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Acutemyocardial infarction has been one of the leading causes
of death in the world.1�3 Rapid identification and diagnosis

of acute myocardial infarction is critical for the initiation of
effective medical treatment and management. Cardiac troponins
are sensitive and specific biomarkers of myocardial damage; they
can also be used for therapeutic monitoring and risk stratification
of the disease.1�3 However, the major limitation in currently
used cardiac troponin assays is low sensitivity and precision at the
time of a patient’s presentation, owing to a delayed increase in
circulating levels of cardiac troponin. This calls for a highly sensitive
and reproducible method for detecting cardiac troponins.

Alkaline phosphatase (ALP) is a common enzyme label for
signal amplification in immunoassays;4�6 it allows a steady
reaction rate for a prolonged time and shows long-term stability
even in nonsterile environments.7 In particular, ALP can gene-
rate electroactive products by enzymatic hydrolysis of substrates,

and additional signal amplification by redox cycling of the pro-
ducts can offer higher electrochemical signals.4,8�10 Moreover,
electrochemical immunosensors can be readily miniaturized. For
these reasons, many ALP-based electrochemical immunosensors
have been developed, with one in particular being commercia-
lized for point-of-care testing of cardiac biomarkers.1 In recent
years, ALP-based electrochemical immunosensors have been
considered important for the development of point-of-care
testing systems.1,11,12 The authors have reported that redox
cycling can be obtained in a simple one-electrode, one-enzyme
format without the need to use two working electrodes or two
enzymes and that indium�tin oxide (ITO) electrodes offer low
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ABSTRACT: The authors herein report optimized conditions for ultrasensitive
phosphatase-based immunosensors (using redox cycling by a reducing agent)
that can be simply prepared and readily applied to microfabricated electrodes.
The optimized conditions were applied to the ultrasensitive detection of cardiac
troponin I in human serum. The preparation of an immunosensing layer was
based on passive adsorption of avidin (in carbonate buffer (pH 9.6)) onto
indium�tin oxide (ITO) electrodes. The immunosensing layer allows very low
levels of nonspecific binding of proteins. The optimum conditions for the
enzymatic reaction were investigated in terms of the type of buffer solution,
temperature, and concentration of MgCl2, and the optimum conditions for
antigen�antibody binding were determined in terms of incubation time,
temperature, and concentration of phosphatase-conjugated IgG. Very impor-
tantly, the antigen�antibody binding at 4 �C is extremely important in obtaining
reproducible results. Among the four phosphatase substrates (L-ascorbic acid 2-phosphate (AAP), 4-aminophenyl phosphate,
1-naphthyl phosphate, 4-amino-1-naphthyl phosphate) and four phosphatase products (L-ascorbic acid (AA), 4-aminophenol,
1-naphthol, 4-amino-1-naphthol), AAP and AA meet the requirements most for obtaining easy dissolution and high signal-to-
background ratios. More importantly, fast AA electrooxidation at the ITO electrodes does not require modification with any
electrocatalyst or electron mediator. Furthermore, tris(2-carboxyethyl)phosphine (TCEP) as a reducing agent allows fast redox
cycling, along with very low anodic currents at the ITO electrodes. Under these optimized conditions, the detection limit of an
immunosensor for troponin I obtained without redox cycling of AA by TCEP is ca. 100 fg/mL, and with redox cycling it is ca. 10 fg/
mL. A detection limit of 10 fg/mL was also obtained even when an immunosensing layer was simply formed on a micropatterned
ITO electrode. From a practical point of view, it is of great importance that ultralow detection limits can be obtained with simply
prepared enzyme-based immunosensors.
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and reproducible background current levels.4 However, the
strong reducing agent (hydrazine) used for the chemical redox
cycling is unsuitable for point-of-care testing systems because
hydrazine reacts slowly with oxygen; furthermore, the prepara-
tion of the immunosensing surface is very complicated.

