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M
agnetic nanoparticles (NPs) have
attracted significant interest in
the past years and have been

widely studied for microbiology, biochemis-
try, bioanalytical chemistry, and biomedi-
cine applications such as MRI contrast
enhancement,1magnetic immobilization,2

bioelectrocatalysis,3 and drug targeting.4,5

In particular, much attention have been
paid to the investigation of polymer- or
SiO2-coated magnetic nanoparticles as a re-
sult of their superparamagnetic properties
and biocompatibility.6–11 In many applica-
tions, silica serves as an attractive candidate
to encapsulate these magnetic nanoparti-
cles because of its stability, biocompatibil-
ity, easy functionalization, and low
cytotoxicity.12–16 The combination of mag-
netic and luminescence properties into a
single micro- or nanocomposite system
would be very useful in the biomedical and
biopharmaceutical fields.17,18 Some reports
have focused on the synthesis and investi-
gation of bifunctional nanomaterials such
as core-shell nanocomposites.19 In most
cases, organic dyes or metal complexes
were immobilized on the silica layer, which
suffers from severe problems of leaching
and photobleaching. In other cases, quan-
tum dots (QDs) were used as luminescent
labels, although QDs are less chemically
stable and potentially toxic and may show
fluorescence intermittence.20,21 Recently,
[Ru(bpy)3]2�-encapsulated silica nanoparti-
cles were extensively applied in bioanalysis
and biodetection as a result of their good
stability and high luminescence quantum
yield.22–24 During the course of our study,

there were also recent reports on the elec-
trochemiluminescence (ECL) of
[Ru(bpy)3]2�-encapsulated silica nanoparti-
cles, which served as tri-n-propylamine
(TPrA) or polyamine sensors.25–27 In those
studies, [Ru(bpy)3]2� could be directly oxi-
dized on the electrode surface to produce
an ECL signal. The diameters of most silica-
coated magnetic NPs and dye-encapsulated
silica NPs prepared and studied are larger
than 50 nm, and there has been a growing
interest in the synthesis of smaller-sized
functional magnetic NPs as this would facili-
tate their applications in biomedical sci-
ences because of their higher surface area
and the possibility of larger dye loading.
From our recent interest in the synthesis of
functional nanoparticles28–32 and our long-
standing interest in luminescent metal-
based materials, 33–36 here we report the
synthesis and investigation of multifunc-
tional core-shell magnetic silica nanocom-
posites, with the Fe3O4 core coated with a
silica shell, to which luminescent ruthe-
nium(II) complexes were covalently at-
tached and further encapsulated with an
additional layer of silica shell. The magnetic,
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ABSTRACT Multifunctional nanoparticles (NPs) that consist of silica-coated magnetic cores and luminescent

ruthenium(II) polypyridine complexes have been prepared. These multifunctional nanocomposites were shown to

exhibit superparamagnetic behavior, high emission intensity, and electrochemiluminescence. An intense low-

oxidation-potential electrochemiluminescence signal was observed by attachment of these functional NPs onto a

fluorosurfactant-modified gold (Aum) electrode via application of an external magnetic field.

KEYWORDS: luminescence · magnetic nanoparticle · core-shell structure · silica-
coated · electrochemiluminescence · ruthenium(II) polypyridine
complex · multifunctional
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luminescent, and ECL behavior of these nanocompos-

ites has also been studied.

RESULTS AND DISCUSSION
Synthesis and Characterization of Luminomagnetic NPs. The

synthetic procedure for functionalized luminomag-

netic NPs and the chemical structure of the ruthe-

nium(II) complex are shown in Scheme 1. The Fe3O4

nanoparticles were synthesized according to the litera-

ture method.37 The silica-coated magnetic nanoparti-

cles were prepared in a reverse microemulsion medium

by modification of a reported method.12 The method

was simple, and the thickness of the silica shell was

readily tuned by control of the amount of tetraethyl

orthosilicate (TEOS) used and the reaction time. The first

layer of silica coating serves to isolate the ruthenium(II)

