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Abstract

Iridium oxide (IrO,) electrodes have been used as pseudoreference electrodes operating in buffered solutions, but
their preparation requires a time-consuming procedure. Here we report a simple, fast, and selective preparation of
an IrO, pseudoreference electrode based on the deposition of presynthesized IrO, nanoparticles. The reference
electrode is applied to an immunosensing microchip consisting of a patterned poly(dimethylsiloxane) plate and an
indium—tin oxide-micropatterned glass. The sequence of microfabrication is optimized to accomplish better perfor-
mance. The microchip is operated by capillary-driven microfluidic controls and used for detecting a target mouse
IgG. The measured detection limit in the microchip is ca. 10 pg/mL.
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1 Introduction

Microchip-based biosensors that use small sample vol-
umes have been widely developed for use in point-of-care
testing [1,2]. Of many detection methods, electrochemical
methods match well with biosensors, as they are sensitive
and even small electrochemical instruments allow repro-
ducible and accurate potential (or current) application
and measurement for a long time without calibration [3—
7]. However, reproducibility and accuracy of the electro-
chemical biosensors is strongly dependent on the perfor-
mance of microfabricated reference electrodes along with
sensing working electrodes. For practical application, it is
essential to microfabricate stable and reproducible refer-
ence and sensing electrodes in a simple manner.
Miniature Ag/AgCl electrodes have commonly been
employed as microfabricated reference electrodes be-
cause of their high exchange currents and stable electrode
potentials [8-11]. However, easy dissolution of AgCl in
high CI” concentrations and a complicated fabrication
procedure of Ag/AgCl films limits their reliable and prac-
tical use. To improve the stability of Ag/AgCl reference
electrodes, their surfaces should be covered with polymer
membranes [12-14]. Alternatively, miniature iridium
oxide (IrO,)- and platinum oxide-modified electrodes
have been used as pseudoreference electrodes operating
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in buffered solutions, as their electrode potentials are
stable in the solutions [15-19]. Formation of IrO, electro-
des has been based on electrochemical deposition of iridi-
um ion [15,20,21], electrochemical oxidation of iridium
metal [22,23], sputtered coating [24], and thermal
method [25,26]. The electrochemical methods require
prolonged repeated potential cycling (and complicated
procedures for preparing iridium ion solutions), and other
methods require vacuum condition or high temperature.
This calls for a simpler preparation method that can be
reliably applied to microchip-based biosensors. Monodis-
perse IrO, nanoparticles can be readily prepared in aque-
ous solutions, and they show good electrochemical perfor-
mance [27,28]. If an electrode is simply modified with
IrO, nanoparticles, the modified electrode might be used
as a reference electrode.

Microfabrication of microchip-based biosensors accom-
panies many selective surface modifications that signifi-
cantly influence the overall biosensor performance. In
particular, the microfabrication process of reference elec-
trodes can have a detrimental effect on prefabricated
working electrodes, and vice versa. Thus, the sequence of
microfabrication processes as well as selective modifica-
tion methods are of great importance in obtaining better
biosensor performance. Moreover, in biosensors all surfa-
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ces in contact with a solution should be protein-resistant
in order to obtain low background levels.

In recent years, the authors have developed a sensitive
electrochemical immunosensor based on the formation of
a partial monolayer of carboxylated carbon nanotube
(CNT) on indium-tin oxide (ITO) electrodes [29]. Avidin
and poly(ethylene glycol) (PEG)-silane copolymer were
used for antibody immobilization and low levels of non-
specific binding. The authors have also developed micro-
chips employing capillary-driven microfluidic controls in
order to take advantage of simple spontaneous fluidic
control [11,30].

In this study, we present a microchip-based immuno-
sensor that employs an IrO, nanoparticle-modified elec-
trode as a pseudoreference electrode. The microchip con-
sists of an upper plate made of poly(dimethylsiloxane)
(PDMS) and a lower plate made of an ITO-micropat-
terned glass. The reference and sensing electrodes are
formed on the ITO micropatterns with selective surface
modification. The sequence of microfabrication is opti-
mized to accomplish better performance of reference and
sensing electrodes. The microchip is operated by capilla-
ry-driven microfluidic controls and used for detecting a
target mouse IgG.