Several phosphates (Figure 1) have been developed as ALP
substrates for electrochemical immunosensors.13 In order to
obtain a high signal-to-background ratio, an ALP substrate
should be electrochemically inactive, whereas the electrochemi-
cal oxidation of the ALP product should occur both at a low
formal potential and at a high reaction rate.4 In particular, to
achieve a high single-to-background ratio via redox cycling by a
reducing agent, the low formal potential of the ALP product is of
great importance because the unwanted oxidation currents of the
reducing agent increase with increase of the applied potential.
4-Aminophenyl phosphate (APP) is the most commonly used
ALP substrate.4,6,12,13 However, it is relatively unstable in an
aqueous solution14 and the electrooxidation of its ALP product,
4-aminophenol (AP), is slow at ITO electrodes, which requires
modification of an electrode with an electron-mediating material
such as ferrocene.4,15 Moreover, special care is required for rapid
dissolution of AP and APP in aqueous solutions. L-Ascorbic acid
2-phosphate (AAP), used widely as a skin whitener and radical
scavenger in cosmetic products, is highly water-soluble, stable,
and inexpensive.13,16�18 Furthermore, the formal potential of AA
is very low. However, AAP has never been used in ITO-based
electrochemical immunosensors.

Tris(2-carboxyethyl)phosphine (TCEP) is a commonly em-
ployed reducing agent for breaking disulfide bonds.19 TCEP can
reduce electroactive organic materials such as dehydroascorbic
acid20 and quinone21 at a fast rate. Moreover, it is highly water-
soluble, stable in a wide range of pHs, and quite resistant to oxida-
tion by oxygen.19 Its hydrochloride salt is also stable in air and
nonvolatile.19 These characteristics of TCEP are well-suited to
the conditions required for prolonged storage.

Ultrasensitive detection cannot be obtained without ensuring
high reproducibility of sensor signals, although high signal ampli-
fication and low background level are met. In general, reaction
temperature, nonspecific binding, and complexity of sensor fabri-
cation influence sensor signals. Antigen�antibody bindings and
enzymatic reactions are highly dependent upon temperature.
Nonspecific binding of proteins causes poor reproducibility of
signals as well as a high background level.22 As for sensor
fabrication, a complex preparation procedure of an immuno-
sensing surface impairs reproducibility. Accordingly, it is essen-
tial to achieve optimum control of temperature, a low level of

nonspecific binding, and a simple preparation of an immunosen-
sing surface.

Herein, the authors report optimized conditions for ultrasensi-
tive ALP-based immunosensors using redox cycling by a reducing
agent. To compare AAP with other ALP substrates and AA with
other ALP products in terms of achieving an ultralow detection
limit, electrochemical behaviors of four ALP substrates and their
ALP products were examined in the absence and presence of
TCEP. The optimum conditions for enzymatic reaction and
antigen�antibody binding were then investigated. The level of
nonspecific binding to avidin and bovine serum albumin (BSA)
modified ITO electrodes was also investigated. Under optimized
conditions, detection limits for mouse IgG and troponin I were
determined in the absence and presence of the redox cycling. The
same experiments were carried out with an immunosensor for
troponin I using a micropatterned immunosensing layer.

’EXPERIMENTAL SECTION

Materials. Avidin, biotin, 4-hydroxyazobenzene-2-carboxylic
acid (HABA), biotinylated polyclonal goat antimouse IgG,
mouse IgG, and ALP-conjugated polyclonal goat antimouse
IgG were obtained from Sigma-Aldrich, Co. Cardiac troponin I
(30R-AT035), biotinylated monoclonal mouse antitroponin-I
IgG (61R-T123GBT), troponin-I-free human serum (90R-106X),
and monoclonal mouse antitroponin-I IgG (10R-T123B) were
obtained from Fitzerald, Inc. (Acton, MA, U.S.A.). The ALP
labeling kit (LK59-10) was purchased from Dojindo Laboratories
(Rockville, MD, U.S.A.). ALP-conjugated antitroponin-I IgG was
prepared using antitroponin-I IgG and the ALP labeling kit
according to the manufacturer’s procedure. TCEP hydrochloride,
AP, 1-naphthol (NP), 1-naphthyl phosphate (NPP) disodium salt,
AA, 4-amino-1-naphthol (AN), and 4-nitrophenyl phosphate were
obtained from Sigma-Aldrich Co. AAP magnesium salt hydrate
was obtained from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan), while APP monosodium salt hydrate was obtained from
Biosynth (Staad, Switzerland). 4-Amino-1-naphthyl phosphate
(ANP) was synthesized by following a reported procedure.23

