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Abstract A sensitive electrochemiluminescence
(ECL) biosensor for cholesterol detection based on
multifunctional core—shell structured microspheres
(Fe304,@8Si0,—Au@mpSi0,) is reported. This micro-
sphere consisted of a core of silica-coated magnetite
nanoparticle, an active transition layer of gold nano-
particles and a mesoporous silica shell. Scanning
electron microscopy was employed to observe the
morphology of the nanomaterials and transmission
electron microscopy was used to further confirm the
subtle structure of Fe;0,@Si0,—~Au@mpSiO,. The
microspheres possessed a large surface area that
increased enzyme loading, and an active transition
layer gold nanoparticles enhanced the ECL signal.
They were used to immobilize cholesterol oxidase for
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cholesterol detection with a high sensitivity, low
detection limit and wide linear range. The linear range
was from 0.83 to 2.62 mM with a detection limit of
0.28 uM (S/N = 3). Moreover, the reproducibility,
stability and selectivity of the biosensor were
established.
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Introduction

Cholesterol and its esterified form are of vital impor-
tance for human beings since they build a block for
body tissue and are the precursors of other biological
materials, such as bile acid and steroid hormones. The
level of total cholesterol is associated with numerous
clinical disorders, such as arteriosclerosis, coronary
heart diseases, hyperthyroidism, anaemia, etc. (Shih
et al. 2009). Therefore, development of a biosensor
that allows convenient and rapid determination of
cholesterol is necessary for its regular estimation in
clinical analysis/diagnosis.
Electrochemiluminescence (ECL) is a method of
converting electrical energy into chemical energy.
Compared with conventional chemiluminescence, it
represents advantages such as high controllability,
reproducibility, and sensitivity (Richter et al. 2012).
Among various ECL systems, the luminol/H,0,-ECL
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system was applied in constructing enzyme biosensors
because luminol’s co-reactant, H,O,, is the product of
enzymatic reactions based on oxidase type enzymes
(Ballesta-Claver et al. 2012). In the presence of H,O,,
luminol(5-amino-2, 3-dihydro-1,4-phthalazinedione)
can generate intense ECL emission. Therefore, some
effective luminol-ECL systems were reported for the
measurement of glucose, lactate, cholesterol, and
choline (Zhang et al. 2012; Xu et al. 2010). Thus,
luminol-based ECL biosensors greatly enlarged the
application of enzyme biosensors.

Currently, magnetic core—shell nanomaterials have
gained attention in nanoscience and nanotechnology
due to their excellent optical, electrical, thermal,
mechanical, magnetic and catalytic properties (Gulfam
et al. 2011; Chen et al. 2009, 2010). Mesoporous
materials have great potential in enzyme immobiliza-
tion, adsorption, drug delivery, molecular sieves and
separation (Ma et al. 2010). Several studies using
mesoporous materials to immobilize enzymes for
biosensors construction have been reported (Jiang
et al. 2011; Zhao et al. 2013). Thus, mesoporous-
magnetic core—shell nanomaterials endow further alter-
native properties for enzyme biosensors’ construction.

Enlightened by above observation, in this work,
we have synthesized multifunctional nanospheres
with a core of silica-coated magnetic nanoparticles,
an active translation layer of uniform gold nanopa-
ricles (AuNPs) and an outer shell of mesoporous
silica (mpSiO,) with ordered nanopore channels
using such techniques as sol-gel technique, interfa-
cial deposition and surfactant-templated synthesis.
This multifunctional nanomaterial is designated as
Fe;0,@8Si0,—~Au@mpSiO,. In this nanoarchitecture,
Fe;0,4 not only serves as the core to help the growth
of shell structure SiO,—Au@mpSiO, but also sim-
plifies the synthesis process of Fe;0,@SiO,—
Au@mpSiO, microspheres due to its magnetically
separable property. The mesoporous silica shell could
well confine the AuNPs and make the AulNPs
accessible to the reactant because of the ordered
pore channels outside (Deng et al. 2008). Further-
more, mesoporous silica would be an optimal choice
to immobilize cholesterol oxidase since the silica-
based mesoporous structure provides many positions
suitable for enzyme loading and retains the enzyme’s
activity to a large extent. The resultant microspheres
demonstrated high magnetization, large surface area,
highly open mesopores and high loading of AuNPs.
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They were applied to immobilize cholesterol oxidase
to construct a cholesterol biosensor in luminol-ECL
system for the first time. Due to the following
reasons: (1) AuNPs with good conductivity, large
surface area, and excellent electro-activity to luminol
oxidization obviously enhanced the ECL intensity,
(2) the mesoporous structure could increase enzyme
loading and maintain the activity of the enzyme to a
large extent at the same time, and (3) the nanoarchi-
tecture with a unique structure effectively combined
good properties of each component, this material
would provide a new and promising platform for
enzyme biosensors in luminol/H,O, ECL system.

