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a b s t r a c t

The fabrication of Fe3O4@Au composites as a novel resonance light scattering (RLS) probe for the
sensitive detection of Alzheimer's amyloid-β peptide (Aβ) was demonstrated. Amino groups coated
magnetic Fe3O4 nanoparticles were covered with gold shell by the classical Frens method. The resultant
colloids were characterized with X-ray diffraction (XRD), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), dynamic light scattering (DLS) and UV–visible spectra. The results
indicated that the composite particles with core/shell structure and an average diameter of �320 nm
were stable and biocompatible. The RLS intensity of Fe3O4@Au composites was significantly enhanced by
interacting with Aβ. Under optimal conditions, good linear relationship between the ratio of RLS
intensity I/I0 at 463.0 nm and the logarithmic value of Aβ concentration in the range of 5.0�10–15–
5.56�10�9 M was found. The limit of detection (LOD) was 1.2�10�15 M. The proposed method is
simple, sensitive and cost-effective and complementary to other existing methods for protein analysis.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Alzheimer's disease (AD), the most common type of dementia
in the elderly, is a progressive and devastating neurodegenerative
disease causing memory loss, impaired thinking and other symp-
toms [1]. The hallmarks of AD pathology are extracellular amyloid-
β peptide (Aβ) plaques and intracellular neurofibrillary tangles
(NFT). Aβ is an �4 kDa peptide consisting of 39–43 amino acid
residues and derived from amyloid precursor protein (APP) [2]. In
recent studies, Aβ indicates a biomarker for AD in cerebrospinal
fluid (CSF), blood, plasma and serum [3–5]. Therefore, it is
important to determine the Aβ concentration for early diagnosis
and treatment of AD.

Many techniques have been developed for Aβ quantification,
which include, but are not limited to, molecular spectroscopy (e.g.,
congo red staining [6], Fourier spectral analysis [7]), immunoassay
(e.g., capillary isoelectric focusing immunoassay [8], enzyme-
linked immunosorbent assay (ELISA) [9], immunoprecipita-
tion [10], dot-blot [11] and western blot analysis [12]), molecular

imaging (e.g., positron emission tomography (PET) [13] and
fluorescence microscopy [14])), probe (e.g., small probe molecules
[15] and quantum-dot nanoprobes [16]), electrochemical techni-
ques [17,18], mass spectrometry (e.g., TOF-MS [19], MALDI-MS)
[20]), chromatographic method (e.g., high performance liquid
chromatography coupled with mass spectrometry (LC–MS) [21],
capillary electrophoresis [22] and immobilized metal affinity
chromatography [23]) and synthetic analysis method (e.g., meta-
analysis [24]). However, each of these techniques has one or several
undesirable limitations, such as expensive instrument, low sensitiv-
ity, and not environmental-friendly or instability of some reagents.
Thus, it is important to develop alternative techniques which can be
complementary to the existing techniques for specific applications.

Resonance light scattering (RLS) has emerged as a powerful
optical technique based on elastic light-scattering [25]. Due to the
advantages of high sensitivity, rapidness, simplicity and convenience
(using a common spectrofluorometer), RLS has attracted much more
attention from analytical chemists and physicists. Recently, RLS has
been applied to determine inorganic ions [26,27], nanoparticles [28],
proteins [29–31], nucleic acids [32,33], and so on.

Colloidal gold nanoparticles including different surface coatings
have been investigated extensively to quantify protein concentra-
tions. Enhanced RLS signal is often observed when the interac-
tion between gold nanoparticles and protein molecules occurs as
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a result of the formation of aggregation or network structure of gold
nanoparticles [34]. Detection of Aβ by spectroscopic techniques
based on gold nanoparticles has been reported recently [35–38].
Wang and coworkers were the first to use gold nanoparticles as
RLS probes to realize Aβ determination at level of ng/mL [36]. The
blood Aβ levels in healthy and AD individuals are in the order of
pg/mL [39]. Therefore, it is necessary to improve the RLS sensitiv-
ity based gold nanoparticles. To best of our knowledge, the RLS
study of Fe3O4@Au composites has not been reported in the
literature. The Fe3O4@Au composite particles possess the advan-
tages of both colloid gold and magnetic particles, indicating that
Fe3O4@Au composites can be a new approach to spectral RLS assay,
and have numerous successful applications in the fields of biology
and medicine [40–44].

In the present work, we report a highly sensitive probe based
on Fe3O4@Au composites combined with RLS technique to deter-
mine the content of Alzheimer's β-amyloid peptide. Firstly, mag-
netic Fe3O4 nanoparticles are prepared. After amino groups
coating, Fe3O4 nanoparticles are covered with gold shell by the
classical Frens method. The resultant Fe3O4@Au composites are
stable and biocompatible. The ratio of RLS intensity I/I0 at
463.0 nm is taken to provide a distinguished sensitivity and
satisfactory linear range for Aβ detection. Our approach is simple,
sensitive and cost-effective in protein analysis.