2 Experimental

2.1 Chemicals

Multiwalled CNT, K,IrCly, sodium hydrogen citrate, tri-
chloroethylene, H,O,, NH,OH, avidin, biotinylated goat
antimouse IgG, mouse IgG from serum, and alkaline
phosphatase (ALP)-conjugated goat antimouse IgG were
purchased from Sigma-Aldrich. 4-Aminophenyl phos-
phate monosodium salt hydrate (APP), skim milk
powder, and absolute ethanol were obtained from Bio-
synth, Fluka, and Fisher Scientific, respectively. Sylgard
184A and sylgard 184B were obtained from Dow Corn-
ing. All buffer reagents and other inorganic chemicals
were supplied by Sigma-Aldrich, unless otherwise stated.
All aqueous solutions were prepared in doubly distilled
water.

The phosphate buffered saline (PBS) solution consisted
of 0.01 M phosphate, 0.138 M NaCl, and 0.0027 M KCl
(pH 7.4). The PBSB solution contained all the ingredients
of PBS with additional 1% (w/v) albumin-bovine serum
(pH 7.4). The rinsing buffer (RB) solution was prepared
using 50 mM tromethamine, 40 mM HCI, 0.5M NaCl,
and 0.05% (w/v) albumin-bovine serum (pH 7.6). The
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a) TEM image of IrO, nanoparticles. b) Schematic diagram for the sequence of microchip microfabrication.
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Tris buffer solution for the electrochemical experiment
consisted of 50 mM tromethamine, 10 mM KClI, 10.5 mM
MgCl,, and 7 mM HCI (pH 9.0).

Carboxylated multiwalled CNTs were prepared accord-
ing to our previous report [29]. IrO, nanoparticles were
synthesized by hydrolysis of IrCl™ in the presence of cit-
rate by following a previous report [20]. The nanoparticle
diameter was ca. 14+2 nm (Figure 1a). The nanoparticle
solution showed a characteristic broad absorption band at
591 nm. PEG-silane copolymer was synthesized as previ-
ously reported [29].

2.2 Fabrication of the Lower Plate

ITO-coated glasses were obtained from Samsung Corning
(Daegu, Korea). ITO micropatterns on a glass substrate
were fabricated via standard photolithography and etch-
ing processes as reported previously [11]. The patterned
ITO glass substrate was diced into smaller plates (2.0x
1.0 cm each). Each plate contained three micropatterned
ITO electrodes (electrode area=ca. 0.20 mm? for a work-
ing electrode; ca. 0.52 mm? for a reference and a counter
electrode). The micropatterned plates were successively
cleaned with trichloroethylene, ethanol, and water with
15-min ultrasonication, followed by drying at 50°C. The
cleaned plates were pretreated in a mixture of 5:1:1
H,0/H,0, (30%)/NH,OH (30%) (v/v/v) at 70°C for
1.5 h. The plates were then washed with copious amounts
of water and dried at 50°C for 20 min. Afterward, the
synthesized IrO, nanoparticles were galvanostatically de-
posited on one of three micropatterned ITO electrodes
(Figure 1b-ii). Galvanostatic deposition was performed by
applying a constant current of 200 uA. After washing
with water, the plate was immersed in 0.1 M HCI to
remove adsorbed IrO, nanoparticles from other two elec-
trodes (Figure 1b-iii). After washing with water and
drying at 50°C, the plate was immersed in an aqueous so-
lution of 1 mg/mL carboxylated multiwalled CNT for 4 h
to immobilize CNT, followed by washing with water and
drying at 50°C (Figure 1b-iv). The plate was immersed in
a methanol solution containing 10 mg/mL PEG-silane co-
polymer for 2h, and then washed with methanol, fol-
lowed by curing at 50°C for 30 min (Figure 1b-v). The
plate was immersed for 6 h in a PBS solution containing
100 pg/mL avidin and then washed twice with PBS. After-
ward, the avidin-coated electrodes were immersed in a
PBSB solution containing 0.05% (v/v) Tween-20 for
30 min to prevent nonspecific adsorption of proteins, fol-
lowed by washing with RB and drying with nitrogen. 5 puL
of a PBSB solution containing 10 ug/mL biotinylated goat
antimouse IgG was dropped on the working electrode for
30 min, followed by washing with RB and drying with ni-
trogen gas (Figure 1b-vi). The final plate was used as a
lower plate of an immunosensing microchip (Figure 1b-
vii).
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Fig.2. a) Potential change during the galvanostatic deposition

