
• ^ P J ^ ^ P f l f e Journal of 
€<^Sil l i i Electroanalytical 

% H Chemistry 

E L S E V I E R Journal of Electroanalytical Chemistry 538-539 (2002) 153-164 = ^ = ^ = 

www.elsevier.com/locate/jelechem 

Glucose detection based on electrochemically formed Ir oxide films 

Erf an Abu Irhayema, Hanna Elzanowskab, Amit S. Jhasa, Beata Skrzyneckab, 
Viola Birss * 

a Department of Chemistry, University of Calgary, 2500 University Drive NW, Calgary, Alberta, Canada T2N 1N4 
b Department of Chemistry, University of Warsaw, 02-093 Warsaw, Poland 

Received 14 February 2002; received in revised form 12 July 2002; accepted 12 August 2002 

Abstract 

Ir oxide (IrOx) films, known to be nanoporous, electronically conducting and biocompatible, were formed anodically on 
polycrystalline Ir substrates in neutral solutions and were used to immobilize glucose oxidase (GOx) using two different methods. 
The resulting electrodes were found to generate H2O2 in the presence of glucose and oxygen, yielding an excellent response to 
glucose (up to 70 mM) by the oxidation of H202 in both stirred and non-stirred neutral solutions. It was found that, while the 
preferred method of immobilization involves the growth of IrOx films in a ca. 130-160 U ml - 1 GOx solution, these electrodes 
displayed relatively large K'm values (up to 190 mM), reflecting restricted diffusion of glucose inside these films. The thicker the film 
on the electrode, the more stable the electrode response, especially to solution agitation, but the larger were the K^ values. SEM 
examination of these electrodes showed that GOx deposits in the form of small clusters, with the more stable response obtained 
when these clusters are more uniformly distributed. These amperometric IrOx/GOx glucose sensors were found to be free of 
interference from ascorbic acid, uric acid and paracetamol, at their physiological concentrations. 
© 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 

A biosensor is a device that involves a selective 
biological sensing component either connected to or 
embedded within a transducer. The main aim is to 
produce an electronic signal, which is proportional to 
the concentration of a specific biologically relevant 
species. Since Hicks and Updike [1] demonstrated in 
1967 that an enzyme could be integrated into an 
electrode to form a biosensor, the development of such 
electrochemical devices has made considerable progress. 

Glucose biosensors have received a great deal of 
attention in the past two decades due to the importance 
of developing a reliable method for the rapid monitoring 
of blood glucose, especially for the treatment of 
diabetes. Most studies [2-6] have involved the use of 
glucose oxidase (GOx), which catalyzes the oxidation of 

* Corresponding author. Tel.: +1-403-220-6432; fax: + 1-403-289-
9488 

E-mail address: birss@ucalgary.ca (V. Birss). 

glucose to gluconic acid. The active site of GOx is flavin 
adenine dinucleotide (FAD), which serves as the elec-
troactive redox center of the enzyme. During glucose 
oxidation, FAD is reduced to FAD-H2 in a two 
electron, two proton process. However, it is difficult to 
collect these electrons directly, primarily as the FAD-
H2/FAD redox centers are located deep within the 
enzyme. Even if the enzyme were adsorbed on an 
electrode surface, the distance between the redox center 
and the electrode would still be too large for electrons to 
be transferred at a measurable rate [7]. One way to solve 
this problem is to introduce oxygen, which can access 
this site and oxidize FAD-H2 back to FAD (indicated 
below as GOx-H2 and GOx), thus regenerating the 
enzyme activity. During this process, oxygen is reduced, 
forming hydrogen peroxide, an electrochemically active 
species that can be easily detected, either by its oxidation 
or reduction. 

GOx + glucose -» GOx-H2 + gluconic acid (1) 
GOx-H2 + 0 2 -» GOx + H 2 0 2 (2) 

A preferred alternative approach involves the use of a 
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different electroactive mediator (Med), which can re
generate the oxidized flavin site in GOx, while itself 
being reduced, as shown in the following reaction [8]. 

GOx-H2 + Medox - GOx + Medred (3) 

The use of a mediator, which would be reoxidized 
electrochemically, could overcome some of the chal
lenges of the H 2 0 2 route, e.g. the variability of the 
oxygen level in solution and interferences by other 
biochemical reactions, which may also consume or 
produce H2O2. 

Many materials have been employed in the past to 
microfabricate glucose biosensors and to immobilize the 
enzyme (GOx) in the electrode matrix material. These 
include noble metals [9], metal complexes [10], conduct
ing polymers [11-13] and sol-gel materials [14], with the 
immobilization methods including covalent bonding, 
physical adsorption and electrochemical polymerization 
[15-17]. However, one major obstacle that continues to 
challenge the commercial development of miniaturized 
biosensors is the stable integration of enzymes and other 
functional biological species into conductive matrices, 
without some loss of their biological activity, recogni
tion, and other important properties [18,19]. 