All other reagents were received from Sigma-Aldrich Co.
The phosphate-buffered saline (PBS buffer, pH 7.4) contained

10 mM phosphate, 0.138 M NaCl, and 2.7 mM KCl. The PBSB
buffer contained all of the ingredients of the PBS buffer plus 1%
(w/v) BSA. The rinsing buffer (pH 7.6) contained 50 mM
tris(hydroxymethyl)aminomethane (Tris), 40 mM HCl, 0.05%
(w/v) BSA, and 0.5 M NaCl. The Tris-buffered saline (TBS
buffer, pH 8) contained 50 mMTris, 0.138 MNaCl, and 2.7 mM
KCl. The Tris buffer (pH 9.6) for enzymatic reaction contained
50 mM Tris and 10 mMMgCl2, with the pH adjusted by adding
1.0 M HCl dropwise. All ITO electrodes were obtained from
Samsung Corning (Daegu, Korea). ITOmicropatterns on a glass
substrate were fabricated via standard photolithography and
etching processes as previously reported.24

Preparation of Immunosensing Layers and the Immuno-
sensing Procedure.Diced ITO electrodes (1 cm� 2 cm each)
were cleaned and pretreated as reported previously.4 To obtain
avidin-and-BSA-modified ITO electrodes, the ITO electrodes
were treated with avidin and subsequently BSA. To immobilize
biotinylated IgG on avidin, the modified electrodes were treated
with biotinylated antitroponin-I IgG (or biotinylated antimouse
IgG). For the binding of target protein to the immunosensing
electrodes, the immunosensing electrodes were treated with
different concentrations of troponin I (or different concentrations

Figure 1. Chemical structures of ALP substrates and TCEP.
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of mouse IgG). Afterward, the resulting electrodes were treated
with ALP-conjugated antitroponin-I IgG (or ALP-conjugated
antimouse IgG). The same procedure was used for preparation of
the immunosensing layers on micropatterned ITO electrodes
and for immunosensing with them.More detailed procedures are
shown in the Supporting Information. For the preparation of
ITO electrodes modified with ALP-conjugated antimouse IgG,
70 μL of a PBSB buffer solution (pH 7.4) containing 100 μg/mL
ALP-conjugated antimouse IgGwas dropped onto the pretreated
ITO electrodes, the dropped state was maintained for 2 h, and
the electrodes were washed twice with rinsing buffer.
Teflon electrochemical cells were assembled with the resulting

electrodes, and 1.5 mL of a Tris buffer solution containing ALP
substrate (and TCEP) was injected into the cell. The exposed
area of the sensing electrodes was 0.28 cm2. Afterward, the cell
was stored for 10min at 30 �C for the enzymatic reaction, and the
electrochemical measurement was then carried out using a CHI
405A or CHI 708C (CH Instruments, Austin, TX, U.S.A.). The
electrochemical cell included a Pt counter electrode and a Ag/
AgCl reference electrode.
The experimental procedure for measuring the surface con-

centration of avidin is shown in the Supporting Information.

