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Abstract

A sensitive electrochemical immunosensing chip is presented by employing (i) selective modification of protein-re-
sistant surfaces; (ii) fabrication of a stable Ag/AgCl reference electrode; (iii) capillary-driven microfluidic control;
(iv) signal amplification by redox cycling along with enzymatic reaction. Purely capillary-driven microfluidic control
is combined with electrochemical sandwich-type immunosensing procedure. Selective modification of the surfaces is
achieved by chemical reactivity-controlled patterning and electrochemical deposition. Fluidic control of the immu-
nosensing chip is achieved by spontaneous capillary-driven flows and passive washing. The detection limit for

mouse IgG in the immunosensing chip is 10 pg/mL.
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1. Introduction

Electrochemical detection is considered as one of the
major sensing methods in microchip-based biosensors as
it facilitates a miniature sensing system [1-6]. Although
many different types of electrochemical biosensors that
employ large electrodes have been developed, their prac-
tical application in microchips remains challenging [1,5-
7]. The main reason for this is that the sensitivity and re-
producibility obtained with biosensors that use large elec-
trodes cannot be readily achieved with microchip-based
biosensors that use micropatterned electrodes. The poor
sensitivity and reproducibility associated with microchip-
based biosensors is largely due to (i) high nonspecific
binding of biomolecules to microchamber and microchan-
nel walls; (i) low stability of microfabricated reference
electrodes; (iii) complex microfluidic control required
during the detection process [1,4,6,8,9].

Essentially, microchip-based electrochemical biosensors
require at least four different surfaces (working, refer-
ence, counter electrode, insulating surface between elec-
trodes) that should be selectively modified and should
share high protein-resistant properties. Therefore, a good
combination of different protein-resistant surfaces and
their sequential selective modification are required for
microchip-based electrochemical biosensors. Generally,
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for selective surface modification, photolithographic pat-
terning [10], electrochemical deposition [11], and chemi-
cal reactivity-controlled patterning [12] have been used.
Photolithographic patterning and electrochemical deposi-
tion are useful in obtaining metal micropatterns, although
neither are effective for selective immobilization of (bio)-
molecules. However, chemical reactivity-controlled pat-
terning that takes advantage of selective chemical reactiv-
ity between a (bio)molecule and a solid surface is useful
for selective immobilization of the (bio)molecule [12]. Se-
lective chemical reactivity includes biospecific binding,
such as biotin-avidin binding [13,14], and selective chemi-
cal reactions, such as selective reaction of an organo-
phosphonate to a metal oxide surface over silicon oxide
surface [15,16].

For preparation of protein-resistant surfaces, covalent
modification and adsorption-based modifications have
been used. Surface modification using a poly(ethylene
glycol) (PEG)-containing molecule or polymer is the
most common approach towards covalent modification
[13,17,18]. Blocking agents such as bovine serum albu-
min, Tween 20, and skim milk are commonly used for ad-
sorption-based modification [19-21]. Importantly, cova-
lent modifications can be combined with chemical reac-
tivity-controlled patterning.
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Microfabricated reference electrodes are essential in
microchip-based electrochemical biosensors. Although
simple pseudo-reference electrodes such as a micropat-
terned Au electrode [22,23] can be used, reference elec-
trodes with greater stability are required to achieve bio-
sensors with high reproducibility. Generally, microfabri-
cated Ag/AgCl reference electrodes are most widely used
as their exchange current is large and their reference po-
tential is stable [24-26]. In many cases, however, the
facile dissolution or stripping of AgCl and the low adhe-
sion properties of Ag on the surface [9,25] make it diffi-
cult to achieve a highly stable and reproducible Ag/AgCl
reference electrode. Moreover, special care should be
taken to obtain a micropattern of Ag and AgClL

Microfluidic control is essential for heterogeneous
phase biosensing in a microchip. Electrokinetic fluid con-
trol [27,28] and mechanical fluid control [20,29] have
been commonly used for microfluidic control. Neverthe-
less, microfluidic control based upon capillarity (capillary-
driven microfluidic control) offers spontaneous fluid flow
[30-32], passive merging [33], and passive washing [34]
without using external forces. Capillarity is related to con-
tact angle and configuration of channels [33,34]. There-
fore, when selective and protein-resistant surface modifi-
cations are designed, the contact angles of the modified
surfaces should be considered for capillary-driven micro-
fluidic control; these surfaces should be moderately hy-
drophilic [34,35]. Moreover, the configuration of chan-
nels should be properly designed for passive merging and
washing [33,34].