Ir oxide (IrOx) has been studied extensively in the past 
two decades, revealing its many useful and unique 
properties. The principal reasons for considering its 
use as an immobilization medium for GOx are its 
stability in vivo [20], its appropriate pore size and 
structure (GOx is ca. 14-18 nm in length and 5-8 nm 
in width [21], while IrOx pores have been found to have 
a diameter of ca. 20-30 nm [22]), and its highly 
conductive nature. IrOx films can be generated electro
chemically (anodically and cathodically) and thermally 
at a metallic Ir substrate [23] or they can be formed by 
thermal degradation methods [24]. 

In terms of the anodic formation of IrOx, it is now 
known that thick layers of an electroactive, electro-
chromic, conducting oxide film can be built up on an Ir 
substrate by cycling in acidic or neutral solutions 
between certain potential limits [22]. The film formed 
is a hydrated form of IrOx [25], highly porous and very 
stable in a wide range of solutions. Virtually all of the Ir 
sites in the IrOx layer can be cycled reversibly between 
the Ir(III) and Ir (IV) redox states over a range of 
potentials. Successful attempts have been made to use 
electrochemically formed IrOx in neural stimulation 
devices, taking advantage of the inertness and biocom-
patibility of Ir-based materials [20,26]. 

Only a few studies have focussed on the use of Ir-
related materials as a matrix for glucose immobilization 
[27-29]. Cox and Lewinski [30] worked with electro
chemically formed IrOx films in a 0.1 M LiOH+1 M 
LiC104 mixture, and reported that the lowest potential 
at which hydrogen peroxide could be oxidized was —0.1 
V (vs. SCE). However, no attempts were made to 

expand their investigation and study glucose detection. 
Wang et al. [28] and Rodriguez and Rivas [29] studied 
electrochemically deposited Ir on carbon fiber and 
glassy carbon electrodes and found that the presence 
of Ir in these electrodes can promote the catalytic 
oxidation and reduction of hydrogen peroxide and 
inhibit the oxidation of interfering species, such as uric 
acid and ascorbic acid. Rauh et al. [27] reported that 
IrOx formed anodically by electrochemical pulsing can 
be used to entrap GOx during the IrOx formation 
process. The resulting electrode was reported to detect 
glucose in both oxygen and argon saturated solutions 
[27]. 

In this paper, a detailed study of the possible 
application of electrochemically formed IrOx films as a 
glucose biosensor is presented. Two approaches for the 
construction of a GOx/IrOx electrode, both leading to 
the deposition of GOx clusters, are discussed. The 
electrodes are found to be very sensitive to glucose, 
detecting it via the H2O2 route (no evidence has been 
found for a mediated mechanism involving Ir redox 
sites), and can handle a wide range of glucose concen
trations, from 0.3 to 60 mM. Also, these electrodes are 
not affected by the presence of three common inter-
ferents, ascorbic acid, uric acid and paracetamol, at their 
normal physiological concentrations. 

2. Experimental 

2.1. Electrochemical equipment 

All of the electrochemical experiments were carried 
out using an EG&G PARC 173 potentiostat in con
junction with an EG&G PARC 175 function generator. 
The electrochemical data were recorded using either a 
Kipp & Zonen (Mandel Scientific Co. Ltd.) or an LY-
14100-11 (Linseis) X-Y recorder. A non-linear regression 
fitting method (Graphpad Prism, Version 3.00 for 
Windows) was used to obtain Michaelis-Menten plots, 
and to calculate the values of the apparent Michaelis-
Menten constant (K'm) and the limiting current density 
(/max) for each electrode. 

2.2. Electrodes and cells 

All electrochemical experiments were performed in a 
conventional two-compartment glass cell, containing the 
working (WE) and the high surface area Pt mesh 
counter electrodes in one compartment, connected to 
the reference electrode (RE) compartment through a 
Luggin capillary. The WEs consisted either of Ir wire 
(0.25 cm2 geometric area, 99.8%, Alfa Aesar) sealed in 
soft glass tubing, or glass slides, sputter-coated first with 
an undercoat of Ti to a thickness of ca. 10 nm, followed 
by a coating of Ir to ca. 80-90 nm using a DV-502A 
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sputtering system, followed by rinsing with methanol 
and then water. The Ir wire electrodes were cleaned 
electrochemically by cycling in 1 M H2S04 between 
-0.050 and 1.8 V (vs. RHE) for 30 min. The reference 
electrode was a reversible hydrogen electrode (RHE) 
and all potentials in this paper are referred to the RHE. 

2.3. Solutions, reagents and general experimental 
conditions 

All solutions were prepared using Analar-grade 
reagents and triply distilled water. H 2 0 2 (30% v/v 
aqueous solution), D-glucose anhydrous, potassium 
dihydrogen phthalate and potassium dihydrogen phos
phate were purchased from BDH Chemicals. Glucose 
oxidase (GOx, EC 1.1.3.4, Type II-S from Aspergillus 
niger, 40300 unit g" 1 of solid) was obtained from 
Sigma, while uric acid and ascorbic acid were purchased 
from Fisher Scientific Co. All experiments were carried 
out at room temperature (22 °C) in either aerated (with 
oxygen) or deaerated (nitrogen) potassium phosphate 
buffer solution, at a pH of 7, unless indicated otherwise. 