2. Materials and methods

2.1. Materials and reagents

Aβ1–42 peptide (hereinafter to be referred as Aβ) was obtained
from ChinaPeptides Co., Ltd. (Shanghai, China). Tetrachloroauric
acid tetrahydrate (HAuCl4 �4H2O), iron (III) chloride hexahydrate
(FeCl3 �6H2O), Sodium acetate anhydrous, ethylene glycol and
ethanol were obtained from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Sodium citrate trihydrate (Na3C6H5O7 �
3H2O) was obtained from Amersco (USA). (3-Aminopropyl)
triethoxysilane (APTES) was purchased from Sigma (USA). Hydro-
chloric acid (HCl) was purchased from Fangjing Chemical Reagent
Co., Ltd. (Kaifeng, China). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP)
was obtained from Nanjing viochem Co., Ltd. (Nanjing, China). All
chemicals were A.R. grade and used as received without any
further purification. Millipore water (18.2 MΩ cm at 25 1C) was
used throughout all experiments.

2.2. Preparation of amyloid-β peptide

Aβ was prepared as described previously [45]. Briefly, the
lyophilized Aβ peptide was treated with HFIP at room temperature
for 1 h in a sealed vial to dissolve potential aggregates. After that,
HFIP was removed under a gentle stream of nitrogen and the
peptide film was dissolved in DMSO to a concentration of 2 mM.
Thus the peptide stock solutions were prepared.

2.3. Synthesis of Fe3O4 nanoparticles

Fe3O4 nanoparticles were prepared by hydrothermal treatment
of FeCl3 �6H2O and CH3COONa in ethylene glycol solution. In a
typical procedure, 0.2425 g FeCl3 �6H2O was dissolved in 15 mL of
ethylene glycol to form a clear solution, followed by the addition of
0.3751 g anhydrous CH3COONa. The mixture was vigorously mixed
by ultrasonication to give a homogeneous solution. Then the
solution was transferred into a stainless steel autoclave (30 mL
capacity) followed by hydrothermal treatment at 200 1C for 4.5 h.
After the autoclave was cooled down to room temperature, the
products were magnetically separated and washed several times

with water and ethanol alternately to eliminate organic and
inorganic impurities. After that, the products were dispersed in
ethanol for further experiments.

2.4. Synthesis of Fe3O4@Au composites

To modify the surface of the magnetic nanoparticles with
amino groups, Fe3O4 suspension (10 mg/mL, 2 mL) was added into
50 mL ethanol in a flask followed by the addition of 1 mL of APTES
under stirring. The mixture was refluxed at 80 1C for 4 h. The
APTES-coated Fe3O4 NPs were then magnetically separated,
washed several times under sonication with water and ethanol
and dispersed in ethanol.

Next, gold coating was implemented by the classical Frens
method [46]. Briefly, 0.5 mL of APTES-coated Fe3O4 NPs (0.5 mg/
mL) was added into 200 mL of 7.76 mM sodium citrate solution
when the temperature was raised to 99 1C, followed by the
dropwise addition of 10 mL of HAuCl4 solution (10 mM) under a
nitrogen atmosphere while stirring. The heating mantle was
removed 30 min later. The solution was kept stirring for another
15 min and was cooled to room temperature.

The resulting dark particles were separated with a NdFeB
magnet and washed with water several times. Uncoated Fe3O4

material was dissolved by a rinse with 30% HCl for more than 20 h,
leaving largely pure Fe3O4@Au composites in the system [47].

2.5. Characterization of nanoparticle and composites

The phase structure was examined by powder X-ray diffraction
(XRD), using X’Pert Pro MRD instrument (PANalytical B.V., Nether-
lands), with Cu Kα radiation at a scan rate of 0.0331 2θ s�1.
Transmission electron microscopy (TEM) was obtained with
Hitachi-800 instrument (Hitachi, Japan), operated at 120 kV. X-ray
photoelectron spectroscopy (XPS) was measured on a K-Alpha 1063
Instrument (Thermo Fisher Scientific, UK). The size distribution of the
microspheres was determined by Zetasizer Nano ZS (Malvern Instru-
ments, UK). Ultraviolet–visible spectra were recorded using a Cary 60
spectrophotometer (Agilent technologies, USA) between 200 and
800 nm using a 1-cm path length quartz cuvette.