In recent years, this lab has developed highly sensitive
electrochemical biosensors using indium tin oxide (ITO)
electrodes that offer low and reproducible background-
current levels [36-39]. This lab has also shown that signal
amplification by redox cycling can significantly lower de-
tection limits of electrochemical biosensors [36,37]. In
this study, an electrochemical immunosensing microchip
was developed using an ITO electrode and signal amplifi-
cation by redox cycling. For the first time, purely capilla-
ry-driven microfluidic control was combined with electro-
chemical sandwich-type immunosensing procedure. The
microchip consists of an upper plate made of poly(di-
methylsiloxane) (PDMS), onto which a microchamber
and microchannels were formed, and a lower plate made
of a micropatterned ITO glass, onto which biospecific
binding and electrochemical detection occurred. To ach-
ieve high sensitivity and reproducibility with the micro-
chip-based biosensor, both selective modification of pro-
tein-resistant surfaces and a stable microfabricated Ag/
Ag(Cl reference electrode were developed. Channel con-
figuration was designed to allow microfluidic control
using capillary-driven flow and passive washing. The per-
formance of an immunosensing chip was assessed by de-
termining a detection limit for a target protein, mouse
IgG.
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2. Experimental
2.1. Reagents and Instruments

Alkaline phosphatase-conjugated antimouse IgG pro-
duced in goat (y-chain specific) (ALP-IgG), biotin-conju-
gated antimouse IgG (whole molecule) (biotin-IgG),
mouse IgG, streptavidin from Streptomyces avidinii, fluo-
rescein isothiocyanate-conjugated bovine serum albumin
(FITC-BSA), 3-phosphonopropionic acid (PPA), (+)-
biotin N-hydroxysuccinimide ester, N-hydroxysuccinimide
(NHS), 1-ethyl-3-[3-(dimethyl-amino)propyl]carbodiimide
hydrochloride (EDC), trichloroethylene, ethanol, H,O,,
NH,OH, CrCl;6H,0, HAuCl,:3H,0O, Ag,SO,, and FeCl,
were purchased from Sigma-Aldrich. 4-Aminophenyl-
phosphate monosodium salt (97%) (APP) was obtained
from LKT Laboratories, Inc. (W. St. Falls, MN, USA). All
reagents were used without further purification. The 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 of the ingredients of PBS, plus 1% (w/v) bovine serum
albumin (pH 7.4). The rinsing buffer (RB) consisted of
50 mM tris(hydroxymethyl)aminomethane, 40 mM HCI,
0.5M NaCl, and 0.05% (w/v) albumin-bovine serum
(pH 7.4). The binding buffer (BB) consisted of PBSB and
0.05% (v/v) Tween 20 (pH 7.4). The tris buffer for the
electrochemical experiment comprised 50 mM tris(hy-
droxymethyl)aminomethane, 10 mM KClI, 1.0 g/ MgCl,,
and 7.0 mM HCI (pH 9.0). 2% ferrocenyl-tethered den-
drimer (Fc-D) [37] and poly(ethylene glycol) (PEG)-
silane copolymer [13] were synthesized as previously re-
ported. Electrochemical data were measured with a
CHI617B (CH instruments, Inc.; Austin, TX, USA).

2.2. Micropatterning of ITO-Coated Glass Substrates

ITO-coated glass substrates were purchased from Geoma-
tec (Yokohama, Japan). ITO micropatterns on a glass
substrate were obtained via standard photolithography
and etching processes [40,41]. The ITO-coated glass sub-
strates were sequentially rinsed with acetone, methanol,
and distilled water. The cleaned ITO substrates were
spin-coated with hexamethyldisilazane as an adhesion
promoter and then with AZ5214 as a positive photoresist
at 4000 rpm for 30 s. The thickness of the photoresist film
was ca. 1.4 um. The photoresist-coated substrates were
soft-baked on a hot plate at 105°C for 5 min. The sub-
strates were then exposed to UV light in a mask aligner
equipped with a patterned mask. The exposed substrates
were developed for 90 s. After a rinse with distilled water,
the substrates were hard-baked on a hot plate at 110°C
for 2 min. The baked substrates were immersed into an
ITO-etching solution for 2 min. Afterward, the remaining
photoresist was removed with acetone at 70°C for 5 min.
The patterned ITO glass substrates were diced into small-
er sections (2.0cm x1.0 cm each). The diced glass sub-
strates were sequentially cleaned with trichloroethylene,
ethanol, and distilled water under sonication for 15 min
(Figure 1a). The cleaned substrates were pretreated with