of IrO, nanoparticles at a constant current of 200 pA. b) Cyclic
voltammograms recorded (at a scan rate of 20 mV/s) at two ITO
electrodes in PBS after the immersion in 0.1 M HCI for 10 min.
Curve i is for an undeposited ITO electrode, and curve ii for a
galvanostatically IrO, nanoparticle-deposited ITO electrode. c)
Open-circuit potential of three IrO, nanoparticle-based pseudor-
eference electrodes measured in PBS.
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2.3 Fabrication of the Upper Plate

A master for a patterned PDMS plate was fabricated as
reported previously [11]. A mixed solution of sylgard
184A and sylgard 184B (10:1 by mass) were poured into
the patterned master, and the trapped air bubbles were
removed by vacuum pump. Subsequently, the solution
was cured at 65°C for 2 h for cross-linking. After separat-
ing from the master, the patterned PDMS substrate was
cut into patterned PDMS plates. The measured plate
thickness was 2.0 mm, and the channel depth was ca.
105 pm. Two solution inlets with 2.0-mm diameter and an
air vent with 1.0-mm diameter were formed on the pat-
terned PDMS plate using a puncher. The PDMS plate
was immersed in an aqueous solution of 0.1 g/mL skim
milk for 2 h to cover the whole surface with skim milk,
followed by washing with water. 1 pL of a PBSB solution
containing 10 pg/mL ALP-conjugated antimouse IgG was
then dropped inside a reaction chamber of the PDMS
plate. This PDMS plate was used as an upper plate of a
microchip. Finally, the upper and the lower plate were as-
sembled by pressing (Figure 1b-vii).

2.4 Operation of the Immunosensing Microchip

3.5uL of PBSB containing different concentrations of
mouse IgG were injected into the sample solution inlet of
the immunosensing microchip. After 10-min incubation,

10 pL. of Tris buffer containing 4 mM APP were injected
into the washing solution inlet. After 20-min incubation,
a cyclic voltammogram were recorded using a potentio-
stat (CHI 617B, CH instruments) at room temperature.

3 Results and Discussion

3.1 Optimization of the Sequence of Microfabrication

Three ITO micropatterns on a glass plate were used for
preparing working, reference, and counter electrodes. In
order to obtain selective surface modification, the ITO-
micropatterned plate should be immersed in a solution or
only one electrode should be exposed to a solution by
dropping. The immersing method is simple but can cause
contamination of the other two ITO electrodes and the
glass surface, whereas the dropping method is good for
selective modification but can cause less reproducible re-
sults. In this study, both the immersing and the dropping
method were employed: most of the construction process
was based on the immersing method, and only the final
construction of an immunosensing layer on the working
electrode was based on the dropping method.

Bare ITO electrodes show low electrocatalytic activi-
ties, requiring modification with any electrocatalytic ma-
terial when they are used as working and counter electro-
des. In our previous study, the simple modification of
ITO electrodes with a partial monolayer of carboxylated

Fig. 3.

SEM images of (a, c) a galvanostatically IrO,-deposited ITO electrode and (b, d) an undeposited ITO electrode, (a, b) before

and (c, d) after immersion in 0.1 M HCI for 10 min and afterwars in an aqueous solution of 1 mg/mL carboxylated multiwalled CNT

for 4 h.
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CNTs signficantly improved their electrocatalytic activi-
ties [29]. In this study, the immersion of an ITO-micro-
patterned plate into an aqueous solution containing car-
boxylated CNT allowed simultaneous modification of
three micropatterned ITO electrodes with CNT. Thus
prepared ITO electrodes were used as working and coun-
ter electrodes. However, it was impossible to achieve re-
producible modification of IrO, nanoparticles on CNT-
modified ITO electrodes. Thus, the modification of one
electrode with IrO, nanoparticles was performed prior to
the modification with CNT. Microfabrication processes of
reference electrodes can give a detrimental effect on
sensing working electrodes. For this reason, the immuno-
sensing layer was constructed after the reference elec-
trode was prepared.