2.4. GOx immobilization methods 

2.4.1. Type A method 
Immobilization of GOx was performed by first 

depositing a few monolayers of IrOx by cycling the 
potential between 0.0 and 1.45 V (vs. RHE) in the 
phosphate buffer solution, followed by immersion of the 
electrode in a concentrated solution of GOx (4000 U 
ml"1) for 5 min. These IrOx growth and GOx deposi
tion steps were then repeated, alternately, up to nine 
times. A schematic of the desired structure of the 
resulting electrode is shown in Fig. 1A, with '« ' 
depicting the number of IrOx growth/GOx layers 
formed as a result of V deposition steps. 

2.4.2. Type B method 
IrOx film growth and GOx immobilization were 

performed simultaneously by cycling the potential 
between 0.0 and 1.45 V (vs. RHE) in phosphate buffer 
solution (pH 7) in the presence of GOx (130 U ml" ' ) . A 
schematic showing the desired electrode structure is 
shown in Fig. IB. 

2.5. SEM imaging and EDX analysis 

Scanning electron microscopy (SEM) images and 
energy dispersive X-ray spectra (EDX) were obtained 
using a Philips/FEI X23 OESEM in the high vacuum 
mode and using a 20-30 kV acceleration voltage. Prior 
to examination, electrodes were first rinsed with deio-
nized water, then attached to an Al stub using carbon 
tape and then stored in air at room temperature over-

IrOx 

A GOx 

n = 1 n = 2 n = 3 

IrOx 

B GOx 

Fig. 1. Schematic diagram showing the desired structures of IrOx/ 
GOx in both Type A and Type B electrodes. 

night. A set of plastic tweezers was used in handling 
electrodes to avoid any organic contamination. 

3. Results and discussion 

3.1. Electrochemical growth of IrOx films in neutral 
solutions 

Hydrous iridium oxide (IrOx) films can be formed 
electrochemically by cycling the potential of an Ir metal 
substrate in an aqueous solution between certain 
potential limits that are sufficient to form a hydrous 
oxide at positive potentials and to reduce the underlying 
compact film at negative potentials, allowing up to one 
monolayer of new IrOx to form in each positive cycle 
[25]. IrOx films can be readily grown in acidic and 
neutral solutions [31,32], but not in basic media. Fig. 2 
shows a typical family of cyclic voltammograms col
lected during the growth of hydrous IrOx by cycling 
between 0 and 1.45 V in a pH 7 phosphate buffer 
solution. IrOx film formation occurs only if the upper 
potential limit exceeds 1.3 V and if the lower potential 
limit is less than 0.05 V in this solution. 

The large symmetrical anodic and cathodic peaks, Aj 
and C\, have been attributed to the electrochemical 
conversion of I r 3 + / I r 4 + sites within the oxide film, and 
A2/C2 to the redox chemistry of higher oxidation states 
of Ir ( I r 4 + / I r 5 + / I r 6 + ) . The anodic prepeak, A0, has 
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Fig. 2. CV response (100 mV s ) in an unstirred, deaerated 
phosphate buffer solution (pH 7) of IrOx formed electrochemically 
by cycling the potential between -0.05 and 1.45 V (vs. RHE). The 
IrOx film thickness, given in monolayers, increases with time of 
cycling, (a) 1, (b) 4, (c) 10, (d) 12, (e) 16, and (f) 20. 

been related to the reaction of oxide sites near the 
metal | oxide interface [33], proposed to involve more 
extensive water exchange than in the reaction in the 
main A,/Ci peaks. The oxidized Ir4 + oxide film is highly 
conductive and also colored (blue-black), while the 
reduced Ir 3 + oxide film is colorless and electronically 
insulating [34]. The peaks in the range of ca. 0.0-0.3 V 
are due to hydrogen adsorption/desorption at metallic Ir 
(H upd peaks). These peaks decrease somewhat in size 
during oxide growth in the pH 7 solutions, reaching a 
steady-state which is ca. 50% of their original magni
tude. The persistence of the H upd peaks indicates that 
electrochemically formed IrOx films are very porous, 
allowing the solution full access to the underlying metal 
surface. The hydrogen evolution reaction (HER) takes 
place at a potential of ca. 0.0 V, while the oxygen 
evolution reaction (OER) commences at a noticeable 
rate at potentials greater than ca. 1.4 V. 

The real area of Ir electrodes can be calculated based 
on the magnitude of the H upd charge, using the 
published value of 0.21 mC c m - 2 for the deposition 
of a full monolayer of H atoms on Ir, although only 65% 
of the Ir surface is occupied in sulfuric acid solutions 
[35-37], It was shown previously [38] that, for IrOx 
films formed at bulk Ir in acidic solutions, an oxide 
charge density of 0.11 mC/true cm2 (integrated up to 1.3 
V) is equivalent to one monolayer of IrOx (1.2 nm in 
thickness [38]). The thickness of the IrOx films formed in 
the present paper will be given in terms of the number of 
monolayers, with Fig. 2 showing the growth of from 1 
(a) to 20 monolayers (f) of IrOx film. 