’RESULTS AND DISCUSSION

Comparison of AAP with Other ALP Substrates. The sche-
matic diagram of an electrochemical immunosensor shown in
Figure 2 is based on electrochemical detection using an enzymatic
reaction and a redox cycling by a reducing agent.4 ALP products
other than AA can also be utilized in the redox cycling by TCEP.
To compare (i) AAP with other ALP substrates and (ii) AA with
other ALP products in terms of achieving an ultralow detection
limit, we investigated the electrochemical behavior of four ALP
substrates (AAP, APP, NPP, ANP) and their ALP products
(AA, AP, NP, AN) in the absence and presence of TCEP. The
ALP substrates and products are depicted in Figure 1.
Generally, low electrocatalytic activities of ITO electrodes

allow one to obtain low, flat, and reproducible capacitive currents
and low electrooxidation rates for strong reducing agents.4,25

These characteristics are effective for obtaining low background
levels. However, the low activities of the ITO electrodes can
cause low electrooxidation rates for ALP products, which is

not good for obtaining high signal levels. Therefore, it is of
great importance to select an ALP product that shows a high
electrooxidation rate even at immunosensing-layer-modified
ITO electrodes.
Electrochemical signals depend on the formal potential of an

electroactive species and its electron-transfer rate at an electrode.
In order to achieve a high signal-to-background ratio, the ALP
substrate, product, and reducing agent need to meet the follow-
ing requirements: (i) the ALP substrate should have a high
formal potential and/or a low electrooxidation rate at the ITO
electrodes; (ii) the ALP product should have a low formal potential
and a high electrooxidation rate; (iii) the reducing agent should
have a low electrooxidation rate and a formal potential lower than
that of the ALP product. It is important to note that the ALP
product should have a low formal potential (near 0 V) because
unwanted anodic current of the reducing agent is higher at higher
potentials and unwanted cathodic current of oxygen is consider-
able at potentials lower than 0 V.
Curves i of Figure 3 represent cyclic voltammograms obtained

in solutions containing one of four ALP substrates at bare ITO
electrodes. In the cases of AAP and NPP, there were no notice-
able currents associated with their oxidation (curves i of Figure 3,
parts a and c). The current behavior in Tris buffer (pH 9.6) in the
presence of AAP (curve ii of Figure S1 in the Supporting
Information) was similar to that in the absence of AAP (curve i
of Figure S1 in the Supporting Information). Regarding APP and
ANP, the anodic currents were considerable above ca. 0.4 and
0.2 V, respectively (curves i of Figure 3, parts b and d). These
results indicate that AAP and NPP are better as an ALP substrate
than APP and ANP in terms of both high formal potential and
low electrooxidation rate.
Cyclic voltammograms for four ALP products at bare ITO

electrodes are shown in curves ii of Figure 3. The reported order
of the formal potential is AA and AN < AP < NP.13 Oxidation
currents of AA, AP, and NP were considerable in the given
potential ranges (curves ii of Figure 3a�c). Interestingly, the
anodic currents of AN were not observed (curve ii of Figure 3d),
due to the rapid oxidation of AN by the dissolved oxygen.23

Consequently, AA is better as an ALP product than other ALP
products in terms of both low formal potential and fast electro-
oxidation rate.
Cyclic voltammograms obtained in the presence of both ALP

product and TCEP are shown in curves iii of Figure 3. Oxidation
currents of AA in the presence of TCEP (curve iii of Figure 3a)
were higher in a wide range of potentials than in the absence of
TCEP (curve ii of Figure 3a). In the presence of TCEP (in fact
TCEP 3HCl), the onset potential appeared at higher potentials
because the solution pH was lower than the pH in the absence of
TCEP (pH 9.6). In all other cases, oxidation currents were also
higher in the presence of TCEP (curves iii of Figure 3b�d).
These results indicate that the redox cycling by TCEP increases
oxidation currents. Interestingly, oxidation currents of AN were
very high in the presence of TCEP (curve iii of Figure 3d),
although they were negligible in the absence of TCEP (curve ii of
Figure 3d). The reason for this is that AN is entirely oxidized by
the dissolved oxygen in the absence of TCEP, whereas AN is
generated via reduction of the oxidized AN by TCEP. In the case
of AP, the redox cycling allowed very high current increase (curve
ii of Figure 3b).
When an electrode is covered with an immunosensing layer,

the electrocatalytic activity of the electrode diminishes. To investi-
gate such an influence, the same electrochemical characterization as