Electroanalysis 2010, 22, No. 19, 2235-2244


www.electroanalysis.wiley-vch.de

Immunosensing Chip Using Selective Surface Modification

ELECTROANALYSIS

(a) (b) (|3H CI)HOH OIH
ITO Pretreatment ITO Cr, Au
Class — = Class —
0]
(c) (d) ﬁ I
OHOH HOCI: (|30H
PPA,
PEG- 170 Ag, AgCl
lass s:lane Glass
copolymer
(e) ﬁ ()
HO (L,lOH
EDC/NHS, Biotin,
Fc D reptaw in,
Glass Blotln-IgG
(@ (h)
gfg Assembly
| TO with a upger
3ss plate

Fig. 1.

a solution of 5:1:1 H,O/H,0, (30%)/NH,OH (30%) at
70°C for 1.5 h (Figure 1b).

2.3. Fabrication of Reference, Counter, and Working
(Sensing) Electrodes

To form a counter and reference electrode on a glass sub-
strate with ITO micropatterns, an Au and Ag/AgCl film
were selectively deposited on ITO micropatterns. A Cr
film was employed as an adhesion layer for the Au film.
To obtain a robust Ag/AgCl film, an Au film on a Cr film
was deposited prior to the formation of the Ag/AgCl
film. A Cr layer was deposited on two of the three ITO
micropatterns by applying —1.0 V for 100 s in an aqueous
solution of 10 mM CrCl;-6H,O; an Au layer was then de-
posited by applying —0.8 V for 50s in an aqueous solu-
tion of 10 mM HAuCl,-3H,0 (Figure 1c). Afterward, one
remaining ITO micropattern was selectively modified by
immersing the glass substrate in an aqueous solution of
0.1 mM PPA for 36 h at room temperature to generate a
carboxylated monolayer (Figure 1d). The glass substrate
was immersed in a methanol solution containing 10 mg/
mL PEGe-silane copolymer for 2 h, followed by curing at
120°C for 15 min, to form a polymeric silane monolayer
on the glass surface not covered with ITO (Figure 1d).
An Ag film was deposited on one out of two Au-
coated micropatterns by applying —0.6 V for 50s in an
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Schematic diagram that shows the fabrication sequence of an electrochemical immunosensing microchip.

aqueous solution of 1.0 M NH; and 0.3 M AgSO, (Fig-
ure le); the glass substrate was then immersed in an
aqueous solution of 100 mM FeCl; for 3 min to convert a
portion of the Ag into AgCl (Figure le). After being
washed with water, the glass substrate was immersed in
an aqueous solution containing 50 mM EDC and 25 mM
NHS for 2 h to activate the carboxylic acid groups of the
PPA-modified ITO micropattern. A methanol solution of
100 pM 2% Fc-D was dropped onto and around the acti-
vated ITO micropattern, which was maintained for 2 h
(Figure 1f), to attach Fc-D to only the activated ITO mi-
cropattern. The Fc-D-attached ITO micropattern was fur-
ther modified with biotin in a dimethylformamide solu-
tion containing 1.5 mg/mL (+)-biotin N-hydroxysuccini-
mide ester for 2h at 4°C (Figure 1g). A PBS solution
containing 100 ug/mL streptavidin was dropped onto and
around the biotin-modified ITO micropattern, which was
maintained for 30 min (Figure 1g). The glass substrate
was then washed with a RB solution and immersed in a
BB solution for 30 min to reduce nonspecific binding of
proteins. A PBSB solution containing biotin-IgG was
dropped onto and around the streptavidin-modified ITO
micropattern, which was maintained for 30 min (Fig-
ure 1g); the glass substrate was then washed with RB and
PBS. This glass substrate was used as a lower plate of a
microchip. The fabricated substrates were stored at 4°C
prior to use.
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2.4. Fabrication of an Upper Plate and Its Assembly with
a Lower Plate