3.2. Response of IrOx electrodes to H202 

In the presence of oxygen, the product of principal 
interest associated with glucose oxidation is hydrogen 
peroxide (Eq. (2)), which is electrochemically active and 
can be reproducibly detected. Fig. 3 shows the effect on 
the IrOx CV of the addition of aliquots of 1 M H2O2 to 
a deaerated, non-stirred pH 7 phosphate buffer solution. 
It can be seen that H 2 0 2 oxidation commences at ca. 1.0 
V, when the film is conductive, while reduction com
mences at below ca. 0.7 V. It is notable that the presence 
of even 30 mM H2O2 in solution does not negatively 
affect the electrochemical response of the IrOx film, 
indicating that IrOx is suitable for H 2 0 2 detection. 

Wang et al. [28] reported that H 2 0 2 oxidation at 
carbon microelectrode takes place at ca. 1.19 V (vs. 
RHE), in phosphate buffer solution (pH 7.4). However, 
when Ir was electrochemically deposited on carbon fiber 
electrodes, the redox reaction of H2O2 was enhanced 
and oxidation was observed at less positive potentials, 
ca. 0.96 V (vs. RHE). Kauffmann and coworkers [39] 
reported that H 2 0 2 is oxidized at ca. 1.23 V on Pt, and 
at 1.11 V vs. RHE on gold in phosphate buffer (pH 7.4). 
Other work [30] indicated that the H 2 0 2 oxidation wave 
starts at ca. 0.97 V (vs. RHE) on IrOx, using unbuffered 
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Fig. 3. CV response (100 mV s~ ') of IrOx in an unstirred, deaerated 
phosphate buffer solution (pH 7) to incremental additions of H2O2. (a) 
0.0 mM, (b) 4.0 mM, (c) 8.0 mM. Inset: linear dependence of H20? 
oxidation current densities at 1.2 V, corrected for the background 
current due to the oxidation of IrOx during the sweep experiment, on 
the H 2 0 2 concentration. 
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1 M NaOH solution as the supporting electrolyte. The 
IrOx film, in that case, was formed electrochemically in 
a 0.1 M LiOH + 1 M LiC104 unbuffered solution. Our 
results are very consistent with the reported literature 
values for the observed oxidation potentials of H 2 0 2 at 
Ir and IrOx electrodes, and less positive than those 
reported for other electrodes, indicating that the oxida
tion of H 2 0 2 is enhanced at IrOx electrodes. 

In order to determine the concentration dependence 
of the H 2 0 2 currents in the present work, it was noted 
that H 2 0 2 reduction interfered with oxygen reduction, 
both occurring in the same potential range (Fig. 3). In 
contrast, at potentials above 1 V, but below 1.23 V, only 
the IrOx currents overlap with the H 2 0 2 oxidation 
signal. However, the IrOx currents will be zero at 
constant potential, due to the pseudocapacitive nature 
of the IrOx reaction. The inset in Fig. 3 shows the linear 
dependence of the H 2 0 2 oxidation current densities at 
1.2 V, corrected for the background current due to the 
oxidation of IrOx during the sweep experiment, on the 
H 2 0 2 concentration. The same result is seen at other 
potentials in this range. These results confirm that IrOx 
films can be used to detect H 2 0 2 in phosphate buffer 
solution, yielding a stable and linear response. 

3.3. Response of IrOx-GOx electrodes to glucose in CV 
experiments 

800 

600 

400 

200 

E o 

-200 

-400 

-600 
-0.2 0.4 0.6 0.8 

E/VvsRHE 

Fig. 4. CV response (100 mV s~') in an unstirred, phosphate buffer 
solution (pH 7) of IrOx/GOx electrode (Type A, n — 9) at different 
glucose concentrations (—) 0.0 mM, ( ) 6.4 mM, ( ) 12.7 
mM, ( ) 19.0 mM, (- - -) 25.16 mM, and ( ) 37.0. The 
solution was agitated by bubbling 0 2 for 30 s after each addition of 
glucose. The associated Michaelis-Menten plot is shown in the Inset. 

In the absence of immobilized GOx in the IrOx films, 
it was first verified that electrochemically formed IrOx 
films are unresponsive at potentials above 0.9 V to the 
presence of glucose in solution, even up to 60 mM. At 
low potentials, minor changes on the H upd peaks 
shapes were observed, indicating that some glucose is 
likely partially adsorbing on the metal surface in this 
potential range. However, these changes were minor and 
not reproducible. 

For a Type A IrOx (nine monolayers)-GOx elec
trode, Fig. 4 shows a set of cyclic voltammograms, 
recorded at 100 mV s _ 1 , in an aerated unstirred, pH 7 
phosphate buffer solution as a function of increasing 
glucose concentration. As the current density increases 
are so similar to those shown in Fig. 3 for the addition 
of H202 , it can be concluded that GOx in the IrOx film 
is actively oxidizing glucose, and that, in the presence of 
oxygen, the active flavin site is being reoxidized, 
producing H 20 2 , which is being detected electrochemi
cally (Eq. (2)). 