polypyridine luminophore from the magnetic core to

avoid luminescence quenching and to provide silanol

groups for the covalent immobilization of the ruthe-

nium(II) complexes. The thin layer of silica shell at the

outermost surface of the nanoparticles serves to avoid

the direct contact of the ruthenium(II) complexes with

the electrode surface to prevent their direct oxidation

on the electrode surface. The luminomagnetic NPs are

rather monodisperse and spherical in shape, and their

TEM images are depicted in Figure 1. The Fe3O4@SiO2

core-shell structure of the nanocomposites is obvious,

as revealed from the TEM images, with a diameter of 18

� 3 nm and a silica shell thickness of ca. 7 nm. Since

the monolayer of the ruthenium(II) complex is too thin

to be observed by TEM, it is difficult to differentiate
the inner silica layer and the outer protective silica layer
from the TEM image. Because of the aggregation of
iron oxide nanoparticles prior to or during the coating
process, there could be more than one magnetic nano-
particle trapped in some of these nanocomposites,
which may be advantageous when manipulating the
core-shell nanoparticles with an external magnetic field.
Energy-dispersive X-ray (EDX) analysis also indicates
the presence of Fe, Si, and Ru (Supporting Information,
Figure S1).

The magnetic properties of the silica-coated
Fe3O4 magnetic nanoparticles and luminomagnetic
nanoparticles were characterized by vibrating
sample magnetometer at room temperature. As
shown in Figure 2, both of them exhibit negligible
coercivity and remanence, typical of superparamag-
netic materials, and their saturation magnetization
was 2.0 and 1.3 emu/g, respectively. Compared with
other silica-coated magnetic nanoparticles, the
lower saturation magnetization of these functional
nanoparticles could be attributed to the presence of
the outer shell of silica. Interestingly, the nanocom-
posites when dispersed in solution were also induc-
tive to the external magnetic field. When a hand-
held magnet was placed close to the glass vial, the
nanocomposites were attracted to the magnet very

Scheme 1. Synthetic scheme for the multifunctional magnetic nanoparticles and the chemical structure of [Ru(bpy)2(phen-
Si)]Cl2.

Figure 1. TEM images of luminomagnetic nanoparticles at
different magnifications.

Figure 2. Magnetization curves of (a) silica-coated iron ox-
ide nanoparticles and (b) luminomagnetic nanoparticles at
room temperature.
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quickly and accumulated near it within several min-

utes, leaving the bulk solution clear and transparent

(Figure 3). The clear transparent liquid shows nei-

ther absorption nor emission. After removal of the

external magnet and upon vigorous shaking, the

nanocomposites could be rapidly redispersed again,

demonstrating the magnetic separation characteris-

tics of the multifunctional nanoparticles.

Electronic Absorption and Emission Properties of the

Luminomagnetic NPs. The UV�vis absorption spectra of a

suspension of silica-coated magnetic NPs, luminomag-

netic NPs, and the ruthenium(II) complex in aqueous so-

lution are shown in Figure 4a. Compared to the spec-

tra of the silica-coated iron oxide nanoparticles and

the ruthenium(II) complex in aqueous solution, the

UV�vis absorption bands of the luminomagnetic NPs

at ca. 285 and 400�500 nm are assigned as the intrali-

gand (IL) and the metal-to-ligand charge transfer

(MLCT) transitions of the ruthenium(II) polypyridine

complex, respectively, confirming the successful immo-
bilization of the ruthenium(II) complexes to the mag-
netic nanocomposites.

The emission spectra of the functionalized nanopar-
ticles and the ruthenium(II) complex in aqueous solu-
tion are shown in Figure 4b. The silica-coated iron ox-
ide nanoparticles were found to be nonemissive upon
light excitation. On the contrary, the luminomagnetic
NPs gave rise to a strong emission originating from the
characteristic emission of the ruthenium(II) polypyri-
dine complex, with the well-dispersed aqueous solu-
tion of multifunctional nanoparticles showing a strong
red-orange emission (Figure 4b inset). Compared to the
ruthenium(II) complex in aqueous solution, the multi-
functional nanoparticles showed a slight blue shift of
ca. 10 nm in the emission wavelength, similar to that
observed in other ruthenium(II) polypyridine immobi-
lized silica nanoparticles.38

