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Abstract: A large-scale process com-
bined sonication with self-assembly
techniques for the preparation of high-
density gold nanoparticles supported
on a [Ru(bpy);]*"-doped silica/Fe;O,

simple manipulation by an external
magnetic field (without the need of a
special immobilization apparatus). Fur-
thermore, this hybrid nanomaterial film
exhibits a good and very stable electro-

chemiluminescence (ECL) behavior,
which gives a linear response for tri-
propylamine (TPA) concentrations be-
tween 5 um and 0.21 mM, with a detec-
tion limit in the micromolar range. The

nanocomposite (GNRSF) is provided.
The obtained hybrid nanomaterials
containing Fe;O, spheres have high sat-

Keywords: electrochemilumines-

sensitivity of this ECL sensor can be
easily controlled by the amount of [Ru-
(bpy);]** immobilized on the hybrid
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ura.tlon magnetl.zatlon,. W 1? eads to T TR nanomaterials (that is, \;arylng t e
their effective immobilization on the SeNSOrS amount of [Ru(bpy);]**  during
surface of an ITO electrode through GNRSF synthesis).

Introduction

Electrochemiluminescence (ECL) has attracted considerable
attention during the past several decades due to its versatili-
ty, good temporal and spatial control, very low background
signal, and straightforward optical setup. It has become an
important and valuable detection method in analytical
chemistry and has been used for detection in chromatogra-
phy!! and capillary electrophoresis.”) Moreover, the applica-
tions of ECL are found widely in chemical sensing,”*) imag-
ing,™ lasing,” immunoassays, and DNA analyses.”! Among
all ECL systems, [Ru(bpy);]** is one of the most extensively
studied compounds owing to its stability, reversibility, sensi-
tivity, and capacity to undergo ECL at room temperature in
aqueous solution. To develop regenerable ECL-based sen-
sors and detection devices and to simplify the detection
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system, considerable attention has been paid to the immobi-
lization of [Ru(bpy);]** at the electrode surface. To date,
many methods for the effective immobilization of [Ru-
(bpy)s]** on solid electrode surfaces have been devel-
oped." ¥ Prominent examples include the immobilization of
[Ru(bpy);]** in polymer,” Nafion film,® TiO,-Nafion com-
posite films,”! carbon nanotube-based nanocomposite
films,'” sol-gels,'!! Pt nanoparticle-based nanocomposites,'
and silica nanoparticles.'¥! More recently, a solution-based
self-assembly strategy has been employed to prepare novel,
robust [Ru(bpy);]**-containing supramolecular microstruc-
tures for highly efficient ECL detection.'l Although the
above self-assembly methods could complete the efficient
immobilization of [Ru(bpy);]**, the application in ECL sen-
sors is not acceptable because the obtained aggregate is dif-
ficult to firmly immobilize on the electrode surface.

In contrast, magnetic nanoparticles have been the focus of
intense research in a wide range of disciplines such as mag-
netic fluids, catalysis, biotechnology/biomedicine, magnetic
resonance imaging, data storage, and environmental reme-
diation."™) Magnetic nanoparticle-based immobilization of
[Ru(bpy);]** is a promising approach toward the construc-
tion of very stable ECL sensors. For example, Lee and co-
workers!'! reported a highly sensitive and stable [Ru-
(bpy);]** ECL sensor based on the multilayer films of
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Nafion-stabilized magnetic nanoparticles formed on a plati-
num electrode surface. Dong and colleagues!”! successfully
prepared a new type of bifunctional nanoparticle containing
a magnetic core and a [Ru(bpy);]**-encapsulated lumines-
cent shell by using the Stober method. The resulting bifunc-
tional nanoparticles exhibited excellent ECL performance.
However, the above preparation process is complex, and the
bifunctional nanoparticles obtained have low saturation
magnetization, which will probably lead to their poor immo-
bilization.

Herein we report a large-scale process that combines soni-
cation with a self-assembly technique for the preparation of
high-density gold nanoparticles supported on [Ru(bpy);]**-
doped silica/Fe;O, nanocomposite (GNRSF). The obtained
hybrid nanomaterials containing [Ru(bpy);]** have high sat-
uration magnetization, which leads to effective immobiliza-
tion at the surface of indium tin oxide (ITO) electrodes
without the need of a special immobilization apparatus.
High-density gold nanoparticles were employed as an accel-
erating agent for completing effective electron transfer be-
tween [Ru(bpy);]** and the ITO electrode. Most interesting-
ly, direct placement of GNRSF on a bare ITO electrode
with simultaneous control of the obtained GNRSF film by
an external magnetic field (placed at the side of the beaker),
produced good and very stable ECL behavior.