Figure 2. Schematic representation of an electrochemical immunosen-
sor using the generation of AA by ALP and the redox cycling of AA
by TCEP.
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that carried out in Figure 3 was performed with avidin-modified
ITO electrodes (Figure S2 in the Supporting Information). As
for AA, AP, and AN, the avidin modification did not cause any
significant change in voltammetric behavior compared to the
unmodified case (Figure S2a�d in the Supporting Information
and Figure 3, parts a and d). However, the anodic peak of NP at
the avidin-modified electrode was shifted to a much higher
potential (curve ii of Figure S2c in the Supporting Information),
and oxidation currents in the presence of TCEP at the avidin-
modified electrode were much smaller (curve iii of Figure S2c in
the Supporting Information). Consequently, the avidin modifi-
cation gives low detrimental effects on electrooxidation of AA,
AP, and AN than on electrooxidation of NP.
Overall, AAP is better than other ALP substrates, and AA and

AP are better than other ALP products. Moreover, considering
(i) easy dissolution of AAP and AA in aqueous solutions, (ii) high
formal potential of AAP, and (iii) low formal potential of AA,
AAP and AA are better than APP and AP, respectively. As the
concentration of TCEP increased, the currents by the redox
cycling of AA increased (Figure S3 in the Supporting In-
formation). However, oxidation currents of TCEP also increased
with increasing TCEP concentration. A concentration of 2.0 mM
was chosen for high signal amplification and low background level.
Conditions for Enzymatic Reaction. The activity of an ALP

enzyme depends on the type of buffer, temperature, concentra-
tion of MgCl2, and pH of solution. To search for optimum
conditions, electrochemical signals for AA were obtained after
ALP-conjugated antimouse IgG was immobilized onto ITO
electrodes and AAP hydrolysis by the ALP-modified electrode
was performed under different conditions (Figure S4a in the
Supporting Information). A pH of 9.6 was selected for the pH of
the buffer solutions.7 Judging from Figure S4b�d in the Supporting

Information, the enzymatic reaction in the Tris and carbonate
buffers was better than in the borate buffer, the reaction at 30 �C
was better than at 25 and 35 �C, and the reaction in 10 mM
MgCl2 was better than in 0.1 and 1.0 mM MgCl2. These
optimum conditions were used for further experiments. It is
well-known that ALP activities are inhibited by thiol-containing
compounds such as dithiothreitol,7 which is a commonly
employed reducing agent instead of TCEP for breaking disul-
fide bonds. We found that TCEP did not cause inhibitory effects
upon the enzymatic reaction (see the Supporting Information and
Figure S5).
Avidin-Modified ITO Electrodes and Nonspecific Binding.

In ultrasensitive immunosensors, it is of great importance to
minimize nonspecific protein binding, especially ALP-labeled
IgGs. In this study, avidin-and-BSA-modified ITO electrodes
were used to obtain low nonspecific binding.
Avidin adsorbs well onto solid surfaces because of its carbohy-

drate content and basic isoelectric point,7 which may allow a
thorough covering of ITO electrodes. Guo and co-workers
reported that avidin is passively and stably adsorbed onto ITO
electrodes and well covers the surface of the ITO electrodes.26,27

To examine this effect, the surface concentration of avidin on
avidin-modified ITO electrodes was measured. HABA, a dye that
binds to avidin, is widely used to quantify biotin and investigate
the kinetics of biotin�avidin binding; HABA has an absorbance
maximum at a wavelength of 350 nm, whereas theHABA�avidin
complex has an absorbance maximum at 500 nm.7 To date,
however, there is no report in which HABA is used to determine
the surface concentration of avidin.
Figure 4a illustrates the procedure that we developed to measure

the surface concentration of avidin. Avidin was adsorbed onto
ITO electrodes in PBS buffer (pH 7.4) or carbonate buffer