A master for a patterned PDMS plate was fabricated
with a standard soft-lithography procedure [42]. A silicon
wafer (6 inch) was used as a substrate for the master. The
wafer was cleaned in a piranha solution at 110°C for
10 min. A photoresist film of KMPR 1050 (Newton, MA,
USA) was coated onto the cleaned wafer at 900 rpm for
40 s. The thickness of the film was ca. 105 um. The sub-
strate was soft-baked in an oven in two steps: 65°C for
30 min; 95°C for 120 min. After a relaxation time, the
wafer was exposed to UV light at an intensity of 20 mW/
cm? for 60 s by a mask aligner equipped with a patterned
mask. The exposed wafer was post-baked in a baking
oven in two steps: 65°C for 5 min; 95°C for 15 min. The
baked wafer was immersed in a KMPR developer for
15 min and then rinsed with isopropyl alcohol and dis-
tilled water. The fabricated master was used to form a
patterned PDMS plate. The measured plate thickness was
2.0 mm, and the channel depth was ca. 105 um. Two solu-
tion inlets with 2.0-mm diameter and an air vent with 1.0-
mm diameter were formed on the patterned 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. One microliter of a PBSB solution containing
10 pg/mL ALP-IgG was then dropped inside a reaction
chamber of the PDMS plate (Figure 1h). This PDMS
plate was used as an upper plate of a microchip. Finally,
the upper plate (PDMS plate) and the lower plate (glass
plate) were assembled (Figure 1h).

3. Results and Discussion

3.1. Selective Modification and Protein-Resistant Surface

The electrochemical biosensing microchip herein consist-
ed of two plates: an upper plate made of a PDMS plate;
a lower plate made of an ITO-coated glass (Figure 1h).
Micropatterns in the upper plate were designed to control
fluid flows and define a reaction chamber where the bio-
chemical reactions occur; micropatterns in the lower
plate were designed to provide a biosensing surface and
allow electrochemical signaling. Formation of microchan-
nels and a microchamber in the upper plate, and forma-
tion of ITO micropatterns in the lower plate, were ob-
tained with the photolithographic process. Selective modi-
fication of surfaces with chemicals and biomolecules was
achieved by chemical reactivity-controlled patterning and
electrochemical deposition. In some cases, to limit the
region that the patterning solution contacts, the whole
plate was not immersed in the solution: a solution drop
was placed onto a region slightly wider than the area
where selective surface modification occurs.

For the protein-resistant surface, the PDMS surface in
the upper plate was fully coated with skim milk. It is well
known that skim milk significantly reduces nonspecific
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binding of proteins and could block binding sites of im-
mobilized antibodies [43]. Accordingly, skim milk was
first coated on bare PDMS; ALP-IgG was then adsorbed
onto a part of skim milk-coated PDMS. Figure 2c shows a
diagram for relative nonspecific binding of FITC-BSA to
bare PDMS, BSA-treated PDMS, Tween 20-treated
PDMS, and skim milk-treated PDMS. The skim milk-
treated surface showed much less nonspecific binding of
FITC-BSA than the BSA- and Tween 20-treated surfaces,
indicating that the treatment of skim milk significantly re-
duces nonspecific binding of proteins on the PDMS sur-
face.

For sandwich-type immunosensing, two target-binding
antibodies (biotin-IgG and ALP-IgG) should be micro-
patterned in a microchip. Biotin-IgG was immobilized on
a sensing electrode in the lower plate, whereas ALP-IgG
was dropped and dried on the skim milk-coated upper
plate. The dried ALP-IgG was readily dissolved into a so-
lution when soaked in a sample solution.

The lower plate contained four different surfaces
(working, reference, counter electrode, insulating surface
between electrodes). The sequence of a series of selective
surface modifications was very important for improved
selective modification. First, a counter and a reference
electrode were defined by electrodepositing Cr and Au
onto two ITO micropatterns. An insulating surface and a
working electrode were then differentiated using selective
reaction of phosphonate (PPA) with an ITO surface over
glass surface. A phosphonate monolayer was selectively
formed on the ITO surface, and a polymeric monolayer
of PEG-silane copolymer on the unmodified glass surface.
Previously from this lab, studies showed that the PEG-
silane copolymer was highly resistant to nonspecific pro-
tein binding [13]. Afterward, one of the two Cr- and Au-
modified ITO surfaces was further modified with Ag and
AgCl. The phosphonate-modified ITO surface was selec-
tively modified via several chemical and biospecific reac-
tions to finally form a biosensing working electrode (Fig-
ure 1d-g).