2.6. Resonance light scattering measurements

A certain amount of Fe3O4@Au dispersion was pipetted into a
1-cm path length quartz cuvette and diluted to 1 mL with H2O,
while the final concentration of Aβ varied from 5.0�10�15 to
5.56�10�9 M by successive addition of appropriate volume of Aβ
(2.5 or 5 μL). The mixture was incubated for 10 min. Then RLS
measurements were carried out using a Cary Eclipse fluorospec-
trophotometer (Agilent technologies, USA). The RLS intensities
were recorded by synchronously scanning the excitation and
emission monochromators (Δλ¼0 nm) between 200 and
800 nm. The excitation and emission slit width were both set to
5 nm. All the experiments were carried out at room temperature
and repeated at least three times. The intensity was measured at
463.0 nm. The enhanced RLS intensity of Fe3O4@Au composites
was termed as I/I0 (I and I0 were the RLS intensities of the systems
with and without Aβ). In order to eliminate the effect of instru-
mental factors on the light scattering measurement, the scattering
intensities were corrected by using the reported correction meth-
ods [48]. Briefly, corrected RLS intensities were calculated by
division of the signal intensity at the wavelength by the corre-
sponding source intensity. Meanwhile, the scattering intensities
were also corrected for dilution effect.
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3. Results and discussion

3.1. Characterization of Fe3O4@Au composites

Fig. 1 shows the XRD patterns of the prepared Fe3O4 NPs and
Fe3O4@Au composites. In curve (a) for Fe3O4, the diffraction peaks
can be assigned to the cubic structure of Fe3O4 crystal according to
JCPDS card no. 19-0629. In curve (b) for Fe3O4@Au, the shape
peaks are consistent with that of Au nanocrystal (JCPDS card no.
04-0784). No peak was found for Fe3O4 due to the heavy atom
effect of Au indicating complete coverage of the Fe3O4 core by Au
shell [49], which is consistent with previous reports [50].

The morphology of the as-synthesized particles was investi-
gated by TEM. Fig. S1 (Supporting information, SI) shows the
typical TEM images of Fe3O4 NPs (A) with a diameter of �156 nm
and Fe3O4@Au composites (B) with a diameter of �320 nm. It can
be seen from Fig. S1A that the Fe3O4 NPs are of well spherical
structure with relatively smooth surfaces. After coating with
amine groups, gold was then deposited onto the surface of
amine-coated Fe3O4 NPs. The diameter of Fe3O4@Au composites
increases, as shown in Fig. S1B, which is twice as large as that of
Fe3O4 NPs. However, the thickness of gold shells on the surface of
Fe3O4 NPs was determined to be only approximate 9 nm, suggest-
ing that Fe3O4 clusters may exist inside a single Fe3O4@Au
composite [50].

The size distribution of Fe3O4@Au composites was determined
by dynamic light scattering (DLS). Fig. S2 shows that the average
hydrodynamic diameter of Fe3O4@Au composites is 337 nm, in
good agreement with the TEM results.

XPS results of Fe3O4@Au composites are shown in Fig. 2. Two
characteristic peaks of Au 4f5/2 and Au 4f7/2, positioned at 83.3 eV
and 87.0 eV, respectively, are clearly observed in Fig. 2B, while no
Auger peaks of Fe are found (Fig. 2A), indicating that the Fe3O4@Au
composite surface is mainly composed of gold with a thickness of
more than 5 nm [51].

UV–vis spectrum of Fe3O4@Au composites is shown in Fig. 3A.
The absorption peak of Fe3O4@Au composites was red-shifted to
546 nm compared with that of colloid gold at 529 nm. The reason
for this might be that the composite diameter is much larger than
that of colloid gold [47]. When the Fe3O4@Au dispersion was
exposed to the external magnetic field for 2 min, no obvious
colloid gold were detected in the supernatant, indicating that
not pure gold nanoparticles but magnetic Fe3O4 particles existed in
the as-prepared Fe3O4@Au composites. Furthermore, as can be seen in

Fig. 3B, Fe3O4@Au composites have scattering characteristic peaks of
both Fe3O4 and colloid gold. These results are a further proof of core/
shell structure of the Fe3O4@Au composites.

3.2. Spectral characteristics

The RLS spectra of Aβ (1), water (2), Fe3O4@Au composite
(3) and Aβ-Fe3O4@Au composite (4) are shown in Fig. S3. It can be
seen that both Aβ and Fe3O4@Au composite have weak scattering
signal. When Aβ is mixed with Fe3O4@Au composite, the RLS
signal is remarkably enhanced with two obvious peaks at
408.0 nm and 463.0 nm. The RLS intensity of the system reaches
its maximum at 463.0 nm. Hence, 463.0 nm was selected as the
determination wavelength.