Figure 3. Cyclic voltammograms obtained at bare ITO electrodes (at a scan rate of 20 mV/s) in (i) a Tris buffer solution containing 1.0 mM ALP
substrate (pH 9.6), (ii) a Tris buffer solution containing 0.1 mMALP product (pH 9.6), and a Tris buffer solution containing 0.1 mMALP product and
1.0 mM TCEP (pH 8.9). ALP substrates are (a) AAP, (b) APP, (c) NPP, and (d) ANP; ALP products are (a) AA, (b) AP, (c) NP, and (d) AN.
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(pH 9.6), andHABAwas then bound to all biotin-binding sites of
the adsorbed avidin. Afterward, HABA was replaced by biotin.
Finally, the concentration of a solution containing the detached
HABA was determined by measuring the absorbance at 350 nm.
Curve i of Figure 4c shows an absorption spectrum obtained after
avidin was adsorbed in carbonate buffer, and curve ii of Figure 4c
shows a spectrum obtained as a control experiment, where biotin
was bound to the adsorbed avidin prior to the HABA treatment.
In this case, HABA cannot bind to the biotin-binding sites of
avidin. As biotin does not have absorption at 350 nm, the
absorbance at 350 nm is entirely due to the absorption by HABA.
The measured extinction coefficient of HABA at 350 nm was
20 700 M�1 cm�1. Assuming that four HABAs bind to each
avidin, the calculated surface concentration was 9.2( 1.0� 10�11

mol/cm2, much larger than the theoretical maximum surface
concentration of avidin at an avidin monolayer (5.5 � 10�12

mol/cm2).28 For comparison, absorption spectra were obtained in
the case that avidinwas adsorbed in PBS buffer (pH7.4) (curves iii
and iv of Figure 4c). In this case, the calculated surface concentra-
tion was 4.4( 0.3� 10�11 mol/cm2, lower than in the case of the
avidin adsorption in carbonate buffer and, interestingly, compar-
able to the previously reported surface concentration of avidin at
avidin-modified ITO electrodes prepared in 20 mM phosphate
buffer (pH 7.5) (2.5� 10�11 mol/cm2).26 One of the reasons for
the high surface concentrations might be that real surface areas are
much larger than geometric surface areas, resulting from high
surface roughness of ITO electrodes. The high surface concentra-
tions indicate that avidin well covers the ITO electrodes in
carbonate buffer better (pH 9.6).

Next, the levels of nonspecific binding to an avidin-and-BSA-
modified ITO electrode and to a BSA-modified ITO electrode
were investigated. To achieve this, ALP-conjugated antimouse
IgG was nonspecifically adsorbed onto the modified ITO elec-
trodes, the enzymatic reaction proceeded for 10 min in an
AAP solution, and cyclic voltammograms were then obtained
(Figure 4b). The anodic current behavior obtained with the
avidin-and-BSA-modified electrode prepared in carbonate buffer
(curve ii of Figure 4d) was similar to that obtained without the
enzymatic reaction at a bare ITO electrode (curve i of Figure 4d),
indicating the level of nonspecific binding to the avidin-and-BSA-
modified ITO electrodes to be very low. The anodic currents
obtained with the avidin-and-BSA-modified electrode prepared
in PBS buffer (curve iii of Figure 4d) were higher than those in
carbonate buffer (curve ii of Figure 4d), indicating a certain level
of nonspecific binding on the electrode prepared in PBS buffer.
The anodic currents obtained with the BSA-modified ITO
electrode (curve iv of Figure 4d) were much larger, implying a
much higher level of nonspecific binding to the BSA-modified
ITO electrode. These results clearly indicate that the avidin-and-
BSA-modified electrodes prepared in carbonate buffer show a
very low level of nonspecific binding, along with a higher surface
concentration of avidin.
Conditions for Antigen�Antibody Binding.The amount of

target protein bound to an immunosensing surface increases with
increasing the time of incubation and becomes saturated in a
certain time. The time required for saturation increases with
decreasing the concentration of target protein. To examine the
saturation time, electrochemical signals were obtained in different