Figures 2a and b show XPS spectra of the glass surface
and ITO surface, respectively, obtained after a micropat-
terned ITO-coated glass plate was immersed into a PPA-
containing solution. The peak at 129.9 eV in Figure 2b
corresponds to the P 2p core-level binding energy, indi-
cating that the ITO surface was modified with a phospho-
nate layer of PPA. However, the peak was not observed
on the glass surface (Figure 2a). These results show that a
phosphonate monolayer was formed solely on the ITO
surface. It is known that organophosphonates bind to
metal oxide and not to silicon oxide surfaces in aqueous
solutions [15,16].

3.2. Ag/AgCl Reference Electrode and Au Counter
Electrode

Stable microfabricated Ag/AgCl reference electrodes are
essential for microchip-based electrochemical biosensors.
A new fabrication method for an Ag/AgCl reference

Electroanalysis 2010, 22, No. 19, 2235-2244
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Fig.2. XPS spectra (for P 2p) of (a) the glass surface and (b) the ITO micropattern obtained after an ITO-micropatterned glass sub-
strate was treated with PPA. (c) Relative nonspecific binding of FITC-BSA to bare PDMS (100% fluorescence intensity), BSA-treat-
ed PDMS, Tween 20-treated PDMS, and skim milk-treated PDMS substrate. The PDMS substrate was immersed in a solution of
(1 mg/mL) FITC-BSA prior to the measurement of fluorescence intensity. BSA treatment, Tween 20 treatment, and skim milk treat-
ment were performed by immersing a PDMS substrate for 2 h in a solution containing 1% (w/v) BSA, 0.05% (w/v) Tween 20, and 1%

(w/v) skim milk, respectively.

electrode on an ITO surface was developed. An Ag film
could be directly electrodeposited on the ITO surface.
However, such an Ag film was easily removed during the
washing process or chemical treatment because Ag adhe-
sion onto the ITO surface was not strong. Even the thick
film, electrodeposited for more than 1000 s, was readily
stripped off. Moreover, Ag films were not formed well on
PPA-modified ITO surface.

Because a stable Ag film on the ITO surface was not
obtained, an adhesion layer between the Ag and ITO was
considered. An Au adhesion film was electrodeposited on
a pretreated ITO electrode. The electrochemical deposi-
tion was carried out at —0.8 V for 100, 500, or 1000 s in
10 mM HAuCI,. In all cases, the formed Au film was
readily stripped during the washing process (Figure 3b).
Moreover, the stability of the Au film worsened after an
Ag film formed on the Au film. Perhaps the strong adhe-
sion between the Ag and Au allowed the Au film to be
stripped from the ITO surface.

Next, a Cr film was considered as another adhesion
layer as Cr is widely used as a stable adhesion layer be-
tween metal and metal oxide [25,44]. The electrochemi-
cal deposition was carried out at —1.0 V for 100, 500, or
1000 s in 10 mM CrCl,. In all cases, the Cr film was well
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Fig. 3. Optical photographs of ITO micropatterns obtained
during microfabrication of an Ag/AgCl reference electrode and
an Au counter electrode. The photographs was obtained with (a)
unmodified three ITO micropatterns (WE =working electrode,
RE =reference electrode, CE =counter electrode) and after (b)
Ag electrodeposition on one ITO micropattern (RE only) fol-
lowed by water washing, (c) Cr electrodeposition on two ITO
micropatterns (RE and CE), (d) Au electrodeposition on two Cr-
deposited ITO micropatterns (RE and CE), (e) Ag deposition
on one Cr- and Au-deposited ITO micropattern (RE only), and
(f) AgCl generation in a FeCl; solution on Cr-, Au-, and Ag-de-
posited ITO micropattern (RE).
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deposited onto the pretreated ITO surface, and the film
showed good adhesion stability. However, the Cr film
became insulating after lengthy electrodeposition, thereby
precluding the deposition of Ag onto Cr. A deposition
time of 100s was optimal for both good adhesion and
good electric conductivity. However, because the Ag film
that formed on the Cr was not strong enough, the film
peeled off during the washing process.

