo-complex
[(bpy)2(NH3)RuIII(m-O)RuIII(NH3)(bpy)2]

4+ immobilized
onto the Nafion

Ô

polymeric membrane agree with the re-
sults obtained by [23] for studies on modified carbon

paste electrodes with Ru-red immobilized in zeolite (Na-
Y). These processes can be attributed to a quasi-reversi-
ble system by a single electron transfer between the
redox couple RuIII(mO)RuIII/RuIII(mO)RuIV, a DEp

�122 mV confirms a quasi-reversible electrochemical
system. The surface concentration of electroactive species
(G/mol cm¢2) was estimated from the background-correct-
ed electric charge (Q), under the anodic peaks in accord-
ance with the theoretical relationship [6] as follows: G=
Q/nFA, where Q (C) is the background-corrected electric
charge, calculated by integrating the anodic peak of the
cyclic voltammogram (v=5 mV s¢1) in the aqueous solu-

Fig. 1. Absorption spectrum of the ruthenium dinuclear poly-
pyridyl oxo-complex (1.0 ×10¢4 molL¢1) in acetonitrile.

Fig. 2. (A) Cyclic voltammograms obtained for electrode
coated with Nafion film containing oxo-bridged dinuclear
ruthenium(III) [(bpy)2(NH3)RuIII(m-O)RuIII(NH3)(bpy)2]

4+ in
0.1 molL¢1 acetate-buffer solution. Scan rate 25 mVs¢1. (B) Rep-
resentative logarithm current vs. logarithm scan rate. The insert
show cyclic voltammograms obtained at different scan rates for
modified electrode.
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tion of acetate-buffer; n is the number of electrons trans-
ferred; F is the Faraday constant (96,485.34 C mol¢1); and
A is the electrode geometric area. Under the conditions
described above, Q was approximately 2.022× 10¢6 C, and
the estimated surface concentration was 2.965×
10¢10 mol cm¢2. To determine the influence of oxygen on
the electrochemical behavior of the complex, some ex-
periments were performed in deaerated solutions, and the
profile showed no marked alteration in redox potential or
current with the dissolved O2.

The effect of the potential scan rates (5–200 mVs¢1) on
the voltammetric response for an electrode coated with
Nafion film containing dinuclear of ruthenium(III)-bipyr-
idyl-ammine complex in 0.1 molL¢1 acetate-buffer solu-
tion was investigated, to elucidate the electron-transfer
mechanism. The recorded cyclic voltammograms revealed
that the anodic peak current increased and the peak po-
tential shifted as the scan-rate increased. The anodic and
cathodic peak currents varied linearly with the square-
root of the scan rates. This linearity indicates that the
redox process follows a diffusion-controlled mechanism
[25]. This behavior suggests a mobility of the counterions
of the supporting electrolyte, which are necessary for
charge transport or to keep the electroneutrality at the
electrode surface during the redox process [23,24]. This
behavior is common for this type of polymer film as such
as reported by Martin et al. [26] and Bertoncello et al.
[25]. To confirm the diffusion-controlled mechanism,
a plot of log [peak current] versus log [scan rate] was per-
formed. Figure 2(B) shows the dependence of the loga-
rithm of the anodic and cathodic peak current on the log-
arithm of the scan rates for the glassy carbon electrode
coated with ruthenium dinuclear oxo-complex in medium
of 0.1 molL¢1 acetate buffer. The slopes obtained for the
anodic and cathodic curves were 0.48 (R=0.9999) and
0.44 (R=0.9976), respectively. The obtained values are
close to the theoretical value of 0.5 for a diffusion-con-
trolled mechanism [27]. These features are very conven-
ient diagnostic tools to test for the diffusion-controlled
mechanism of a redox process, which is consistent with
our results.

The degree of kinetic reversibility exhibited by the
redox process on the surface depends on the scan rate of
potentials. It is expected that a redox process exhibits a re-
versible behavior when the potential scan rate is small
and an irreversible behavior when the potential scan rate
is high [27].