The inset in Fig. 4 shows the current at 1.2 V, 
measured in the first positive scan and corrected for 
the IrOx background current, as a function of glucose 
concentration. It can be seen that the familiar plot 
associated with Michaelis-Menten kinetics [40] is ob
tained. At low glucose concentrations (sometimes re
ferred to as the 'linear' part), the active sites of GOx in 
the film are primarily unoccupied and the rate of the 

glucose/GOx reaction is controlled by the rate of 
diffusion of glucose to the active sites of the enzyme. 
At high concentrations, the majority of the active sites 
are occupied and the observed rate, ymax, depends only 
on the rate at which the bound reactants (glucose/GOx) 
are converted to products. Further increases in the 
glucose concentration then have little effect. The K'm 

value, equal to the concentration of substrate at 
0.5(/max), can be loosely interpreted as being inversely 
proportional to the affinity of the enzyme for the 
substrate [27]. The values for K^ and ymax obtained 
from this experiment using Graphpad Prism Version 
3.00 for Windows were 82 mM and 242 uA cm^2 , 
respectively. Typical K^ values reported in the literature 
for glucose oxidation are usually in the range of ca. 15-
50 mM [27,29], depending on the immobilization 
method employed, the type of matrix exploited, the 
potential at which the glucose response is measured and 
the solution conditions. These values are quite different 
from those normally associated with the enzyme in 
solution. A more rigorous discussion of the Km values 
obtained in the present work will be presented in Section 
3.4 below. 

A fresh Ir electrode was used to study the effect of 
multiple IrOx growth/GOx deposition sequences, i.e. 
increasing n values, for Type A IrOx/GOx electrodes. 
The oxidation current at 1.2 V (corrected for back-
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Fig. 5. H 2 0 2 oxidation current densities at 1.2 V (corrected for 
background) in the first positive scan in an unstirred aerated 20 mM 
glucose-f phosphate buffer solution, measured vs. the number of IrOx/ 
GOx layers (n value) for a Type A electrode. 

ground) in the first positive scan in an unstirred 20 mM 
glucose/phosphate buffer solution was measured versus 
n. Fig. 5 shows that, as expected, there is a general trend 
of increasing signal with increasing n values as more 
active GOx is present in the film (Fig. 1A). 

While Fig. 5 does show some very promising results, it 
was found that the magnitude of the measured current 
densities depended somewhat on the cycle number 
chosen for the analysis. As well, some complexities 
could be observed in terms of whether the solution was 
agitated or not during glucose analysis. To enable a 
closer study of these phenomena, chronoamperometry 
was selected to investigate more closely the response of 
these IrOx/GOx electrodes to glucose. Not only are 
measurements at constant potential more realistic for a 
functioning biosensor, but the H 2 0 2 signal can be 
measured more accurately when the background current 
due to the IrOx oxidation reaction is zero. 

3.4. Chronoamperometric response of IrOx-GOx 
electrodes to glucose 

3.4.1. Type A electrodes 
Fig. 6 shows part of a set of chronoamperometric data 

obtained at 1.2 V under non-stirred conditions for a 
Type A electrode consisting of a thin « = 4 IrOx/GOx 
coating. In this experiment, the addition of 200 ul 
aliquots of 1 M glucose solution was followed by 
agitation of the solution with bubbling oxygen for 5 s, 
after which the solution was not stirred. Fig. 6 shows 
that, for the early glucose additions, the current densities 
then decrease rapidly with time (in a manner predicted 
by the Cottrell equation [41]). When the current density 
was plotted versus t~m, a straight line was obtained 
(not shown). This is consistent with the rapid consump
tion of glucose at the electrode and the development of a 
concentration gradient, leading to transport controlled 
glucose oxidation rates. The current at 80 s after the 
addition of each aliquot of glucose was arbitrarily 
chosen for data analysis in this set of experiments, 
resulting in the plot shown in the inset of Fig. 6. The K^ 
value obtained for this film is ca. 30, while the maximum 
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Fig. 6. Chronoamperometric data obtained at 1.2 V under non-stirred 
conditions in an aerated phosphate buffer solution (pH 7), for a Type 
A electrode consisting of a thin n = 4 IrOx/GOx coating. An increase 
in current is observed after each addition of glucose. The arrows 
indicate the time at which 200 ul of 1.0 M glucose were added to the 
solution. The associated Michaelis-Menten plot is shown in the Inset. 

current density at high glucose concentrations (/max) is 
95 uA cm"2 . 

The electrodes employed in the experiments of Fig. 4 
(CV data) and Fig. 6 (jit data) are both Type A. 
However, one has a thicker IrOx film (Fig. 4) involving 
a higher value of '« ' , explaining why it attained a higher 
/max value (/max is an indication of the amount of active 
GOx loaded in the electrode [42]). On the other hand, 
the value of Km is also higher for the thicker film (82 for 
n = 9 vs. 30 for n = 4). This can be attributed to greater 
diffusional restrictions of glucose within the thicker 
IrOx/GOx film, resulting in a lower glucose concentra
tion in the matrix versus in the bulk solution, as has 
been suggested in other studies [27,43]. 