Electrochemistry of the Luminomagnetic NPs. The gold
electrode was modified with the use of a magnet as
illustrated schematically in Scheme 2 to attach the
luminomagnetic NPs onto the gold electrode sur-
face. As a magnet was used to collect the lumino-
magnetic NPs onto the electrode surface, the immo-
bilization of the NPs was simple, effective, and
reversible. The luminomagnetic NPs were accumu-
lated on the Aum electrode both in the absence
(NPs-Aum) and in the presence of an adsorbed FSO
layer (NPs-FSO-Aum). The electrochemistry of the lu-
minomagnetic NPs on the bare Aum electrode was
studied. As shown in Figure 5, the cyclic voltammo-
gram (CV) of the luminomagnetic NPs-coated Aum

electrode exhibited characteristic redox waves simi-
lar to those of the bare Aum electrode, except that

Figure 3. Photographs of the luminomagnetic nanoparticles
dispersed in aqueous solution (a) without and (b) with an ex-
ternal magnetic field.

Figure 4. (a) UV�vis absorption and (b) emission spectra of
NPs and [Ru(bpy)2(phen-Si)]Cl2 in H2O. The inset shows the
image of luminomagnetic NPs under UV irradiation.

Figure 5. Cyclic voltammograms obtained at the Aum elec-
trode (solid line) and the NPs-Aum electrode (dashed line).
Solution, 0.15 M PBS (pH 7.5). Scan rate, 100 mV/s.

Scheme 2. Schematic representation of the electrode modifica-
tion process (not in scale).
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the active surface area was slightly smaller. Interest-

ingly, the redox wave corresponding to the Ru3�/2�

couple was not observed, indicating that most of the

[Ru(bpy)2(phen-Si)]2� species were out of the elec-

tron tunneling distance (�1�2 nm) from the elec-

trode and could not be oxidized directly. This obser-

vation lent further evidence to support the presence

of an outer silica protective layer surrounding the

NPs. It is interesting to note that with other immobi-

lization approaches, such as a Nafion-coated elec-

trode, the incorporated [Ru(bpy)3]2� usually under-

goes a diffusion process, and distinct redox waves

corresponding to the Ru3�/2� couple could be

observed.39–41

ECL Responses from the Luminomagnetic NPs. The ECL of

[Ru(bpy)2(phen-Si)]2�-tagged NPs was examined us-

ing TPrA as the coreactant. Figure 6 shows the CV-

ECL curves obtained at the NPs-Aum and NPs-FSO-

Aum electrodes with 1 mM TPrA. In the absence of

the fluorosurfactant (FSO) species, the CV and ECL

profiles at the luminomagnetic NPs-loaded Aum elec-

trode were similar to that of [Ru(bpy)3]2� in aque-

ous solution reported previously.42 TPrA oxidation

occurred in the potential region where the electrode

surface oxides started to grow, and the oxidation

current overlapped completely with that of the gold

surface. The ECL peak at ca. �1.15 V was produced

via the conventional emission routes. However, in

the presence of FSO, the initial growth of the elec-

trode surface oxides was significantly suppressed,

and facile TPrA oxidation was achieved, showing an

anodic wave below �1.0 V (note that the large an-

odic peak at ca. �1.05 V might result mainly from

the desorption of the surfactant species and the

rapid oxidation of the electrode surface43). A low-

oxidation-potential (LOP) ECL signal appeared along

with the TPrA oxidation. When compared with the

ECL peak at �1.15 V on the NPs-Aum electrode, a

110-fold enhanced ECL signal has been achieved at

a much less positive potential (ca. �0.88 V) when the

electrode was pretreated with FSO. The strong en-

hancement of the LOP ECL signal was striking. As

mentioned earlier, most of the [Ru(bpy)2(phen-Si)]2�

species on the NPs could not be oxidized directly,

and therefore the ECL via the conventional routes

which required the oxidation of [Ru(bpy)2(phen-

Si)]2� would be greatly limited. On the contrary, the

immobilized [Ru(bpy)2(phen-Si)]2� species could

still contribute to the intense LOP ECL response be-

cause their oxidation was not required in this route.