Yagi etal. reported that IrO, nanoparticles can be
readily adsorbed on ITO electrodes [28]. However, such
adsoprtion made it difficult to accomplish selective modi-
fication of IrO, nanoparticle on one ITO micropattern.
Moreover, the amount of adsorbed IrO, nanoparticles
were not high enough to allow high exchange currents,
and the adsorbed nanoparticles were easily desorbed. For
the formation of a layer of IrO, nanoparticles, a short gal-
vanostatic deposition was employed (Figure 1b-ii). Fig-
ure 2a shows the potential change during galvanostatic
deposition for 10s. This short deposition minimized the
adsoption of IrO, nanoparticles on the other two electro-
des. Figures 3a and 3b show SEM images of a galvanos-
tatically IrO, nanoparticle-deposited ITO electrode and
an undeposited ITO electrode, respectively. Many IrO,
nanoparticles were observed on the deposited electrode
(Figure 3a), whereas the number of nanoparticles were
much less on the undeposited electrode (Figure 3b). The
adsorbed IrO, nanoparticles on the undeposited electrode
(i.e., working electrode) could cause unwanted redox cur-
rents of IrO,, resulting in high levels of background cur-
rents. Thus, these nanoparticles had to be removed before
the immunosensing layer was constructed.

To remove the adsorbed IrO, nanoparticles, the plate
was immersed in 0.1 M HCI for 10 min (Figure 1b-iii).
Figure 2b shows cyclic voltammograms recorded at two
ITO electrodes after immersion. In the case of the IrO,
nanoparticle-deposited ITO electrode, a typical redox be-
havior of IrO, was observed (curve ii of Figure 2b). As
for the undeposited electrode, a redox peak related to the
redox reaction of IrO, was not observed (curve i of Fig-
ure 2b). These results indicate that most of the galvanos-
tatically deposited IrO, nanoparticles remained on ITO
electrodes and that most of the adsorbed IrO, nanoparti-
cles were desorbed from ITO electrodes.

After carrying out selective modification of IrO, nano-
particles, the ITO-micropatterned plate was immersed in
a solution of carboxylated CNT (Figure 1b-iv). Figures 3¢
and 3d show SEM images of the IrO, nanoparticle-depos-
ited electrode and the undeposited electrode, respectively,
obtained after the CNT adsorption. CNTs were randomly
adsorbed with a partial monolayer (Figure 3d). CNT ad-
sorption on the IrO, nanoparticle-deposited electrode
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was not much (Figure 3c). Importantly, most of the IrO,
nanoparticles still remained on ITO electrodes.

3.2 Performance of IrO, Nanoparticle-Based
Pseudoreference Electrodes

In curve ii of Figure 2b, the anodic peak at ca. 0.2 V cor-
responds to the oxidation of Ir,O; to IrO,, and the catho-
dic peak at ca. 0.1 V corresponds to the reduction of IrO,
to Ir,O;. This cyclic voltammetric behavior is well in
accord with those of previously reported IrO, electrodes
that allowed stable electrode potentials in buffered solu-
tions [31]. Generally, other methods for preparing IrO,
electrodes require prolonged repeated potential cycling
(and a complicated procedure for preparing iridium ion
solutions) [15-18]. In the case of IrO, nanoparticle-based
deposition, IrO, nanoparticles that possess the character-
istics required for a pseudoreference electrode were pre-
synthesized in large quantities, and were then deposited
on a specific electrode in a short time. This method signif-
icantly reduced the time to prepare IrO, electrodes.
Figure 2c shows the change in open-circuit potential
with time for three IrO, nanoparticle-modified electrodes
in PBS (pH 7.4). The potential drift was less than 15 mV
for 1h, indicating that the electrode potentials of three
pseudoreference electrodes are quite stable. The potential

sample solution

_ reaction chamber
(@) inlet

washing solution inlet

mouse 1gG

0-PO,*
APP

Fig. 4. a) Photograph of an immunosensing microchip. b) Sche-
matic diagram of an electrochemical immunosensor for detecting
mouse IgG. WE, RE, and CE represent working electrode, refer-
ence electrode, and counter electrode, respectively.

