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A facile method of achieving low surface coverage of Au nanoparticles on
an indium tin oxide electrode and its application to protein detectionf
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Low surface coverage of Au nanoparticles on an indium tin oxide
electrode for sensitive electrochemical detection was achieved
using electrostatic adsorption of AuCl,™ followed by reduction.

Au electrodes have been widely used as working electrodes in
electrochemical sensors.! However, such electrodes exhibit
high and potential-dependent background current in aqueous
solution because of their high capacitive current and complex
surface redox reactions.” This undesirable behavior makes it
difficult to achieve high signal-to-background ratios (i.e., low
detection limits).> Compared to bulk Au, Au nanoparticles
(NPs) show better electrocatalytic activities for many electro-
active species.* Indium tin oxide (ITO) electrodes exhibit poor
electrocatalytic activities, but favorably low and flat back-
ground current.’ Thus, the modification of ITO electrodes
with a low surface coverage of Au NPs could allow high
electrocatalytic activities along with low background current.
Moreover, use of minimal Au may reduce the cost of electro-
chemical sensors.

The modification of electrode surfaces using metal NPs can
be achieved via the electrodeposition of metal ions or the
immobilization of presynthesized metal NPs.® However, the
fast rate of electrodeposition makes it difficult to control the
size and surface coverage of NPs, hence low surface coverage
of metal NPs is not readily achieved with either technique.%’
The formation of metal NPs using electrostatic adsorption of
metal ions followed by reduction is another strategy. For
example, Pt NPs on amine-functionalized carbon nanotubes
and Au NPs on amine-functionalized Si substrates were
synthesized.8 Similarly, the formation of Pd, Pt, and binary
Pt-Ru NPs on Nafion and functionalized carbon has been
reported.” The charge density of the electrode determines the
surface density of adsorbed metal ions, which in turn limits the
size and surface density of NPs formed from the adsorbed
ions. A large number of metal ions is required to form a single
NP. Therefore, low surface densities of metal NPs could be
achievable with this preparation method.

3-Aminopropyltriethoxysilane (APTES) has been com-
monly used to prepare amine-functionalized self-assembled
monolayers on ITO electrodes.'® The amine group is proto-
nated at neutral pH, and, as a result, a negatively charged
metal complex is readily bound to the protonated amine
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Fig. 1 Schematic representation of the formation of Au NPs on an
APTES-modified ITO electrode, and the preparation of an electro-
chemical immunosensor for detecting mouse IgG. It is not clear
whether the formed Au NPs are in direct contact with the ITO surface
or not.

group.®!" Chemical reduction of such bound ions allows the
facile formation of metal NPs. In biosensors, the immobiliza-
tion of biomolecules on biosensing surfaces is a critical step.
The Au NPs formed on APTES-modified ITO electrodes
could allow easy immobilization of biomolecules via simple
nonspecific binding in place of covalent modification.'> More-
over, it is known that proteins adsorbed on Au NPs retain
activities for a long time.'?

Herein, we describe a facile method whereby low surface
coverage of Au nanoparticles on APTES-modified ITO electrodes
can be achieved. In addition, we report on the application of this
technique in the construction of an electrochemical immunosen-
sor. Au NPs were formed by electrostatic adsorption of AuCl,~
followed by reduction with ascorbic acid. This simple preparation
method allowed highly sensitive detection of mouse IgG.

A schematic representation of the preparation of Au NPs on
APTES-modified ITO electrodes is shown in Fig. 1. The
amine-functionalized ITO electrodes were immersed in an
aqueous solution containing 1 mM HAuCl, (pH 3.13) for
30 min. At this pH, a significant proportion of the Au precursor
exists as AuCly~, which is electrostatically bound to protonated
amine groups on ITO electrodes.'® After the electrodes were
rinsed with water, the bound AuCl,;~ was reduced in an
aqueous solution containing 0.5 mM ascorbic acid.

To confirm the formation of Au NPs on APTES-modified
ITO electrodes, SEM images were obtained (Fig. 2). No signifi-
cant difference between SEM images taken before (Fig. 2a) and
after (Fig. 2b) the formation of Au NPs on APTES-modified
ITO electrodes was observed. However, some brighter spots in
Fig. 2b, compared to Fig. 2a, might be associated with Au NPs.
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Fig. 2 SEM images of APTES-modified ITO electrodes (a) before
and (b) after the formation of Au NPs. (c) SEM image of an Au NP-
and APTES-modified ITO electrode after the sizes of Au NPs were
increased. (d) XPS spectra of APTES-modified ITO electrodes before
(i) and after (ii) the formation of Au NPs.