LOP ECL Intensity as a Function of the Loading Mass of the

Luminomagnetic NPs. According to the LOP ECL mecha-

nism, the direct oxidation of TPrA plays an important

role. It has been found that the loading of the lumi-

nomagnetic NPs on the electrode would influence

TPrA oxidation as well as the LOP ECL intensity, as

shown in Figure 7. With an increase in the loading

of NPs on the electrode, the TPrA oxidation current

was found to decrease gradually because of a de-

crease in the area of the gold electrode surface due

to the blocking by the NPs. In contrast, the LOP ECL

intensity was found to increase rapidly as the lumi-

nomagnetic NPs were immobilized and reached a

maximum at �0.3 mg loading, after which the emis-

sion intensity started to drop. The decrease of the

LOP ECL intensity at high NP loading might be due

to the smaller TPrA oxidation current. In addition,

the accumulated NPs would also physically block the

emission light from reaching the photomultiplier

tube detector, leading to the measured decrease in

the ECL intensity.44

Amine Sensing and Detection. The ECL of [Ru(bpy)3]2�

and its derivatives has been used extensively in chemi-

cal analysis for the sensitive detection of numerous an-

Figure 7. TPrA oxidation current (�) and corresponding
LOP ECL intensity (�) versus the loading mass of the lumino-
magnetic NPs on the FSO-Aum electrode. Solution, 0.15 M
PBS (pH 7.5) containing 1 mM TPrA. Scan rate, 100 mV/s.

Figure 6. CV-ECL curves obtained at (a) the NPs-Aum elec-
trode and (b) the NPs-FSO-Aum electrode. Solution, 0.15 M
PBS (pH 7.5) containing 1 mM TPrA. Scan rate, 100 mV/s.
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alytes such as alkylamines, oxalate, amino acids, and
NADH.45,46 These analytes were detected as the coreac-
tants with [Ru(bpy)3]2� species in solution, and continu-
ous delivery of [Ru(bpy)3]2� species into the reaction
zone was required, which would greatly increase the ex-
perimental cost and complexity. To overcome this limi-
tation, [Ru(bpy)3]2� species are usually immobilized on
the electrode surface, of which the incorporation of
[Ru(bpy)3]2� species in the cation exchange polymer
Nafion has been the most popular method.39,40,47–49

Furthermore, to achieve high sensitivity, [Ru(bpy)3]2�

(or its derivatives) is usually preconcentrated on the
electrode surface, and the ECL is produced predomi-
nantly via the catalytic route, which would usually lead
to large background ECL signals.39,49 In the absence of
any coreactants, as shown in Figure 8a, when the elec-
trode potential was scanned positively beyond ca. �1.0
V, the Nafion-immobilized [Ru(bpy)3]2� was oxidized,
producing an intense ECL signal. The ECL signal ob-

served might be due to the reaction of [Ru(bpy)3]3�,
the electro-oxidization product of [Ru(bpy)3]2�, with
hydroxide ion in solution, as reported previously.50

However, when the luminomagnetic NPs were em-
ployed, the background ECL signal was found to be es-
sentially suppressed, as shown in Figure 8b. Since most
of the immobilized [Ru(bpy)2(phen-Si)]2� did not have
any direct contact with the electrode and could not be
oxidized, the ECL background arising from the reaction
of [Ru(bpy)2(phen-Si)]3� with hydroxide was effectively
reduced, especially in the potential region where the
LOP ECL was produced.

Figure 9 illustrates a typical log�log calibration
plot for the detection of TPrA at the NPs(0.3 mg)-FSO-
Aum electrode. The linear concentration range was
found to extend from 2 �M to 2 mM (R2 � 0.998) with
a detection limit of 1 �M (S/N � 3). Better detection
sensitivity could probably be achieved by using a flow-
cell system. The main advantage of the present method
lies in the fact that no oxidation of the ruthenium(II)
complex is required in the light-generating step and,
therefore, the background ECL signal is small.

To date, several methods, including Langmuir�
Blodgett technique,51,52 self-assembly technique53,54

or the incorporation of [Ru(bpy)3]2� within the cation-
exchange polymer Nafion, have been developed to im-
mobilized [Ru(bpy)3]2� species on an electrode
surface.39,40,47,48 A common problem in such systems
is the low stability of the modified electrodes. For ex-
ample, Langmuir�Blodgett films were easily washed
from the electrode with chloroform, 51 self-assembled
films were unstable during the potential scan;53 and
Nafion-based modified electrodes usually suffered from
the leaching of the [Ru(bpy)3]2� species from the elec-
trode surface or the partition of [Ru(bpy)3]2� into the
more hydrophobic regions of Nafion.39 In our method
reported here, since ruthenium(II) complex species are
covalently attached onto the NPs that are magnetically
attached to the electrode, leaching of the emitting spe-
cies can be avoided. Furthermore, it is envisaged that
this kind of multifunctional magnetic nanoparticles has
great potential applications as luminescent biolabels
and in bioseparation.