3.3 Application of the Electrode Coated with Nafion
Film Containing Dimeric Oxo-bridged Ruthenium
Complex as a Mediator of Electron-Transfer in Glucose
Determination

The direct reduction or oxidation of glucose at a non-
modified electrode is not suitable for analytical applica-
tion, due to the slow electrode kinetics and high overpo-
tentials that are required for the redox reactions of glu-
cose on many electrodes. For this reason, redox mediators

have been widely used to decrease the overpotential and
increase the kinetics of electron transfer. To verify media-
tion of electron-transfer from the glassy carbon electrode
coated with Nafion

Ô

film containing oxo-bridged
[(bpy)2(NH3)RuIII(m-O)RuIII(NH3)(bpy)2]

4+ , the glucose
oxidase (GOx) enzyme from Aspergillus niger was immo-
bilized onto the electrode surface and cyclic voltammo-
grams were obtained in the absence and presence of 2.5×
10¢5 molL¢1 glucose in 0.1 molL¢1 acetate buffer solution,
as shown in Figure 3(A). With the addition of glucose in
solution, the anodic and cathodic peak current of the
modified electrode increased significantly (DI=
0.061 mA). Increasing the anodic and cathodic peak cur-
rent clearly showed the mediation of electron-transfer to

Fig. 3. (A) Cyclic voltammograms obtained for GOx/oxo-
bridged dinuclear ruthenium amine/Nafion/GC electrode in
0.1 molL¢1 acetate-buffer solution in the absence (curve 1) or
the presence of 2.5× 10¢5 molL¢1 glucose (curve 2). Scan rate
25 mV s¢1. (B) Cyclic voltammograms obtained for GOx/Nafion/
GC electrode without the incorporation of the mediator in
0.1 molL¢1 acetate-buffer solution in the absence (curve 1) or
the presence of 2.5× 10¢5 molL¢1 glucose (curve 2).
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glucose by the central metallic cations of the complex im-
mobilized in the polymeric film. Nakabayashi and co-
workers [13, 21] described the operation mechanism of
the biosensor as a reaction between the analyte and bio-
sensor that is similar to an electrochemical-chemical
mechanism in three steps (two chemical and one electro-
chemical). The initial step is the chemical or enzymatic
step (biocatalysis), where the glucose oxidase enzyme
specifically converts glucose to gluconolactone, which
spontaneously hydrolyzes to gluconic acid, with concomi-
tant reduction of O2 to hydrogen peroxide. This oxidation
reaction is accompanied by the reduction of the flavin ad-
enine dinucleotide (FAD) cofactor. Flavin adenine dinu-
cleotide is responsible for the redox properties of the
enzyme, and available evidence suggests that it is firmly
attached, but is not covalently bonded to the enzyme pro-
tein polypeptide. Thus, GOx accepts electrons from glu-
cose via the flavin moiety and transfers them to dioxygen,
but this does not occur for non-modified electrodes. This
is the reason why reduced flavin adenine dinucleotide
(FADH2), known as the active site, is not electrochemi-
cally oxidized by the electrode reaction:

FADH2 ! FADþ 2Hþ þ 2e¢ ð2Þ

Thus, the idea developed to use a non-physiological
redox molecule as an electron acceptor from the reduced
form of GOx, the mediator. Many artificial electron re-
ceptors are used as electron-transfer mediators for cou-
pling the glucose/GOx system to an electrode surface
[28]. Taking glucose as an example, we can describe the
function of a ruthenium complex as a mediator of elec-
tron transfer as follows:

b-D-glucoseþGOxox ðFADÞ
! glucono-d-lactonaþGOxred ðFADH2Þ

ð3Þ

GOxred ðFADH2Þ þ 2 RuðIVÞðelectrodeÞ

! GOxox ðFADÞ þ 2 RuðIIIÞðelectrodeÞ þ 2 Hþ
ð4Þ

2 RuðIIIÞ ! 2 RuðIVÞ þ 2e¢ ð5Þ

where GOxox(FAD) and GOxred(FADH2) are the oxi-
dized and reduced forms of GOx, respectively. The role
of ruthenium complexes as electron-transfer mediators
can be described according to the reaction mechanisms
shown in Eqs. (3), (4) and (5). Two important electron-
transfer mediator properties are particularly necessary to
develop voltammetric glucose biosensors. Firstly, an elec-
tron-transfer mediator should have an appropriate redox
potential for the reaction at the electrode, given by Eq.
(5). Electrochemical glucose biosensors are required to
detect glucose at a potential near 0.0 V, where the risk of
interference between reactions is minimized and when
the background current and noise levels are lower. Sec-
ondly, to increase the sensitivity and to minimize compe-
tition with dissolved O2, an electron-transfer mediator

must have a high value of the second-order constant ks in
Eq. (4). Consequently, the choice of the mediator of elec-
tron-transfer is certainly important to achieve a high sen-
sitivity and selectivity of glucose biosensors. Ruthenium
complexes offer great advantages compared to complexes
of osmium for example, due to their lower cost and
higher reactivity with GOx [29]. Moreover, the low redox
potential of the mediator minimizes the oxidation of en-
dogenous species, such as ascorbic acid and uric acid [30].
The redox potentials recorded by ruthenium dinuclear
polypyridyl oxo-complex [(bpy)2(NH3)RuIII(m-
O)RuIII(NH3)(bpy)2]

4+ were more positive than those of
FAD/FADH2 (¢0.41 V vs. SCE at pH=7.0) present in
the enzyme active center [13, 21], the mediation reaction
is considered thermodynamically possible (GOxred

(FADH2)+2Ru(IV)!GOxox (FAD)+2Ru(III)+2H+).
The oxo-bridged dinuclear ruthenium amine complex can
be considered to be a good electron-transfer mediator at
the observed redox potential (0.13 V vs. SCE).