It seemed that Au NPs were not sufficiently large to be
distinguished in SEM images because a high number of AuCl, ™~
molecules adsorbed onto an APTES-modified ITO surface is
required to form a single Au NP. Small Au NPs on ITO
electrodes can act as seeds for further growth of Au NPs. To
clearly see the presence of Au NPs, SEM images were obtained
after increasing the size of Au NPs by employing an aqueous
solution containing 0.3 mM HAuCl, and 0.3 mM H,NOH-HCI
for immersion times of 5 min (Fig. 2¢) and 20 min (Fig. S1b in
ESI¥). The formation of larger NPs indicated the presence of
small seed NPs on the APTES-modified ITO electrodes.'* The
surface density of Au NPs was not high, suggesting that the
surface coverage of seed Au NPs was low. As a control experi-
ment, APTES-modified ITO electrodes were immersed in the
same solution for 20 min. The formation of Au NPs was not
observed (Fig. Sla in ESIY), indicating that Au NPs grew only
when small Au NPs already existed on ITO electrodes.

Fig. 2d shows the X-ray photoelectron spectra of APTES-
modified ITO electrodes before and after the formation of Au
NPs. No peaks related to Au were observed before the
formation of Au NPs [(i) in Fig. 2d]. However, after treatment
of APTES-modified ITO electrodes with HAuCly followed by
reduction of the complexed Au ions with ascorbic acid, two
clearly distinct peaks at 83.4 eV and 87.0 eV corresponding to
Au 4f;, and Au 4fs), core-level binding energies, respectively,
were observed [(ii) in Fig. 2d], confirming the presence of Au in
the zero oxidation state.'

The presence of Au NPs on the APTES-modified ITO
electrode was also evident from cyclic voltammograms
(Fig. S2 in ESIf). The cyclic voltammogram obtained at an
Au NP- and APTES-modified ITO electrode in 0.1 M NaOH
showed the characteristic redox signal of Au (Fig. S2a in ESIY).'®
The redox currents increased when the sizes of Au NPs increased
[(1) and (ii) of Fig. S2b in ESI¥], again confirming the presence of
seed Au NPs on APTES-modified ITO electrodes.

Cyclic voltammetry in Tris buffer (pH 9.0) was performed to
measure changes in background currents and electrocatalytic
activities at modified ITO electrodes (Fig. 3). The cyclic
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Fig. 3 Cyclic voltammograms obtained at modified ITO electrodes in
(a) a Tris buffer solution (pH 9.0) and (b) a Tris buffer solution
containing 1.0 mM AP (at a scan rate of 20 mV s ') [(i) APTES-
modified ITO electrode, (ii)) Au NP- and APTES-modified ITO elec-
trode, and (iii) avidin-, Au NP-, and APTES-modified ITO electrode].