CONCLUSION
Multifunctional ruthenium(II) polypyridine

complex-based core-shell magnetic Fe3O4@SiO2

nanocomposites have been successfully prepared.
Leach-free properties and protection of the ruthe-
nium(II) complexes from direct contact with exter-
nal surfaces such as an electrode surface were
achieved. Interestingly, the redox wave correspond-
ing to the Ru3�/2� couple was not observed, indicat-
ing that most of the ruthenium(II) species were out
of the electron tunneling distance (ca. 1�2 nm) from
the electrode, while an intense LOP ECL signal was
achieved in the presence of fluorosurfactant species

Figure 9. Calibration plot for the detection of TPrA with a
luminomagnetic NPs(0.3 mg)-loaded FSO-Aum electrode. So-
lution, 0.15 M PBS (pH 7.5) containing different concentra-
tions of TPrA. Scan rate, 100 mV/s.

Figure 8. CV-ECL curves obtained at (a) the [Ru(bpy)3]2�-NF-
Aum electrode and (b) the NPs-FSO-Aum electrode. Solution,
0.15 M PBS (pH 7.5). Scan rate, 100 mV/s.
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with TPrA as coreactant. The sensing of TPrA was
also studied and the main advantage of the method
involves an efficient suppression of the background
ECL signal as the oxidation of the ruthenium(II) com-
plexes is not required in the light-generating step.

The much lower potentials required in the LOP ECL
route may also be extended for future DNA diagnos-
tic work, as it has been well-documented that oligo-
nucleotide sequences may undergo irreversible oxi-
dative damage at potentials above �1 V.

MATERIALS AND METHODS
Chemicals. 5-Amino-1,10-phenanthroline,

3-(triethoxysilyl)propyl isocyanate, triton X-100, tris(2,2=-
bipyridyl)ruthenium(II) dichloride hexahydrate
(Ru(bpy)3Cl2 · 6H2O, min 98%), tri-n-propylamine (TPrA, 98%), Zo-
nyl FSO-100 (F(CF2CF2)1�7CH2CH2O(CH2CH2O)0�15H), and
Nafion perfluorinated ion-exchange resin (5 wt % solution in a
mixture of lower aliphatic alcohols and 15�20% water) were
purchased from Sigma-Aldrich. Other chemicals were of analyti-
cal grade and were used as received. cis-[Ru(bpy)2Cl2] · xH2O
were synthesized according to the literature procedure.55 All
aqueous solutions were prepared with deionized water (Milli-Q,
Millipore). The pH of the phosphate buffer solution (PBS) was ad-
justed with concentrated NaOH or phosphoric acid.

Physical Measurments and Instrumentation. 1H NMR spectra were
recorded on a Bruker DPX-300 or Bruker DPX-400 Fourier Trans-
form NMR spectrometer with chemical shifts reported relative to
tetramethylsilane. Positive-ion FAB mass spectra were recorded
on a Finnigan MAT95 mass spectrometer. Elemental analysis of
the complexes was performed on a Carlo Erba 1106 elemental
analyzer at the Institute of Chemistry of the Chinese Academy of
Sciences in Beijing. Electronic absorption spectra were recorded
on a Hewlett-Packard 8452A diode array spectrophotometer.
Steady state emission spectra at room temperature were re-
corded on a Spex Fluorolog-2 model F 111 fluorescence spectro-
photometer. TEM images were recorded on a Tecnai 20 (Philips)
transmission electron microscope with an accelerating voltage of
200 kV at the Electron Microscope Unit (EMU) of The University
of Hong Kong. Cyclic voltammetry (CV) was performed with the
model 600A electrochemical workstation (CH Instruments, Aus-
tin, TX). The three-electrode system consisted of a working elec-
trode, a coiled Pt wire counter electrode, and a saturated calomel
reference electrode (SCE) separated from the working cell by a
salt bridge. The ECL signal was measured with a photomultiplier
tube (PMT, Hamamatsu R928) installed under the electrochemi-
cal cell. A voltage of �800 V was supplied to the PMT with a Sci-
encetech PMH-02 instrument (Sciencetech Inc., Hamilton, On-
tario, Canada).