0',s-rm NN
o (8]

AP
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difference between the three electrodes was also less than
22 mV.

When the galvanostatic deposition of IrO, nanoparti-
cles was performed for longer times, thicker IrO, films
were obtained. However, the unwanted adsorption of
IrO, nanoparticles on the other ITO electrodes was con-
siderable, and it was difficult to fully remove the ad-
sorbed nanoparticles although they were readily desor-
bed.

3.3 Microchip-Based Immunosensing

Figure 4a shows a photograph of a microchip for detect-
ing a target mouse IgG. The microfluidic control in the
microchip was described in our previous report [11]. In
brief, a sample solution containing target mouse IgG was
injected into the sample solution inlet. The reaction
chamber was filled with the solution by capillarity, up to
the washing valve that acts as a capillary-pressure barrier
[30]. In the reaction chamber, the ALP-conjugated anti-
mouse IgG adsorbed on the upper PDMS plate (Fig-
ure 1b-vii) was dissolved into the solution. For 10 min,

120 | | | |
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80+ ——— 10pg/mL
zero

100
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I(nA)

(©)
— 10pg/mL
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300
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Fig. 5.

Corrrected I (nA)
o)

mouse IgG bound to the ALP-conjugated antimouse IgG
and the complex then bound to the biotinylated anti-
mouse IgG on the working electrode. Afterward, a wash-
ing solution containing APP was loaded from the washing
solution inlet. When the washing solution merged with
the sample solution at the washing valve, a solution flow
from the washing solution inlet to the sample solution
inlet was generated due to the inlet-pressure difference
between the two inlets. The solution flow induced the re-
placement of the sample solution by the washing solution.
The unbound ALP-conjugated IgG was washed out from
the reaction chamber. The solution flow lasted until the
two inlet pressures equilibrated. The bound ALP enzyme
on the working electrode converted APP into AP. After
an incubation time of 20 min, the generated AP was elec-
trochemically measured. The CNT on the ITO electrode
allowed fast electrochemical oxidation of AP.

Figures Sa—c show cyclic voltammograms recorded in
different concentrations of mouse IgG. The anodic cur-
rents above ca. 0.1 V during the anodic scan are mainly
due to the electrooxidation of AP, while the cathodic cur-
rents below ca. 0.1 V are due to the electroreduction of p-
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a—c) Dependence of cyclic voltammograms on the concentration of mouse IgG. The cyclic voltammograms were obtained at a

scan rate of 20 mV/s with immunosensing microchips. d) Calibration plot for the immunosensor. All current data obtained at 0.40 V
were subtracted by the mean current at zero concentration. The dashed line corresponds to three times the standard deviation (SD)
at zero concentration.
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quinoneimine. As the concentration of mouse IgG in-
creased, the anodic currents increased because the
amount of bound ALP-conjugated IgG increased. Fig-
ure 5d represents a calibration plot for the immunosensor.
The calculated detection limit was ca. 10 pg/mL, which
was similar to that obtained with large ITO electrodes
[29]. This low detection limit indicates that the reference
and working electrodes were reproducibly prepared and
operated and that the nonspecific binding of ALP-conju-
gated antimouse IgG was not substantial in the reaction
chamber of the microchip.

4 Conclusions

We have developed a simple, fast, and selective prepara-
tion method of an IrO, nanoparticle-based pseudorefer-
ence electrode. This method significantly reduced the
preparation time of IrO, electrodes. In the microchip,
CNT-modified ITO electrodes were used as working and
counter electrodes, and the enzyme-based electrochemical
detection was combined with capillary-driven microfluidic
control. The reference and working electrodes were re-
producibly prepared and operated, and the nonspecific
binding of ALP-conjugated antimouse IgG was not sub-
stantial. These results allowed us to obtain a very low de-
tection limit of 10 pg/mL in the microchip.
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