Reagents

Cholesterol oxidase (COx, EC 1.1.3.6, =50 U/mg)
obtained from Brevibacterium sp., cholesterol, Triton
X-100, chloroauric acid (HAuCl,), trisodium citrate,
3-aminopropyltriethoxysilane (APTES) and tetraethyl
orthosilicate (TEOS) were from Sigma. A stock
0.01 M cholesterol solution was prepared in PBS
containing 10 % (w/w) of Triton X-100 at 65 °C, then
stored at 4 °C. Cholesterol oxidase solution was
prepared in 0.05 M PBS (pH 7.0), stored at 4 °C when
not used. Other chemicals used were of analytical
grade and were used as received. Deionized water was
used throughout this study.

Apparatus

ECL emission was performed using a model MPI-A
electrochemiluminescence analyzer (Xi’an Remax
Electronic Science & Technology Co. Ltd., China),
equipped with a photomultiplier tube (PMT) and set at
600 V for detection. Cyclic voltammetry (CV) was
carried out with a CHI 600D electrochemical work
station (Shanghai CH Instruments Co., China). The
conventional three-electrode system, including a
modified glassy carbon electrode (GCE) as working
electrode, a saturated calomel electrode (SCE) or Ag/
AgCl as reference electrode and a platinum wire as
counter electrode was used in the detection process.
Scanning electron microscopy (SEM) was conducted
with a Hitachi scanning electron microscope (SEM,
Hitachi, S-4800, Japan). Transmission electron
microscopy (TEM) was performed on a TECNAI 10
(Philips Fei Co., Hillsboro, OR). All the experiments
were carried out at room temperature.
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Scheme 1 Illustration of
the synthesis process of
Fe304@Si02—Au@mpSi02
(the inset), and the biosensor
preparation process. Step A:
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Synthesis of multicomponent Fe;0,@SiO,—
Au@mpSiO, microspheres

Fe;0,@8Si0,~Au@mpSiO, microspheres were syn-
thesized according to Deng et al. (2008) and Schw-
ertmann and Cornell (1991) with slight modifications.
Firstly, Fe;O4 magnetite nanoparticles were synthe-
sized as follows. FeCl,-4H,0O (5.55 g) was dissolved
in 100 ml deionized water previously saturated with
N, and heated to 90 °C under N, bubbling. Then
50 ml water with 1.3 g KNOj; and 9.35 ¢ KOH was
dropwise added under continuous stirring and N,
bubbling and stirring was maintained at 90 °C for 2 h.
The mixture was left overnight and separated with a
magnet to recover the black powder (Fe;0y,).

Secondly, silica-coated Fe;0,4 (Fe;0,@Si0,) and
APTES-modified Fe;0,@SiO, nanoparticles were
synthesized. Briefly, 0.2 g Fe;O, was dispersed into
150 ml ethanol under sonication for 15 min in an ice
bath. Then 400 pl TEOS and 12 ml 28 % (w/v)
NH,4OH were added into the solution and reacted in an
ice bath for 2 h under sonication. The resultant
(Fe;0,@8Si0;,) was separated with a magnet and
thoroughly washed with ethanol. To obtain APTES-
modified Fe;0,@Si0, nanoparticles, 0.15 g Fe;0,@-
Si0, was dispersed into 50 ml 2-propanol containing
1 ml APTES and then the dispersions were heated to
40 °C under stirring for 3 h. Subsequently, the black
resultant APTES-modified Fe;O0,@Si0O, was thor-
oughly washed with ethanol and deionized water using
a magnet.