Synthesis of Ligand (phen-Si). The ligand was prepared by modifi-
cation of literature procedures.56,57 5-Amino-1,10-
phenanthroline (0.16 g, 8.2 mmol) was dissolved in CHCl3 (15
mL), and 3-(triethoxysilyl)propyl isocyanate (0.22 mL, 9.0 mmol)
was added to the solution. The mixture was then reduced to a
volume of �1 mL, and the mixture was stirred under N2 at 80 °C
for overnight. The crude product was purified by column chro-
matography on silica gel with CHCl3/MeOH (50:1 v/v) as the elu-
ent to give the product as a pale yellow solid. Yield: 0.20 g, 55%.
Positive FAB-MS: m/z 443. 1H NMR (300 MHz, CDCl3): � 8.95 (d, J
� 3.6 Hz, 1H, phen), 8.76 (d, J � 3.6 Hz, 1H, phen), 8.68 (s, broad,
1H, NH), 8.31 (d, J � 8.1 Hz, 1H, phen), 8.17 (s, 1H, phen), 8.10
(d, J � 8.1 Hz, 1H, phen), 7.51 (dd, J � 8.1 Hz, 3.6 Hz, 1H, phen),
7.12(dd, J � 8.1 Hz, 3.6 Hz, 1H, phen), 6.52 (s, broad, 1H, NH), 3.72
(m, 6H, SiOCH2), 3.30 (m, 2H, CH2), 1.64 (m, 2H, CH2), 1.14 (t, J �
7.0 Hz, 9H, CH3), 0.60 (t, J � 8.4 Hz, 2H, CH2Si). The chemical shifts
of protons on NH and phenanthroline showed changes at differ-
ent concentrations due to the effect of intermolecular hydro-
gen bonding.

Synthesis of Ruthenium(II) Complex ([Ru(bpy)2(phen-Si)]Cl2). This was
prepared by modification of a literature method for
[Ru(bpy)2(phen)]2�.58 To a solution of cis-[Ru(bpy)2Cl2] · xH2O
(50 mg, 0.096 mmol) in absolute ethanol (50 mL) was added
phen-Si (53 mg, 0.12 mmol), and the mixture was heated to re-
flux under N2 for 5 h, during which the purple-black solution
turned red-orange. After removal of the solvent under reduced
pressure, the residue was recrystallized from CHCl3/diethyl ether

to give the desired complex as a red solid. Yield: 52 mg, 58%.
1H NMR (400 MHz, CDCl3): � 10.72 (s, 1H, NH), 10.06 (d, J � 8.6
Hz, 1H, pyridyl H), 9.04 (d, J � 9.1 Hz, 1H, pyridyl H), 8.98 (d, J �
9.1 Hz, 1H, pyridyl H), 8.92 (s, 1H, phen), 8.77 (m, 2H, pyridyl H),
8.28 (d, J � 8.2 Hz, 1H, pyridyl H), 8.16 (m, 2H, pyridyl H), 8.06 (m,
2H, pyridyl H), 7.90 (m, 3H, pyridyl H), 7.83 (d, J � 5.5 Hz, 1H, py-
ridyl H), 7.76 (m, 2H, pyridyl H), 7.59 (m, 2H, pyridyl H), 7.47(d, J
� 5.4 Hz, 1H, pyridyl H), 7.40 (d, J � 5.4 Hz, 1H, pyridyl H), 7.29 (m,
2H, pyridyl H), 3.82 (m, 6H, OCH2), 3.34 (m, 2H, CH2), 1.78 (m,
2H,CH2), 1.22 (t, J � 7.0 Hz, 9H, CH3), 0.75 (t, J � 8.4 Hz, 2H, CH2Si).
Positive FAB-MS: m/z 891 ([M � Cl]�), 855 ([M � 2Cl]�). Anal.
Found: C, 52.66; H, 4.89; N, 11.51. Calcd. for
C42H46Cl2N8O4RuSi · 1.5H2O: C, 52.88; H, 5.18; N, 11.75.