As the adhesion between Au and Cr is known to be
good, an additional Au film was used between Cr and Ag
film. After a Cr film was electrodeposited at —1.0 V for
100s on a pretreated ITO electrode (Figure 3c), an Au
film was deposited at —0.8 V for 100s on the Cr/ITO
electrode (Figure 3d) and an Ag film at —0.6 V for 100 s
on the Au/Cr/ITO electrode (Figure 3e). The formed Ag/
Au/Cr/ITO electrode showed very good adhesion stabili-
ty. Afterward, the Ag/Au/Cr/ITO electrode was immersed
in 100 mM FeCl; for 3 min to convert a portion of the Ag
into AgCl (Figure 3f). The final, fabricated Ag/AgCl ref-
erence electrode also showed very good adhesion abili-
ties. When the open circuit potential of a fabricated Ag/
AgCl reference electrode was measured, a potential drift
for 1 h was only a few mV (Figure 4). This result showed
that the fabricated Ag/AgCl reference electrode was
stable enough to be used as a reference electrode in an
electrochemical immunosensing chip. The stability data
for the metal films are summarized in Table 1.

5 I I I

o~ 0 - ]
>
\E/ /K
% SE -
{ %
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<
2 10+ |
53]

-15 | | |

0 1000 2000 3000
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Fig. 4. Open circuit potential of three microfabricated Ag/AgCl
reference electrodes measured in 3 M KCI.

3.3. Immunosensing Procedure and Microfluidic Control

The electrochemical immunosensing chip presented
herein contained a sample solution inlet (SI), a washing
solution inlet (WI), a reaction chamber, a washing valve,
an air vent, a working electrode (WE), a reference elec-
trode (RE), and a counter electrode (CE) (Figure 5a).
Each component participated in microfluidic control or
electrochemical detection. Importantly, no mechanical
pumps or valves were used for microfluidic control as
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Table 1. Visually observed film state and adhesion stability of
electrodeposited metal films on ITO micropatterns.

Film state Adhesion

Ag Good Bad

Au Good Medium
Cr Medium Good

Cr (100s)+Ag Good Bad

Cr (500s)+Ag Bad Bad

Cr (1000s) +Ag Not formed Bad
Au+Ag Good Bad

Cr (100 s) + Au Good Good

Cr (100s)+Au+Ag Good Good

(a) (b)

v Reaction
ALP-1gG  ||chamber
SUOD =l | n
-EI; ' t i)
Washing .

valve

Fig.5. (a) Schematic diagram of an electrochemical immuno-
sensing microchip. (b) Schematic diagram for solution flow at a
washing valve during passive washing. (c) Schematic side view of
a sample and a washing solution inlet during passive washing. (d)
Photograph of an electrochemical immunosensing microchip.

fluid flows were controlled only by spontaneous capillary-
driven flow and passive washing after solution injection.
The capillary-driven flow is induced by surface tension of
a flowing solution, and the passive washing is due to the
pressure difference between the two solutions at the
inlets (SI and WI). The initiation of passive washing is
controlled by a washing valve. The electrochemical detec-
tion employs enzymatic amplification of an electroactive
species, followed by its electrochemical oxidation com-
bined with redox cycling.

A sample solution was injected into the SI with a pip-
ette. The solution was drawn into a reaction chamber by
capillarity and stopped at a washing valve by the capilla-
ry-pressure barrier (i in Figure 5b and c) [33,34]. When
the reaction chamber was filled with a sample solution,
the ALP-IgG adsorbed on the upper plate (Figure 1h)
was dissolved in the solution. When the target mouse IgG

Electroanalysis 2010, 22, No. 19, 2235-2244
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Fig. 6. Schematic diagram that shows sequential biospecific binding processes and electrochemical detection process using enzymatic
amplification and redox cycling. (b) Picture of the finally fabricated electrochemical immunosensing chip.