voltammogram obtained at an APTES-modified ITO electrode
exhibited low and flat background currents at a range of
potentials from —0.05 to 0.4 V [(i) in Fig. 3a], because of low
capacitive and redox currents. Similarly, the cyclic voltammo-
gram obtained at Au NP- and APTES-modified ITO electrodes
showed a low background current, although the background
current increased with potential [(ii) in Fig. 3a]. This change in
background current arose because of the presence of Au NPs.
However, the background current was much smaller than that of
a bare Au disc electrode (Fig. S3 in ESIf). The absence of a
significant increase in background current, compared to that
seen with an APTES-modified ITO electrode, indicated that the
surface coverage of Au NPs was very low. Importantly, the
cyclic voltammogram of (ii) in Fig. 3a was highly reproducible,
indicating that the formation of Au NPs on ITO electrodes was
also quite reproducible. This is because the surface density of
amine groups on ITO electrodes is uniform and, accordingly, the
amount of bound AuCly ", determined by the amine groups, is
also uniform. The further modification of Au NP- and APTES-
modified ITO electrodes with avidin did not result in any
significant change in background current [(iii) in Fig. 3a].
Catalytic conversion of p-aminophenyl phosphate (APP) to
p-aminophenol (AP) by alkaline phosphatase (ALP) is com-
monly employed to obtain amplified electrochemical signals in
biosensors.” The anodic peak of AP should appear at a value
significantly below 0.4 V to minimize the interfering anodic
current of APP, because the electrooxidation of APP is consider-
able above 0.4 V.3 Fig. 3b shows the cyclic voltammograms for
AP electrooxidation obtained at modified ITO electrodes in a
Tris buffer (pH 9.0) solution containing 1 mM AP. No anodic
peak of AP at an APTES-modified ITO electrode was observed
up to 0.4 V [(i) in Fig. 3b]. However, the anodic peaks at an Au
NP- and APTES-modified ITO electrode appeared below 0.2 V
[(ii) in Fig. 3b]. The presence of Au NPs on the APTES-modified
ITO electrodes enabled the easy electrooxidation of AP, although
the surface coverage of Au NPs was very low. A slight positive
shift in the anodic peak of AP was observed after avidin was
immobilized onto Au NPs. However, the electrocatalytic activity
was still sufficiently good to electrooxidize AP at a low potential.
To apply the Au NP- and APTES-modified ITO electrodes to
electrochemical biosensors, we developed a sandwich-type
immunosensor for detecting mouse IgG. The detection scheme
for this immunosensor is shown in Fig. 1. Biotinylated
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Fig. 4 Dependence of cyclic voltammograms on the concentration of
mouse IgG. Cyclic voltammograms were obtained at a scan rate of
20 mV s~ after incubation for 10 min in a Tris buffer containing
1.0 mM APP at (a) 0, 10, and 100 pg mL ™! mouse 1gG; and (b) 1, 10,
and 100 ng mL~" mouse IgG.
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Fig. 5 Dependence of the anodic current at 0.3 V in Fig. 4 on the
concentration of mouse IgG. All data were subtracted by the mean
current at zero concentration of mouse IgG. The inset represents a
magnification of the data points obtained at low IgG concentrations.
The dashed line corresponds to three times the standard deviation
(SD) of the current at zero concentration of mouse IgG.

antimouse IgG was specifically bound to avidin immobilized on
Au NPs. Subsequently, target mouse IgG was captured, and then
ALP-conjugated antimouse IgG was bound. ALP catalyses the
conversion of APP to AP, and then the amplified AP is electro-
oxidized on the Au NPs to obtain an electrochemical signal.

Fig. 4 shows cyclic voltammograms obtained at different
concentrations of mouse IgG. A sharp increase of anodic
current above 0.4 V at low concentrations of target mouse
1gG corresponds to the electrooxidation of APP. The anodic
current of AP increases with the concentration of mouse IgG.
In the absence of target mouse IgG, no anodic peak corre-
sponding to the electrooxidation of AP was observed. This
indicated that the nonspecific binding of ALP-conjugated [gG
to the sensing surface was very low. To test the selectivity of
the sensor, we also obtained a cyclic voltammogram when
100 ng mL ™" rabbit IgG was used in place of mouse IgG. The
current at 0.3 V (Fig. S4 in ESIf{) is similar to that in the
absence of mouse IgG (Fig. 4a). No anodic peak related to AP
electrooxidation was observed. It indicates that the sensor is
highly selective to mouse IgG.

The dependence of the anodic current at 0.3 V on the
concentration of mouse IgG is shown in Fig. 5. At 10 pg mL™!
of mouse IgG, the anodic current at 0.3 V was 0.74 &+ 0.21 pA,
which was sufficiently higher than the anodic current observed in
the absence of mouse IgG (0.35 + 0.13 pA) (Fig. 4a). Therefore,

the detection limit for mouse IgG was 10 pg mL~', which is
superior to that of general ELISA (enzyme-linked immuno-
sorbent assay) (sub ng mL™' range).

In conclusion, we have developed a sensitive electrochemical
immunosensor to detect mouse IgG, using low surface cover-
age of Au NPs on an APTES-modified ITO electrode. Au NPs
were formed on the amine-functionalized ITO surface by
electrostatic adsorption of AuCly followed by chemical
reduction. The Au NPs formed in this way provided efficient
sites for avidin immobilization. The Au NP- and APTES-
modified electrodes offered both low background currents and
good electrocatalytic activities, which enabled a low detection
limit of mouse IgG (10 pg mL™h).
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