Results and Discussion

The morphology of the products was investigated by scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM). Figure 1a shows a typical SEM image
of the as-prepared Fe;O, spheres coated on the silicon sub-
strate. As shown, the silicon substrate is fully covered with
Fe;0, spheres that have a relatively narrow size distribution.
From the TEM analysis (Figure 1b), it was determined that
the Fe;O, spheres have an average diameter of ~350 nm.
There have been several reports of the direct coating of
magnetic nanoparticles with silica."® For magnetic oxide in
particular, no primer was required to promote the deposi-
tion and adhesion of the silica shell under certain conditions,
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Figure 1. Representative a) SEM and b) TEM images of the Fe;O,
spheres prepared.

because the iron oxide surface has a strong affinity toward
silica."™

In the work reported herein, a simple sonication approach
to functionalize Fe;O, with a [Ru(bpy);]**-doped silica layer
is reported. Note that sonication probably provides a suita-
bly homogeneous environment for silica growth by prevent-
ing Fe;O, sedimentation. After functionalization with NH,
groups, the above nanocomposite was mixed with gold
nanoparticles to generate a high-density coverage of nano-
particles supported on the [Ru(bpy);]*"-doped silica/Fe;O,
nanocomposite. The NH, groups act as a good linker for ef-
fectively adsorbing high-density gold nanoparticles on the
nanocomposite surface; gold nanoparticles act as the elec-
tron-accelerating agents for enhancing the rate of electron
transfer between [Ru(bpy);]** and the ITO electrode. Typi-
cal SEM images of the obtained GNRSF at various magnifi-
cations are shown in Figure 2a—c. In Figure 2a, it can be
seen that a uniform nanocomposite film was formed on the
surface of the ITO electrode. The magnified image (Fig-
ure 2¢) indicates that high-density gold nanoparticles were
located on the surface of nanocomposite. Structural details
are revealed by the TEM image (Figure 2d); the nanocom-
posite surface supports a great number of gold nanoparticles
with a diameter of ~13 nm.

— 200 ym

Figure 2. a—c) Representative SEM images of the as-prepared GNRSF at
various magnifications (indicated); d) typical TEM image of the as-pre-
pared GNRSFE.

www.chemasianj.org 1545



FULL PAPERS

The chemical composition of GNRSF was determined by
energy-dispersive X-ray spectroscopy (EDX, Figure 3a) and
X-ray maps analysis of the product coated on the ITO sub-
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Figure 3. a) EDX spectrum and b) X-ray maps of the as-prepared
GNRSF.

strate (Figure 3b). The EDX spectrum (Figure 3a) shows
peaks corresponding to Au, Fe, and Ru, along with other
peaks that originate from the substrate. The corresponding
X-ray maps (Figure 3b) reveal that Au, Fe, and Ru have a
relatively uniform distribution in the GNRSF. Based on
these observations, it can be concluded that the Fe;O,/silica
is present in the form of core/shell structures. Magnetization
curves, as shown in Figure 4a, are measured on powder sam-
ples of Fe;O, spheres (line A) and GNRSF (line B) at room
temperature. Both exhibit negligible coercivity and rema-
nence, and their saturation magnetization is 92.5 and
20.5 emug ', respectively. Compared with the previous liter-
ature,'’ the relatively high saturation magnetization of
GNRSF makes it quite amenable to complete magnetically
induced immobilization for practical applications through
simple manipulation by an external magnetic field.

To test the ECL behavior of the GNRSF prepared, we ac-
quired the cyclic voltammogram (CV), the ECL intensity—
potential curve, and the ECL intensity-time curve of the
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GNRSF coated on an ITO electrode. Figure 4b shows the
CV acquired at a scan rate of 100 mVs™' in 100 mm phos-
phate buffer (PBS, pH 7.5). A pair of redox waves appeared
at ~1.1V (versus Ag/AgCl) attributed to the one-electron
redox reaction of [Ru(bpy);]**." Another pair of redox
waves that appeared at 0.89 and 0.48 V probably resulted
from the oxidation and reduction of the gold nanoparticle-
s."l Figure 4c shows the corresponding ECL intensity—po-
tential curves in the absence (trace A) and presence
(trace B) of TPA. The onset of luminescence occurs near
0.9V, and the ECL peak intensity occurs near 1.2V, at
which [Ru(bpy);]** is electrochemically oxidized. Clearly,
the addition of TPA gives a marked increase in the ECL in-
tensity, indicating good sensitivity of this ECL sensor. Fig-
ure 4d shows the corresponding ECL intensity—time curves
in the absence (trace A) and presence of 5 um (trace B) and
210 pum (trace C) TPA in PBS (pH 7.5) under continuous po-
tential scanning for 11 cycles. The relative standard devia-
tion was <1%. In addition, the [Ru(bpy);]** ECL sensor
based on GNRSF gave a linear response for TPA concentra-
tions between 5 um and 0.21 mm, with a detection limit in
the micromolar range. Notably, the sensitivity of the ECL
sensor can be easily controlled by the amount of [Ru-
(bpy);]** immobilized (that is, varying the amount of [Ru-
(bpy);]** during GNRSF synthesis). Furthermore, the long-
term storage stability of this sensor is good (two weeks),
and the nanocomposite film does not come off when con-
trolled by an external magnetic field; this may be attributed
to the following facts: the strong electrostatic interaction be-
tween positively charged [Ru(bpy);]*t and negatively
charged silica nanoparticles, and the magnetically induced
immobilization caused by Fe;O, spheres with high saturation
magnetization. These observations suggest that the resulting
[Ru(bpy);]**-containing nanocomposites exhibit good and
very stable ECL behavior and therefore hold great promise
for solid-state ECL detection in capillary electrophoresis
(CE) or CE microchips.