was present in the sample solution, the ALP-IgG bound
to the mouse IgG and then to the biotin-IgG on the WE
(Figure 6a). The two antigen-antibody reactions were
maintained for 10 min. Afterward, a washing solution
containing an enzyme substrate and a regent for redox cy-
cling was loaded from the WI by a pipette. When the
washing solution merged with the sample solution at a
washing valve, the washing solution moved from the WI
to SI (ii in Figure 5b) because of the inlet-pressure differ-
ence between the two solutions at the SI and WI (ii and
iii in Figure 5c). With the help of this solution flow, the
sample solution in the reaction chamber was replaced by
the washing solution. As a result, the ALP-IgG bound to
the WE remained in the reaction chamber while the un-
bound ALP-IgG was removed from the reaction chamber
(Figure 6a). The solution flow maintained until the two
inlet pressures equilibrated (iii in Figure 5c). In the reac-
tion chamber, the APP was converted into p-aminophe-
nol (AP) by enzymatic reaction of ALP (Figure 6a).
After a 10-min incubation, the generated AP was electro-
chemically measured. The AP was electrooxidized to p-
quinoneimine (QI) via electromediation of the ferrocene
of Fc-D and the QI was reduced back to AP by hydra-
zine; the AP was then reoxidized electrochemically
(Figure 6). The AP redox cycling by hydrazine increased
the electrochemical signal in comparison to that in the
absence of hydrazine [37].

The inlet pressure is related to the drop shape of the
solution at the inlet (Figure 5). Both the optimum volume
of the sample solution and the optimum volume of the
washing solution are very important in obtaining efficient
fluidic flow and passive washing. When the volume was
too high, the solution overflowed from the inlet. As long
as the solution did not overflow during the solution injec-
tion, a highly reproducible drop shape was obtained be-
cause the size of the inlet hole limited the meniscus size
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of the solution drop. Accordingly, the sample solution
and the washing solution were controlled not to overflow
from the inlets during the injection process (Figure 5c).
When the volume of the sample solution was too low, the
solution flow could not approach the washing valve.
When the volume of the washing solution was too low,
the sample solution in the reaction chamber could not be
replaced with the washing solution. Experimentally, the
optimum volume of the sample solution was 3.0 uL,
whereas the optimum volume of the washing solution was
10.0 uL.

Microchannel geometry and washing valve design were
executed by considering this lab’s previous study [34].
The washing valve was designed to be a V-shaped joint
(Figure 5b). The capillary pressure (AP,) of an advancing
solution in an expanding rectangular channel is represent-
ed by

AP.=—0

c

(cos 0, + cos Gb) Y (cos(@l + 1) + cos(6,

H w +ﬂZ))

(1)

where o is the surface tension of the solution, 6, the con-
tact angle of an upper plate, 6, the contact angle of a
lower plate, H the channel height, W the channel width,
and 3, and f3, the expansion angles [33,34]. They are de-
fined in Figure 7. When a sample solution and a washing
solution merge at a washing valve, the merged solution
should not flow forward into an air vent. Therefore, AP,
should be large enough for a solution to stop and stay at
the expanding region without flowing forward into the air
vent. When 6,+f, and 6,+f, are 180°, AP, has a maxi-
mum value. Accordingly, 6,+ ; and 6,4+ 3, were designed
to be close to 180° both before and after the merging of
the two solutions (Figure 7b).
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6] (i)

Fig.7. (a) Schematic of parameters related to geometry and contact angles of a microchannel. (b) Schematic of solution flow (i) just
before arriving at the channel-expanding region, (ii) after arriving at the channel expanding region and (iii) after the passive washing.
(c) APc calculated from Equation 1 at the regions (i) (H=105pm, W=89.4 um), (ii) (H=105 pm, W=118.8 um, 5,=116.6°, ;=
126.8°) and (iii)) (H=105 pum, W=150 um, ,=116.6°, 8,=116.6") (6, =73° and 60.6° at 10s and 10 min, respectively; 6,=61.6° and
39.5° at 10 s and 10 min, respectively). Circle data were obtained using the values of contact angle measured at 10 s after a solution is

dropped, whereas triangle data were obtained using the values of contact angle at 10 min.

Since the contact angle of a solution on a solid surface
generally decreases with time, the AP, at a washing valve
should be calculated by considering both the initial con-
tact angle and the contact angle after an extended period
of time. Accordingly, two contact angles at 10s and
10 min were measured after a PBSB solution was drop-
ped on the skim milk-coated PDMS surface and the glass
surface modified with the PEG-silane copolymer. The
contact angle of the PDMS surface was 73+1.9° and
60.6+4.1° at 10s and 10 min, respectively; the contact
angle of glass surface was 61.6+3.3° and 39.5+2.9° at
10s and 10 min, respectively. The AP, calculated from
these values is shown in Figure 7b. The AP, was positive
enough, even when the solution stays at the expanding
region for 10 min. The AP, at the washing valve was suffi-
cient for the solution to cease and remain at the valve
without flowing forward into the air vent.