When this particular experiment was repeated, but 
with intermittent solution stirring, it was seen (not 
shown in a figure) that, while steady-state currents are 
obtained with stirring, as predicted, their magnitude is 
unexpectedly lower than without stirring After stirring 
was ceased, the currents increased in magnitude again, 
reaching a steady-state value. This complex dependence 
on solution agitation for Type A electrodes likely 
indicates that, while stirring will enhance glucose (and 
oxygen) transport to the electrode surface, for the thin 
films under study here, stirring may also result in H2O2 
removal from the electrode. Under these conditions, the 
concentration of the redox active H 20 2 , generated at the 
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electrode surface, will be lowered and the current will 
drop. The net current observed will depend on the sum 
of the fluxes of glucose and oxygen to the electrode and 
H 2 0 2 away from the surface. This result points towards 
the need for sufficiently thick immobilizing layers such 
that, if solution agitation is employed, it will have a 
negligible effect on the H 2 0 2 concentration when it is 
generated within the surface film. 

3.4.2. Type B electrodes 
In order to form thicker films efficiently to minimize 

these solution agitation problems, as well as to attempt 
other immobilization methods, Type B electrodes [27], 
which are also less time consuming to form, were 
constructed. Fig. 7 shows a set of jit data which was 
collected at a relatively thick IrOx (15 monolayers)-
GOx electrode (Type B) under stirred conditions in 0 2 

saturated solution. The potential was again held at 1.2 V 
and the current was recorded after the addition of 200 ul 
aliquots of 1.0 M glucose solution. It was immediately 
observed that solution stirring had only a negligible 
impact on the measured current densities for these thick 
Type B films, suggesting that GOx is immobilized more 
deeply (vs. Type A) inside the films such that the 
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Fig. 7. Chronoamperometric data obtained at 1.2 V under stirred 
conditions in an aerated phosphate buffer solution (pH 7) for a Type B 
electrode consisting of a thick (15 monolayers) IrOx/GOx coating. An 
increase in current is observed after each addition of glucose. The 
arrows indicate the time at which 200 ul of 1.0 M glucose were added 
to the solution. The associated Michaelis-Menten plot is shown in the 
Inset. 

generated H 2 0 2 is impervious to external stirring of 
the solution. 

Fig. 7 (inset) shows the Michaelis-Menten plot for 
this electrode, over the relevant range of glucose 
concentrations, giving a A m̂ value of 190 mM and an 
jmax value of 141 uA cm~2 (Table 1). This large increase 
in Km for the Type B (Fig. 7) versus Type A (Figs. 4 and 
6) electrodes likely suggests that, while GOx is more 
effectively being encapsulated into the Type B films, 
there are significant restrictions present to the access of 
glucose to the active site. The high ymax value indicates 
the successful loading of a comparatively large amount 
of GOx in the film, consistent with the longer time of 
IrOx growth in the GOx medium. 

When thin (e.g. three monolayers) Type B films were 
investigated, the same complications associated with 
solution stirring were seen as with thin Type A electro
des. In stirred solutions, the current densities (/max) are 
lower versus in unstirred solutions, while the K'm values 
for the stirred and unstirred conditions were found to be 
126 and 36 mM, respectively (Table 1). Clearly, there is 
a need for the GOx containing films to be sufficiently 
thick that the H 2 0 2 generated internally cannot be 
removed by external solution convection. 

Table 1 reiterates that K'm and ymax both depend on 
the thickness of the IrOx/GOx coating, as was the case 
for the Type A films. For films estimated to be 3, 10 and 
15 monolayers in thickness, K'm is 126, 162, 189 mM, 
respectively, while j m a x is 36, 89, and 141 uA cm~2, 
respectively. As thicker Type B films are formed by 
longer cycling times in the GOx solution, it was 
considered important to test the effect of just time on 
the resulting glucose detection parameters. Therefore, a 
nine monolayer IrOx film was first formed electroche-
mically at the same charge density and using the same 
conditions as for Type B electrodes, but in the absence 
of GOx. The electrode was then soaked for 40 min in the 
same GOx solution normally used to make Type B 
electrodes. The response to glucose addition was then 
established under stirred conditions, after which the 
electrode was exposed for another 120 min to the GOx 
solution, followed by a determination of its glucose 
response. Importantly, the ymax values are small in both 
cases (12 and 15 uA c m - 2 for the 40 and 120 min film, 
respectively), as compared to a value of 162 uA cm~2 

after 25 min of exposure, together with oxide growth, to 
the GOx solution. This is an important result, demon
strating clearly that the enzyme is encapsulated into the 
film when IrOx growth occurs simultaneously with 
exposure to GOx, as suggested by the schematic in 
Fig. IB. 