In the Figure 3(B) were conducted a control experi-
ment by using Nafion modified glassy carbon electrode
without the incorporation of the mediator, demonstrating
the mediator effect. The Figure 3(B) shows the voltam-
metric response for a GOx/Nafion-modified carbon elec-
trode without the incorporation of the redox mediator in
the presence of glucose. The cathodic current (curve 2 in
figure) in presence of glucose is resulting from its catalyt-
ic oxidation by enzyme in the electrode surface. The
GOx/Nafion film itself shows that in the absence of the
ruthenium dinuclear polypyridyl oxo-complex is difficult
to measure the electrogerate current of the peroxide due
to absence of the well-defined peaks. There are only an
increase of the diffusion current in approximately 0.2 V
vs. SCE. Apparently, the current is due the reduction of
hydrogen peroxide generated by enzymatic catalysis.
Comparatively, the sensitivity obtained for the electrode
containing the oxo-bridged dinuclear ruthenium amine
complex was better and it is evident the electronic media-
tion with glucose oxidase.

3.4 Glucose Voltammetric Determination Using GOx/
Oxo-bridged Dinuclear Ruthenium Amine/GC Electrode

Successive cyclic voltammograms were performed, to
obtain the analytical curve, at a range of potentials be-
tween ¢0.25 V and +0.25 V in a 0.1 mol L¢1 acetate
buffer, at a scan rate of 25 mVs¢1 for successive additions
of 50 mL from a glucose standard solution at
0.001 molL¢1. Figure 4(A) shows the voltammograms ob-
tained for different concentrations of glucose. The values
of the anodic peak current varied linearly, according to
variation in the glucose concentration in solution. The
calibration curve (see Figure 4(B)) was linear in the glu-
cose concentration range between 2.52× 10¢5 and 1.00 ×
10¢4 molL¢1 and can be represented by the equation (DI
(mA)=3.77x10¢2 +8.30 ×10¢4 [Glucose] (mmolL¢1) with
a linear correlation coefficient R=0.9976 and the limit-
order detection (LOD) was 9.63 mmolL¢1. The standard
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deviation for six successive determinations of glucose was
4.4%. Furthermore, the repeatability inter-day (five dif-
ferent electrodes) was also evaluated for a 5.0 ×
10¢5 molL¢1 glucose solution in 0.1 molL¢1 acetate-buffer
solution. RSD of 3.78% was obtained, indicating a high
repeatability of the electrode fabrication. The perfor-
mance of the developed biosensor was compared with
that of other glucose biosensors. Table 1 shows the analyt-
ical parameters (operating potential and sensitivity) of
electroanalytical methods using different mediators that
have been reported for the glucose biosensors. We can
conclude that the mediator showed good results, confirm-
ing the efficiency of this voltammetric biosensor for the
detection of glucose [13,14, 31–35].

The KM
app provides important information about the re-

lationship and affinity between the enzyme and substrate.
An estimated value of the rate of the enzyme-substrate
intermediate dissociation without conversion of substrate
to product is provided by the apparent Michaelis¢Menten
kinetic constant (KM

app) [36]. Thus, the probability of
product formation per binding is inversely proportional
to KM

app. The value of KM
app can be obtained by linear re-

gression analysis using the Lineweaver¢Burk equation
[37]: Iss

¢1 = Imax
¢1 +KM

app Imax
¢1 [glucose]¢1, where Iss is the

steady-state current measured for the enzymatic product
and Imax is the maximum current under conditions of sub-
strate (glucose) saturation. The equation of the Linewea-
ver¢Burk plots for the GOx/[(bpy)2(NH3)RuIII(m-
O)RuIII(NH3)(bpy)2]/ Nafion

Ô

/GC biosensor was Iss
¢1 =

3.643x106 +34.38 [glucose]¢1 (correlation coefficient of
0.995). Thus, the KM

app can be simply obtained by multi-
plying the slope (1/Iss vs 1/[glucose]) by Imax. The Imax and
KM

app source values obtained in this study were 2.547 ×
10¢7 A and 8.757× 10¢6 molL¢1, respectively. Table 2 lists
the KM

app source values reported in the literature for dif-
ferent glucose biosensors using glucose as a substrate.