Thirdly, Fe;0,@Si0,-Au and Fe;0,@SiO,—
Au@mpSiO, microspheres were synthesized. Briefly,
12.5 ml APTES-modified Fe;0,@SiO, (0.8 % w/w in

water) was mixed with 7.5 ml gold colloid solution in
quick sonication in a water bath, then subjected to
mechanical stirring for 8 h to obtain Fe;0,@SiO,—Au
nanoparticles. Gold colloid solution was prepared
according to Deng et al. (2008). The resultant
Fe;0,@8SiO,—Au nanoparticles were separated and
washed with deionized water. To grow a mesoporous
silica shell on the Fe;0,@SiO,—Au nanospheres,
0.06 g Fe;0,@8Si0,—Au, 0.225 g CTAB, 1 ml 28 %
(w/v) NH,OH, 50 ml deionized water and 75 ml
ethanol were mixed under sonication for 5 min and
mechanically stirred for 30 min to form a uniform
dispersion. Then, 1.5 ml TEOS was added dropwise to
the dispersion under continuous stirring for 6 h at
30 °C. The resultant precipitate was collected and
washed consecutively with ethanol and deionized
water with the help of magnet and then was redi-
spersed in 100 ml acetone and refluxed at 80 °C for
48 h to remove the template CTAB. The product
(Fe304@8Si0,—Au@mpSiO,) was washed with deion-
ized water and dispersed in water for further use. The
typical synthetic process is shown in Scheme 1. This
nanomaterial was used to immobilize COx for
achieving a cholesterol biosensor. The sensor prepa-
ration is also schematically shown in Scheme 1.

Result and discussion
Characterization of the synthesized nanomaterials
The morphological characteristics of the as-prepared

nanomatericals were characterized by SEM. The
Fe;O, magnetic nanoparticles (Fig. 1la) showed
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Fig. 1 SEM images of

a Fe304, b Fe304@5i02,
¢ Fe;0,@SiO,—Au and

d Fe304@Si02—
Au@mpSiO,, and e TEM
image of Fe;0,@SiO,—
Au@mpSiO,

$-4800 20.0kV 10.2mm x70.0k SE(M,LAQ)

$-4800 20.0kV 10.1mm x60.0k SE(M,LAQ)

200 nm
—

irregular hexagons and quadrangles with aggregates of
each other, due to the magnetic interactions between
nanoparticles themselves. When a silica layer was
modified onto the surface of Fe;0y,, the resultant core—
shell Fe;0,@Si0O, microspheres (Fig. 1b) displayed
more regular spherical shapes with smooth surface.
The image of Fe;0,@SiO,—Au microsphere is pre-
sented in Fig. 1c and AuNPs were obviously observed.
After Fe;0,@Si0,—Au nanoparticle was coated with
a mesoporous silica layer, the resulting Fe;0,@SiO,—
Au@mpSiO, microsphere displayed a well-defined
and uniform sphere structure with the diameter about
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500 nm, as shown in Fig. 1d. To more clearly
visualize the morphology of Fe;0,@SiO,—Au@mp-
Si0, nanocomposites, TEM technique was employed.
As expected, Fig. le displayed a loose surface of the
Fe;0,@8Si0,~Au@mpSiO, nanospheres.

Characterization of the biosensor fabrication
process

SEM was employed to characterize the biosensor
fabrication process. A typical SEM image of the
resulting modified film of COx on the Fe;0,@SiO,—
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Fig. 2 ECL characterization of differently modified electrode:
a bare GCE, b Fe;0,@Si0,—Au@mpSiO,/GCE, and ¢ COx/
Fe;0,@Si0,~Au@mpSiO,/GCE in 0.050 M PBS (pH 7.4)
under 0.0067 mM cholesterol. Scan rate: 100 mV/s
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Fig. 3 The impact of luminol concentration on the ECL signal
at the biosensor in 0.05 M PBS (pH 7.4)
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Fig. 4 ECL responses of the biosensor COx/Fe;0,@SiO,—
Au@mpSiO,/GCE to 0 (a), 0.00083 (b), 0.022 (c), 0.055 (d),
0.17 (e), 0.24 (f), 0.67(g), 0.49 (h), 0.89 (i),1.3 (j), 1.5 (k) and
2.6 (1) mM cholesterol in the presence of luminol (0.67 mM).
Inset shows linear relationship between the ECL signal intensity
and the cholesterol concentration
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Fig. 5 The ECL responses of a COx/Fe;0,@SiO,—Au and
b COx/Fe;0,@Si0,—Au@mpSiO, modified electrode in
0.05 M PBS (pH 7.4) in the presence of 0.017 mM cholesterol