Figure 4. (a) Schematic of the procedure used to measure the surface concentration of avidin. (b) Schematic of the procedure used tomeasure the level
of nonspecific binding of ALP-conjugated antimouse IgG to an avidin-and-BSA-modified ITO electrode. (c) Absorption spectrum obtained after the
experiment in panel a was carried out. (d) Cyclic voltammograms obtained in a Tris buffer solution containing 1mMAAP (pH 9.6) after the experiment
in panel b was carried out.
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times of incubation (Figure S6a in the Supporting Information).
The target solutionwas dropped onto an immunosensing electrode
at room temperature, and the electrode was kept at 4 �C. When a
target (mouse IgG) concentration of 1 pg/mL was tested, an
incubation time of 30 min was sufficient to obtain saturation
(Figure S6a in the Supporting Information). This result suggests
that the target binding to an immunosensing surface is fast, even in
a low concentration of target at 4 �C.
Highly reproducible data are essential for obtaining ultrasen-

sitive detection. The reproducibility of the sensor response
depends highly upon reaction temperature. Accordingly, it is
important to maintain optimum temperatures during enzymatic
reactions and antigen�antibody bindings. A temperature of
30 �Cwas selected as the reaction temperature of ALP, according
to the results of Figure S4b in the Supporting Information. Room
temperature and 37 �C are commonly used for antigen�anti-
body bindings. A temperature of 4 �C is frequently used to
perform an antigen�antibody binding for a long incubation
time.29,30 In this study, antigen�antibody binding was tested at
25 and 4 �C. In sandwich-type immunosensors, two antigen�
antibody bindings are required. The first binding occurs between
a target and an immunosensing surface, and the second occurs
between ALP-conjugated IgG and a target. The electrochemical
signals were higher and much more reproducible when both the
first and second bindings were carried out at 4 �C than when one
of two bindings were carried out at 25 �C (Figures S6b and S7 in
the Supporting Information). The antigen�antibody binding at
4 �C was extremely important in obtaining reproducible results,
i.e., ultralow detection limits. The concentration of the ALP-
conjugated IgG used for the second binding is of great impor-
tance in terms of low nonspecific binding and high signal
amplification. We found that 10 μg/mL ALP-conjugated IgG
was good for low nonspecific binding and high signal amplifica-
tion (see the Supporting Information).
Immunosensor Performance in the Absence and Pre-

sence of Redox Cycling. To evaluate the performance of the
presented immunosensing scheme, two target proteins (mouse
IgG and troponin I) were tested in the absence and presence of
TCEP. Concentration-dependent cyclic voltammograms ob-
tained in the absence of TCEP are shown in Figure S9, parts a
and b, in the Supporting Information (for mouse IgG in PBSB
buffer) and in Figure 5a and Figure S10 in the Supporting
Information (for troponin I in serum). In both cases, the
oxidation currents increased with increasing target concentra-
tion. The current at 0.035 V at a troponin I concentration of
100 fg/mL (7.2 ( 0.5 � 10�7 A) were much higher than at a
concentration of zero (3.8( 0.3� 10�7 A) (Figure 5a), and the
cyclic voltammograms were highly reproducible (see Figure S11
in the Supporting Information). Figure S9c in the Supporting
Information and Figure 5b represent calibration plots for mouse
IgG and troponin I, respectively. The estimated detection limits
were ca. 10 fg/mL formouse IgG and ca. 100 fg/mL for troponin I.
These ultralow detection limits were possible because oxidation
currents at a concentration of zero were low and highly
reproducible.
Concentration-dependent cyclic voltammograms obtained in

the presence of TCEP are shown in Figure S12, parts a and b, in
the Supporting Information (for mouse IgG) and Figure S13,
parts a and b, in the Supporting Information (for troponin I).
These figures also show that oxidation currents increased with
increasing the concentration of target in a wide range of concen-
trations. The current at 0.2 V at a concentration of 10 fg/mL