The KM
app value obtained in this study indicates a high

affinity of the substrate (glucose) for the active site of
GOx immobilized within the biosensor. This suggests that
the enzyme immobilized onto the transducer
[(bpy)2(NH3)RuIII(m-O)RuIII(NH3)(bpy)2]/Nafion/GC, has
a high catalytic activity and a high affinity for glucose,
due to an increase in the electron transfer rate. Further-

Fig. 4. (A) Cyclic voltammograms obtained for GOx/oxo-
bridged dinuclear ruthenium amine/Nafion/GC electrode in
0.1 molL¢1 acetate-buffer solution in the absence (a) or the pres-
ence of glucose: 2.50× 10¢5 (b); 3.76× 10¢5 (c); 4.97× 10¢5 (d);
6.20× 10¢5 (e); 7.44× 10¢5 (f); 9.90× 10¢5 (g); 1.23× 10¢4 (h); and
1.47× 10¢4 mol L¢1 (i). Scan rate 25 mV s¢1. (B) Analytical curve
obtained by the peak current vs. [glucose] in solution. The data
were abstracted from Fig. A.

Table 1. Comparison of the analytical parameters obtained for the determination of glucose using GC/oxo-bridged dinuclear rutheni-
um amine/GOx with those from the literature.

Mediator Redox Potential (vs Ag/AgCl) Sensitivity Ref.

[Ru(NH3)5(pyridinium)]3+ 0.10–0.18 V – [13]
Ru3(m3-O)(AcO)6(Py)3(ClO4) ¢0.190 and ¢0.106 V 15.4 mAmol L¢1 [14]
CFe*-RP/GOx/Ts 0 V 5.4 mAmolL¢1 [31]
[Ru(CO)Cl(PPh3)2TSCN¢S] ¢0.9 V 2.1 mAmolL¢1 [32]
Ru-RP ¢0.15 V 24.3 mAmol L¢1 [33]
[Ru(NH3)6]

3+ 0 V – [34]
[Ru(trpy)(phen)(OH2)]2+ 0.52 V – [35]
trans-[Ru(2,2¢bpy)2(OH2)(OH)]2+ 0.50 V 0.4 mAmolL¢1 [35]
[Ru(4,4¢bpy)(NH3)5]

2+ 0.24 V 7.2 mAmolL¢1 [35]
[(bpy)2(NH3)RuIII(m-O)RuIII(NH3)(bpy)2]

4+ 0.13 V (vs. SCE) 0.86 mAmol L¢1 This Study
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more, the important contribution of the electron-transfer
mediator ruthenium dinuclear oxo-complex
[(bpy)2(NH3)RuIII(m-O)RuIII(NH3) (bpy)2] is clearly dem-
onstrated, because the KM

app values for the biosensor
GOx/[(bpy)2(NH3)RuIII(m-O)RuIII(NH3)(bpy)2]/Nafion/
GC were three orders of magnitude lower than those pre-
viously reported in the literature (see Table 2).

In addition to KM
app and Imax, an another important con-

stant is the catalytic rate constant kcat, defined as the max-
imum amount of substrate that can be converted to prod-
uct by one mol of enzyme per unit time. In agreement to
Lineweaver¢Burk [37], in steady state conditions, kcat can
be calculated by the equation Imax =kcat [E], where Imax is
the maximum current under conditions of substrate (glu-
cose) saturation obtained when the enzyme concentration
([E]) exists completely as the enzyme¢substrate complex.
The Imax and kcat values obtained in this study were
2.547×10¢7 A and 1,956 s¢1, respectively. Bright and
Gibson [38] and Gibson et al. [39] report kcat values for
the transformation of the glucose¢enzymeox complex to
the lactone¢enzymered complex of 1,000 and 1,150 s¢1, re-
spectively. The kcat value obtained for our biosensor GOx/
oxo-bridged dinuclear ruthenium amine/Nafion/GC was
two-fold higher than those in the literature, indicating the
efficiency of ruthenium dinuclear oxo-complex as an elec-
tron transfer mediator.

4 Conclusions

Cyclic voltammetry at the modified electrode in acetate
buffer showed a single-electron reduction/oxidation of
RuIIIORuIII/RuIIIORuIV. The modified electrode exhibited
electron-transfer mediator properties towards glucose oxi-
dation in acetate buffer. The kinetic studies were per-
formed to evaluate the performance of the Nafion film
containing the oxo-bridged dinuclear ruthenium amine
complex as an electron mediator. Furthermore, we ob-
served an increase in catalytic current and a decrease in
overpotential, compared to the unmodified electrode.
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