Conclusions

This is the first report of a simple sonication method for the
synthesis of ECL sensor materials (GNRSF) at room tem-
perature. The electrochemical data indicate that these nano-
composites, containing [Ru(bpy);]** and Fe;O, spheres, ex-
hibit good and very stable ECL behavior and thus provide a
new type of nanocomposite material for solid-state ECL de-
tection in capillary electrophoresis or CE microchips.

Experimental Section

Chemicals: Tris(2,2"-bipyridyl)dichlororuthenium(II) hexahydrate ([Ru-
(bpy);ClL,]-6H,0) and tripropylamine (TPA) were from Aldrich and used
as received. Tetraethoxysilane (TEOS), 3-aminopropyltrimethoxysilane
(APTMS), NH,OH, NaH,PO,, Na,HPO,, ethanol, FeCl;, and
CH;COONa were purchased from Beijing Chemical Factory (Beijing,
China) and used as received without further purification. Water used
throughout all experiments was purified with a Millipore system.
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Figure 4. a) Magnetization curves of Fe;O, spheres (trace A) and GNRSF (trace B). b) CV of the GNRSF coated on an ITO electrode at a scan rate of
100 mVs™'. ¢) ECL intensity—potential curves of the GNRSF coated on an ITO electrode in PBS (100 mm, pH 7.5) in the absence (trace A) and presence
(trace B) of TPA (210 um). d) ECL intensity-time curves of the GNRSF coated on an ITO electrode in PBS (100 mm, pH 7.5) in the absence (trace A)
and presence of 5 um (trace B) and 210 um (trace C) TPA in PBS (100 mm, pH 7.5) under continuous potential scanning for 11 cycles.

Apparatus: Scanning electron microscopy (SEM) images were generated
with a Philips XL-30 ESEM at an accelerating voltage of 15 kV. The sam-
ples for SEM characterization were prepared by placing 20 uL of the sus-
pension on the ITO substrate and allowing the solvent to slowly evapo-
rate at room temperature. TEM measurements were made on a Hitachi
H-8100 EM with an accelerating voltage of 200 kV. The sample for TEM
characterization was prepared by placing a drop of prepared solution on
carbon-coated copper grid and drying at room temperature. Hysteresis
loops were collected on a Quantum Design superconducting quantum in-
terference device (SQUID) magnetometer (LakeShore 7307) at 296 K.
Cyclic voltammetry experiments were performed on a model 800 electro-
chemical analyzer, and ECL signals were detected on a model MPI-A ca-
pillary electrophoresis ECL system (Xi’an Remax Electronics Inc., Xi’an,
China) with the voltage of the photomultiplier tube (PMT) at 800 V. The
working electrode was the hybrid-nanomaterial-modified ITO electrode.
An Ag/AgCl (saturated KCl) reference electrode was used for all meas-
urements. A platinum wire was used as a counterelectrode.

Preparation of nanoparticles supported on the [Ru(bpy);]**-doped silica/
Fe;0, nanocomposite: Fe;O, spheres with high saturation magnetization
were synthesized by a polyol media solvothermal method according to
reference [19] with some modifications. The GNRSF was prepared by the
following process: Fe;O, spheres (26 mg) were added to ethanol (30 mL),
followed by the addition of TEOS (800 uL), [Ru(bpy);]** (0.1m, 300 L),
and NH,OH (25%, 2 mL). The resulting solution was then sonicated for
~6 h and stored overnight. After collection of the precipitate, the result-
ing product was dissolved in ethanol (20 mL) followed by the addition of
H,0 (2 mL), NH,OH (25%, 2mL), and APTMS (100 pL). After sonica-
tion for 3 h, the NH,-functionalized hybrid material was collected with
an external magnetic field and dissolved in H,O (20 mL). The gold nano-
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particles (& ~13 nm) were synthesized according to reference [20]. Final-
ly, the GNRSF was prepared by mixing 3 mL of the above solution with
15 mL of the solution of gold nanoparticles. The resulting product was
collected and dissolved in 3 mL H,O.

Immobilization of the hybrid nanomaterial on the bare ITO electrode
surface: A sample (20 uL) of the GNRSF suspension in H,O was placed
on an ITO electrode and air-dried at room temperature. ECL measure-
ments were carried out in PBS (0.1m, pH7.5) at a scan rate of
100 mVs™'. An external magnetic field was placed on the side of beaker
for effectively immobilizing hybrid nanomaterials.
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