3.3. Possible reasons for RLS enhancement

According to the RLS theory [25], the RLS intensity is propor-
tional to r6 where r is the radius of the particle. However, too
larger particle size is not recommended due to its instability. The
average diameter of Fe3O4@Au composites is �320 nm, which is
much greater than 1/20 of the wavelength of incident light.
Therefore, the light scattering of Fe3O4@Au composites can be
considered as the Mie scattering rather than the Rayleigh scatter-
ing. According to the Mie scattering theory, the RLS properties
have close relationship with the molecular volume and morphol-
ogy of the particles [52]. The bigger the molecular volume, the
higher the RLS intensity can be obtained.

Once the Fe3O4@Au composites are exposed to Aβ molecules,
Aβ is believed to bind to the surface of gold shell via both the
apolar and the N-donors containing side-chains of amino acids
[53]. The formation of conjugates of Fe3O4@Au-Aβ results in
increasing the size of scatters. Therefore, the RLS intensity of the
system is enhanced.

It should be noted that the Mie scattering can be affected by
small magnetic spheres magnetism, called as the Magnetic Mie
scattering, and the magnetization of small clusters of radius larger
than 10 nm is size dependent [54]. However, the mechanism of the
effect of magnetic Fe3O4 core on the RLS remains unclear.

3.4. Effect of pH and buffer

The surrounding matrix may greatly affect the scattering
spectrum of particles. The effects of pH and type of buffer were
investigated. As can be seen in Fig. S4(1A) and (1B), the maximum
RLS peak wavelengths varies with pH values. When pH value
decreases, negatively charged Au particles covered with citrate
have the tendency to form aggregation because the electrostatic
repellency among Au particles becomes weak. As a result, the
maximum RLS peak redshift happens. When pH is in the range of
6.80–7.96, the RLS intensities at the maximum RLS peak wave-
lengths were much smaller than with other pH values indicating
lower background determination. However, the RLS signals were
not so stable along with the time. Thus, the effects of different
buffer with similar pH values including HEPES buffer, Tris–HCl
buffer (Tris) and Brittion–Robinson buffer (BR) together with H2O
were investigated. It can be seen from Fig. S4(2B) that the RLS
intensity in H2O keeps very stable and is also small. The results
indicated that high ionic strength was the possible reason for RLS
instability [55]. Therefore, H2O is chosen for further research.

3.5. The incubation time and stability

The effect of time of the RLS intensity of the composite–Aβ
system was studied. The results showed that the reaction between
Fe3O4@Au composite and Aβ occurred rapidly at room temperature

Fig. 1. XRD patterns of (a) Fe3O4 NPs and (b) Fe3O4@Au hybrid composites. ▲ shows
the diffraction peaks of Fe3O4 and ★ shows the diffraction peaks of gold.
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(o10 min). The scattering intensity is stable for at least 60 min. Thus,
10 min of incubation time was considered. The assay exhibits good
stability and can be used for practical determination of Aβ.

3.6. Analytical performance

Under the optimal conditions, the dependence of the RLS
intensity on the concentration of Aβ was determined. As shown
in Fig. 4, the RLS intensity increases with the increase of
Aβ concentration. There is a good linear relationship between
the ratio of RLS intensity I/I0 and the logarithmic value of Aβ

concentration in the range of 5.0�10�15–5.56�10�9 M (the inset
in Fig. 4), and the linear regression equation is I/I0¼24.77þ
1.65 log C (M) with the correlation coefficient R2 0.986.The limit
of detection (LOD) is calculated to be 1.2�10�15 M. Each concen-
tration was repeated at least three times and the relative standard
deviations (RSD) are between 2.2% and 13.8%. The proposed RLS
approach exhibits sufficient low detection level and significant
wide linear range, and compares well with other Aβ assays [36–
38]. Meanwhile, the detection limit is far lower than that of the
present commercial Aβ1�42 ELISA kit (in the order of a few to a
few hundred pg/mL or pM).

Fig. 2. XPS spectra of Fe3O4@Au composites.

Fig. 3. UV–vis (A) and RLS (B) spectra of Fe3O4, colloid gold and Fe3O4@Au composites.
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4. Conclusions

We have demonstrated the fabrication of Fe3O4@Au composites
as a RLS probe for the sensitive detection of Alzheimer's Aβ. The
resultant composite has an average diameter of �320 nm. The
Fe3O4 core was completely covered by Au shell with a thickness of
�9 nm. The RLS signal intensity of Fe3O4@Au was enhanced by
interacting with Aβ. Under optimal conditions, the ratio of RLS
intensity I/I0 at 463.0 nm is proportional to the logarithmic value
of Aβ concentration in the range of 5.0�10�15–5.56�10�9 M.
The detection limit is as low as 1.2�10�15 M. The discrimination
for the structural diversity of Aβ, e.g. monomers, oligomers, and
even fibrils, is still under study. Our approach has proved to be
simple, sensitive, label-free and cost-effective. The proposed
method is complementary to other existing methods for protein
analysis.
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