3.5. Interferents affecting IrOxIGOx electrodes 

A very positive feature of IrOx based glucose sensing 
electrodes is that they have been found to be relatively 



160 E. Abu Irhayem et al. I Journal of Electroanalytical Chemistry 538-539 (2002) 153-164 

Table 1 
Michaelis-Menten data for Types A and B IrOx/GOx electrodes " 

Type 'n' or time of exposure to glucose Thickness/ML [GOx]/U m l ' Stirring vs. non stirring ATm/mM /max/uA cnT 

A 
A 
B 
B 
B 
B 

9 
4 

5 min 
5 min 

15 min 
24 min 

9 

3 

3 

3 

10 

15 

4000 

4000 

1.30 

1.30 

130 

MO 

Non stirring 
Non stirring 
Non stirring 
Stirring 
Stirring 
Stirring 

82 242 
30 95 
36 67 
26 36 
62 89 
89 111 

All experiments carried out chronoamperometrically at 1.2 V (vs. RHE), in aerated phosphate buffer solution (pH 7). 
Electrode examined by CV (not chronoamperometry); oxidation current densities were still measured at 1.2 V (vs. RHE). 

insensitive to the presence of common interfering 
substances, e.g. ascorbate, ureate and paracetamol, at 
their physiological concentrations. These substances are 
usually detected in blood and urine samples at concen
trations of 0.2, 1 and 0.2 mM, respectively [44], and the 
concern was that their oxidation currents would inter
fere with the detection of H 2 0 2 at the IrOx/GOx 
electrodes. For instance, biosensors based on Pt electro
des oxidize paracetamol, ascorbic acid, and uric acid at 
potentials of ca. 0.5, 0.4 and 0.7 V, respectively, in 
neutral solutions [45]. The oxidation wave for H2O2 at 
the same electrode and in the same solution starts at 0.55 
V, and hence a significant interference is present at Pt. 

Fig. 8 shows the typical response of a Type B (20 min 
oxide growth time) IrOx/GOx biosensor electrode to 
various concentrations of ascorbate. This substance is 

150 

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

E/VvsRHE 
Fig. 8. CV response (50 mV s~') of IrOx/GOx (Type B) electrode to 
different concentrations of ascorbate in stirred phosphate buffer 
solution (pH 7). (• • •) 0.0 mM, (—) 0.5 mM, ( ) 1.4 mM. 

oxidized near the Ir (III)/(IV) potential, but the currents 
are comparable to those obtained from a 3 mM glucose 
solution (the lowest glucose concentration in blood) 
only when the ascorbate concentration is increased to 
ca. 2 mM, ten times its physiological concentration. 
Therefore, ascorbate does not pose any interference to 
glucose detection at our IrOx/GOx electrodes. 

Similarly, current due to the oxidation of paracetamol 
at physiological concentrations (0.2 mM) could not be 
detected, and a measurable current could be seen only 
after the addition of 2 mM paracetamol. On the other 
hand, ureate oxidation currents could not be detected at 
the IrOx/GOx electrodes even when the ureate concen
tration was as high as 10 mM. These results show that 
the common interferents, ascorbic acid, uric acid, and 
paracetamol, do not interfere with the glucose oxidation 
signal at these IrOx electrodes at their normal physio
logical concentrations. 

3.6. SEM imaging of IrOx and IrOx GOx 

SEM was used to determine the morphology and 
distribution of GOx in Type A and B electrodes. Fig. 9 
shows an SEM image of an IrOx-GOx (n = 5) film 
(Type A) deposited on an Ir wire substrate, along with 
its associated EDX spectrum. A non-uniform distribu
tion of GOx, with localized aggregates of the enzyme, 
can be clearly seen (note that the resolution of our SEM/ 
EDX, limited to ~0.5 urn, is insufficient to detect 
smaller moieties or individual GOx molecules). In the 
case of the cluster-free region, the carbon and oxygen 
peaks are very small, while the Ir peak is quite large. In 
contrast, the EDX spectrum of the region coated by the 
large cluster shows a very noticeable increase in the 
carbon peak and a small increase in oxygen, accom
panied with a noticeable decrease in the Ir peaks. 
Compared to the EDX spectrum for pure GOx powder, 
this demonstrates that the clusters in Fig. 9 are due to 
GOx deposition. 

These observations of a cluster-like structure are in 
agreement with earlier studies involving the deposition 
of GOx on Ir/carbon fiber electrode [28]. Other inves
tigations performed using Ru/GOx [6], Pd/GOx [46] and 
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1.00 2.00 3.00 1 

Fig. 9. SEM image of Type A IrOx/GOx coating formed on Ir wire electrode showing low magnification view (A) of GOx clusters, and higher 
magnification view (B), and the associated EDX spectrum for IrOx-rich area (D) and IrOx/GOx area (C). 

Rh/GOx [47] coatings on carbon fiber microelectrodes 
reported a more uniform distribution of GOx in the 
electrode matrices. However, the immobilization 
method used involved the simultaneous codeposition 
of GOx and the metal (Ru, Pd, or Rh) onto the carbon 
fiber and it is not possible to distinguish easily the 
metallic and enzyme deposits from each other. Also, 
Zambonin and coworkers [21], who performed AFM 
studies of GOx adsorbed on Au, found that at high 
enzyme concentrations, the formation of clusters is 
preferred, while lower enzyme concentrations lead to 

the deposition of a more uniform film. In our case, an 
absolute conclusion cannot be reached regarding the 
GOx structure, as the resolution of the SEM precludes 
the detection of GOx within the IrOx film pores, and 
only the large clusters can be easily resolved. 