(1.66( 0.14� 10�6 A) was much higher than at a concentration
of zero (7.1 ( 0.7 � 10�7 A) (Figure S13c in the Supporting
Information), and the cyclic voltammograms were highly repro-
ducible (see Figure S14 in the Supporting Information). Figures
S12c and S13c in the Supporting Information represent calibra-
tion plots for mouse IgG and troponin I, respectively. The
estimated detection limits were ca. 1 fg/mL for mouse IgG and
ca. 10 fg/mL for troponin I. Considering molecular weight of
mouse IgG (150 kDa) and troponin I (24 kDa),31 the detection
limits ofmouse IgG and troponin I correspond to ca. 7 and 400 aM,
respectively. Approximately one-order-of-magnitude lower detec-
tion limits were achieved in both cases with AA redox cycling by
TCEP than those without it.
Immunosensor Using Microfabricated Electrodes.When a

microfabricated electrode is applied to an immunosensor, the
micropatterning of an immunosensing layer is essential and it
highly influences reproducibility of the immunosensor. Therefore,
it is very important to achieve the micropatterning in a simple
and reproducible manner. In this study, after a micropatterned
ITO electrode on a glass substrate was prepared (Figure S15a in
the Supporting Information), both ITO and glass surface were
simultaneously immobilized with avidin and subsequently BSA
(Figure S15b in the Supporting Information). This simple sur-
face modification significantly decreases nonspecific binding of

Figure 5. Results of the immunosensing experiments (without redox
cycling by TCEP) of Figure 2 that were carried out with human serum
containing different concentrations of troponin I. (a) Cyclic voltammo-
grams obtained (at a scan rate of 20 mV/s) in a Tris buffer solution
containing 1.0 mM AAP (pH 9.6) after 10 min of incubation. (b)
Calibration plot for the detection of troponin I: concentration depen-
dence of the current at 0.035 V in cyclic voltammograms. All data were
subtracted by the mean current at a concentration of zero determined by
seven measurements. The dashed line corresponds to 3 times the
standard deviation (SD) of the current at a concentration of zero. The
error bars represent the SD of three measurements.
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proteins to both ITO and glass surfaces. To immobilize biotiny-
lated antitroponin-I IgG, a solution of biotinylated IgG was
dropped over an area larger than the micropatterned disk ITO
electrode (diameter = 500 μm, see the inset in Figure 6a).
Biotinylated IgG was immobilized on the avidin-modified glass
surface near the micropatterned electrode, as well as the avidin-
modified ITO electrode. A photograph of a micropatterned ITO
electrode is shown in Figure S16a in the Supporting Information.
Concentration-dependent cyclic voltammograms obtained in the
presence of TCEP are shown in Figure 6a and Figure S16b in the
Supporting Information. At a concentration of zero, the currents
showed a more rapidly increasing behavior than those in Figure
S13a in the Supporting Information, indicating the level of non-
specific binding to be slightly higher. Nevertheless, the detection
limit obtained from a calibration plot for troponin I in Figure 6b was
also slightly lower than 10 fg/mL, and the data were very repro-
ducible. Importantly, an ultralow detection limit was also achieved
with a simply prepared micropatterned immunosensing layer.

’CONCLUSIONS

We have developed optimum conditions for a simply prepared
and ultrasensitive electrochemical immunosensor using the
generation of AA by ALP and the redox cycling of AA by
TCEP. The immunosensing surface was prepared by passive
avidin adsorption and biotin�avidin conjugation, without the
modification with any electrocatalytic material or electron

mediator. The ultralow detection limits for troponin I in
human serum (ca. 100 fg/mL without the redox cycling and
ca. 10 fg/mL with it) come from highly reproducible electro-
chemical signals, along with high signal amplification and low
background level. The simple preparation of the immunosen-
sing surface and the optimization of conditions for enzymatic
reaction and antigen�antibody binding enabled us to obtain
highly reproducible electrochemical signals. A detection limit
of 10 fg/mL was also obtained even when an immunosensing
layer was simply formed on a microfabricated ITO electrode.
These results suggest that the developed immunosensor could
be applied to simply prepared, sensitive, and reproducible
immunosensing chips for point-of-care testing. The high
stability of TCEP in air and its high solubility in aqueous
solutions could enable TCEP to act as an ideal reducing agent
(for redox cycling) compatible with immunosensing chips.
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