Synthesis of Core-Shell (Silica-Coated) Magnetic Nanoparticles. Fe3O4

nanoparticles were synthesized by literature method.37 The core-
shell magnetic nanoparticles were prepared by modification of
a reported procedure.12 Typically, triton X-100 (1.30 g, 2 mmol)
was dissolved in cyclohexane (20 mL) by sonication, and then
Fe3O4 in cyclohexane (0.2 mL, 5 mg/mL) was added. The mix-
ture was sonicated for 5 min, and ammonium hydroxide solu-
tion (140 �L, 28%) was added with sonication to form a clear
brown microemulsion. Tetraethyl orthosilicate (TEOS, 80 �L) was
then added, and the reaction was continued for 16 h at room
temperature with vigorous stirring. The nanoparticles were pre-
cipitated upon addition of ethanol and collected by centrifuga-
tion, washed with ethanol three times, and then redispersed in
ethanol (10 mL).

Synthesis of Multifunctional Magnetic Nanoparticles. Covalent at-
tachment of the ruthenium(II) complex to the silica shell was
achieved by modification of a literature method.59 A solution of
[Ru(bpy)2(phen-Si)]Cl2 (2 mg) dissolved in ethanol (10 mL) was
added to the ethanol-dispersed silica-coated magnetic nanopar-
ticles (10 mL) with stirring, and the mixture was heated to re-
flux overnight. After the reaction, the ruthenium(II) complex-
modified magnetic nanoparticles were obtained by
centrifugation, washed with ethanol several times to remove
the excess ruthenium(II) complex, and then redispersed in etha-
nol (10 mL). An ethanolic solution (2 mL) of TEOS (20 �L) was
added to a mixture of ammonium hydroxide solution (15 �L,
28%), H2O (10 �L), and the previously obtained ruthenium(II)
complex-modified magnetic nanoparticle in ethanol (10 mL)
with stirring. The hydrolysis and condensation of TEOS onto the
surface of the nanoparticles were completed at room tempera-
ture within 10 h. The luminomagnetic nanoparticles were col-
lected by centrifugation, washed with ethanol three times, and
redispersed in ethanol or water depending on the experimental
condition.

Preparation of Modified Electrodes. The magnetic Au electrode
(Aum, 0.163 cm2) was prepared by incorporating a magnet (di-
ameter 2 mm, height 1.5 mm) into the body of the electrode
holder. Prior to the experiments, the Aum electrode was wet pol-
ished with 0.05 �m Al2O3 powders to obtain a mirror surface, fol-
lowed by sonication in distilled water for 10 s, and was sub-
jected to repeated scanning in a wide potential range in 0.1 M
H2SO4 solution until reproducible voltammograms were ob-
tained. The FSO-modified Aum electrode (FSO-Aum) was pre-
pared by dipping the pretreated Aum electrode into a 1 wt %
FSO aqueous solution for 5 min, followed by a thorough rinsing
with distilled water. The FSO-Aum electrode was then placed in
the aqueous dispersion of luminomagnetic NPs (�1 mL) to col-
lect most of the luminomagnetic NPs within �20 min. The mass
of the loaded NPs on the resulting electrode (NPs-FSO-Aum)
could be controlled by varying the amount of the NPs in the
dispersion.
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The Nafion-coated Aum electrode (NF-Aum) was obtained
by carefully spreading 6 �L of 2 wt % Nafion solution (diluted
with methanol) on the cleaned Aum surface, followed by drying
at room temperature for 0.5 h. Better stability was obtained if the
Nafion was heated for 1 min in a hot water bath (100 °C) prior
to application to the electrode.39 The Nafion-coated electrode
was then immersed for 15 min in 0.15 M PBS (pH 7.5) contain-
ing 1 mM [Ru(bpy)3]Cl2, rinsed thoroughly with distilled water,
and transferred to the electrochemical cell. The electrode
([Ru(bpy)3]2�-NF-Aum) prepared in this manner acquired a deep
orange color, demonstrating the large amount of [Ru(bpy)3]2�

incorporated into the polymer.
Solution pH was adjusted to 7.5 to obtain an intense LOP

ECL signal.60 To eliminate the influence of oxygen,61 solutions
were deaerated by bubbling high purity (99.995%) N2, and a con-
stant flow of N2 was maintained over the solution during the
measurements. All potentials reported are with reference to the
SCE. All experiments were performed at 20 � 1 °C. Reported val-
ues for CV-ECL are based on the average of at least three re-
peated experiments.
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