SEM images were also obtained for Type B IrOx-
GOx electrodes. For these studies, Ir sputtered glass 
plates were dipped in a GOx-buffered solution (134 U 
m l - 1 ) and the IrOx film was formed electrochemically 
in the same GOx solution. The nucleation of GOx into 
clusters can be seen in Fig. 10. Compared with Type A 
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Fig. 10. SEM image of Type B IrOx/GOx coating formed on Ir sputter-coated glass plate, showing clustered structure of GOx (A), and the 
associated EDX spectrum for IrOx-rich area (C) and IrOx/GOx area (B). 

films (Fig. 9), it appears that the GOx aggregates are 
more uniformly distributed. Since higher concentrations 
of GOx were used in forming Type A electrodes, our 
results are consistent with the Zambonin study [21]. The 
EDX spectrum of the Type B electrode used in this 
experiment, after IrOx growth/GOx deposition, is 
shown in Fig. 10B, revealing the same carbon and 
oxygen peaks as seen for the Type A electrode (Fig. 10) 
and for pure GOx. 

4. Summary 

Ir oxide (IrOx) thin films were formed electrochemi-
cally on polycrystalline Ir wire and sputtered Ir surfaces 
in neutral phosphate buffer solutions and were em
ployed as a matrix for GOx. IrOx was employed for this 
work primarily due to its biocompatibility [20,26], its 
excellent electronic conductivity and its stability. Prior 
to enzyme immobilization, it was demonstrated that 
IrOx electrodes are stable in the presence of H202 , as 
has also been reported by others [28,30,39], yielding a 

linear relationship between the H 2 0 2 oxidation currents 
and the H 2 0 2 concentration, and that they are un
responsive to glucose without the enzyme present. 

GOx was embedded in the IrOx matrix by alternately 
soaking the electrode in a concentrated solution of 
enzyme, and then growing some oxide in enzyme-free 
phosphate buffer solution (Type A), or by growing the 
IrOx film directly in a more dilute GOx phosphate 
buffer solution (Type B). This latter approach is similar 
to that employed by Rauh et al. [27], while most other 
glucose sensors have been constructed by the electro-
deposition of GOx inside a matrix before deposition on 
an electrode surface, such as glassy carbon. Scanning 
electron micrographs have demonstrated that GOx 
deposits in the form of clusters for both Type A and B 
electrodes, although these appear to be more uniformly 
distributed for Type B electrodes. This is similar to what 
has been observed at electrodeposited Ir based electro
des, but not in the case of Rh or Pd, where very porous, 
but uniform, films of GOx have been observed [28]. 

Both Type A and B electrodes have been found to 
respond to glucose in the presence of oxygen, over a 
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concentration range of 3-70 mM, producing H202 . 
Contrary to the prior work of Rauh et al. [27], in the 
absence of oxygen, no evidence has been obtained in the 
present work for the successful regeneration of the GOx 
active site by Ir(IV) species in the film. Thin Type A and 
B IrOx/GOx coatings demonstrate a complex depen
dence on solution stirring when exposed to aerated 
glucose solutions. Solution agitation leads to a loss of 
the H 2 0 2 oxidation signal, as some of the H 2 0 2 

generated inside the film is lost to solution. Thicker 
films yield a stirring independent response. Type B 
electrodes were found to be more convenient to con
struct, lead to thicker films overall, and result in a more 
stable response to glucose. The thicker the film, the 
larger was the K^ value obtained from Michaelis-
Menten plots, thus stretching the 'linear response 
region' out to higher concentrations. This likely reflects 
the fact that thicker films, while better encapsulating the 
enzyme, result in more restricted internal diffusion of 
glucose. The values of K^, obtained for thin films, were 
comparable to those obtained by Rauh et al. [27] and 
Wang et al. [28]. However, in the case of thick films, 
which were not examined in Ref. [27], Km values 
obtained in the present work were considerably higher. 

Experiments were also carried out to determine 
whether the common interferents, ascorbic acid, uric 
acid, and paracetamol, would interfere with glucose 
detection at these IrOx/GOx electrodes. It was found 
that the response to these species is negligible at their 
normal physiological concentrations, as was also ob
served for iridium-glassy carbon electrodes [29] and 
iridium-carbon fiber electrodes [28]. 

Overall, the results for our IrOx-GOx sensor com
pare well with previously published results for other 
electrochemical glucose sensors. Our linear response 
range extends to 5 x 10 ~~ M, comparable to the 
reported maximum of 1 x 10 ~2 M for sol-gel based 
sensors [3] and up to 2.0 x 10 ~2 M for polypyrrole-
hydrogel glucose sensors [48]. These results support the 
practicability of the sensor in low concentration glucose 
media, such as blood serum, as well as in high glucose 
concentration environments, such as commercial foods 
and beverages. Another point of comparison is the 
current densities achieved during sensor operation. For 
example, current densities of ca. 1 mA cm~2 were 
observed for a 15% water sol-gel based glucose sensor 
[3], while an osmium-complex glucose sensor displayed a 
current density of ca. 89 nA cm~~ [49]. Depending on 
the oxide film thickness employed, our electrodes can 
yield a current density up to 100-200 uA cm~2. Finally, 
the fact that IrOx exhibits excellent electrochemical 
stability under a wide range of conditions and has 
been shown to be biocompatible in vivo [26,20] testifies 
to the potential of our IrOx-GOx electrode as a 
candidate for an implantable glucose sensor. 
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