3.4. Immunosensing Performance

The dependence of the cyclic voltammograms on the
mouse-IgG concentration is shown in Figure 8. The redox
current is associated with AP oxidation and background
current. Figure 9 shows a cyclic voltammogram obtained
at an Fc-D-modified microfabricated electrode in a mi-
crochip. The redox peak around 0.2V is related to a fer-
rocene redox reaction, which helps electromediated oxi-
dation of AP. As the concentration of mouse IgG in-
creased, the current of AP oxidation increased in the
cyclic voltammograms (Figure 8). Because of AP redox
cycling by hydrazine, cyclic voltammograms showed a
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mixed behavior of a plateau-shaped curve and a peak-
shaped curve [37]. All anodic peaks in the cyclic voltam-
mograms appeared at similar potentials, and the cyclic
voltammograms were quite reproducible. These results in-
dicate that the microfabricated Ag/AgCl reference elec-
trode worked stably and reproducibly.

The immunosensing response obtained at a mouse-IgG
concentration of zero, without using ALP-IgG, was mea-
sured to compare with the response obtained with using
ALP-IgG (Figure 9b). The difference between the two re-
sponses is attributed to the level of nonspecific binding of
ALP-IgG and the efficiency of passive washing. The cur-
rent near 0.2V (near a peak potential of ferrocene) in
the cyclic voltammogram using ALP-IgG was slightly
higher than without ALP-IgG. If the level of nonspecific
binding of ALP-IgG was high in a reaction chamber and
the unbound ALP-IgG not fully removed from a reaction
chamber by passive washing, the current from using
ALP-IgG would be much higher than without ALP-IgG.
These results clearly show that the level of nonspecific
binding of proteins was very low and that the passive
washing is very effective.

At a mouse-IgG concentration of 10 pg/mL, the current
at 023V was 13.6+1.8 nA (mean=+standard deviation),
which was much higher than in the absence of the mouse
IgG (6.3+1.9nA). Figure 8d represents the calibration
curve for currents at 0.23 V in a range of concentrations
from 10 pM to 10 uM. The calculated detection limit of
the presented electrochemical immunosensing chip was
ca. 10 pg/mL for mouse IgG, indicating that the electro-
chemical immunosensor was highly sensitive and reprodu-
cible.
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Fig. 8. (a—c) Dependence of cyclic voltammograms on the concentration of mouse IgG. The cyclic voltammograms were obtained in
a microchip 10-min after passive washing with a tris buffer solution (pH 9.0) containing 1 mM APP and 10 mM hydrazine at a scan
rate of 50 mV/s. (d) Calibration curve for an electrochemical immunosensor. All current data obtained at 0.23 V were subtracted by
the mean current at a concentration of zero. The inset represents a magnification of the graph at low concentrations. The dashed line
corresponds to three times the standard deviation (SD) at zero concentration.
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Fig. 9. (a) Cyclic voltammogram of a 2% Fc-D-modified micropatterned ITO electrode in Tris buffer (pH 9.0) at a scan rate 50 mV/s
and (b) cyclic voltammograms obtained at a mouse-IgG concentration of zero in the presence or absence of ALP-IgG in a microchip
10 min after passive washing with a Tris buffer solution (pH 9.0) containing 1 mM APP and 10 mM hydrazine at a scan rate of
50 mV/s.
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4. Conclusions

A sensitive electrochemical immunosensing microchip
has been developed using new microfabrication methods,
capillary-driven microfluidic control, and signal amplifica-
tion by redox cycling. Selective modification of the surfa-
ces was achieved by a proper combination of different
protein-resistant surfaces and their sequential selective
modification. The stability of a microfabricated Ag/AgCl
reference electrode was improved using an adhesion layer
of Cr and Au on the ITO surface. Microfluidic control
was achieved by spontaneous capillary-driven flows and
passive washing; a high electrochemical signal was ob-
tained by redox cycling combined with enzymatic amplifi-
cation. The level of nonspecific binding of proteins was so
low, and the passive washing so effective that a detection
limit of 10 pg/mL for mouse IgG was achieved. It seems
that the new microfabrication procedure and the combi-
nation of capillary-driven microfluidic control with elec-
trochemical detection could be practically applied to a
portable biosensing device for point-of-care testing.
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