Au@mpSiO, microspheres is shown in Supplemen-
tary Fig. 1. The sphere structure of Fe;0,@SiO,—
Au@mpSiO, was also visible but it became relatively
blurry compared with Fe;0,@SiO,—~Au@mpSiO,
modified film (Fig. 1d), indicating that COx was
successfully immobilized on the surface of Fe;0,@-
Si0,—~Au@mpSiO, microspheres modified film.

Cyclic voltammetry (CV) is also a convenient and
valuable technology to probe the interface features of
the modified electrodes. Supplementary Fig. 2 shows
the cyclic voltammograms (CVs) of different modified
electrodes in 5 mM [Fe(CN)6]4_/ 3= solution. A pair of
well-defined oxidation and reduction peaks of
[Fe(CN)6]4_’ 3= was observed at the bare GCE (curve
a). After the Fe;0,@SiO,—~Au@mpSiO, nanocompos-
ites were modified on the surface of GCE (curve b), the
peak current of the modified electrode decreased,
indicating that the Fe;0,@SiO,—~Au@mpSiO, nano-
composites have been immobilized successfully. When
COx was adsorbed on the electrode (curve c), the peak
current further decreased, due to the hindrance caused
by non-conductive COx.

The ECL characterization was performed and the
results are shown in Fig. 2. Compared to the bare GCE
(curve a), the ECL intensity of the Fe;0,@SiO,—
Au@mpSiO,/GCE decreased (curve b), which may be
attributed to the insulated property of silica. After COx
was immobilized on the electrode (curve c), the ECL
intensity was enhanced due to the H,O, produced by
the enzymatic reaction on the biosensor surface. The
mechanism is as follows.

@ Springer
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Table 1 Recoveries of cholesterol by the biosensor

Samp]e Ca(‘)riginal(mM) CAdded (mM) CDelecled (mM) RSD (%) ReCOV@rY (%)
1 0.020 0.020 0.038 23 95
2 0.30 0.20 0.49 4.6 98
3 0.50 0.20 0.77 4.1 110

% concentration of cholesterol

Cholesterol + O, % Cholest - 4 - 3 - one + H,O,
(1)
Under positive potential, the resulting H,O, in
Eq. (1) reacted with luminol to generate an ECL signal

(shown in Eq. 2). The intensity in ECL signal was
directly proportional to the cholesterol concentration.

H,0, + luminol AuPs aminophthalate + hI (2)

Performance of the biosensor

To get an optimal performance of the proposed
biosensor, the effect of luminol concentration in tested
solutions on ECL signal was studied and the results are
shown in Fig. 3. As seen, the ECL intensity increased
with the increase in luminol concentration. If the
concentration of luminol was further increased, the
ECL intensity would continue to increase and even
would exceed the maximum intensity accessible to the
apparatus (the maximum value of ECL intensity that
can be detected by the apparatus is about 17400 a.u.).
A high concentration of luminol will therefore lead to
a high background signal and will result in a narrow
detectable range of cholesterol concentrations. Con-
sidering the sensitivity, detection limit and detectable
range, 0.67 mM Iluminol was chosen for further
experiments.

The performance of the proposed biosensor was
evaluated by detecting standard cholesterol solutions
using ECL technique in 0.05 M phosphate buffered
saline (PBS) containing 0.67 mM luminol. As shown
in Fig. 4, the ECL signal increased with the concen-
tration of cholesterol. The inset of Fig. 4 describes the
linear relationship between ECL intensity and the
concentration of cholesterol. The linear range covered
from 0.83 to 2.62 mM with a detection limit of
0.28 uM (signal to noise = 3). Compared with other
cholesterol sensors (Supplementary Table 1) with
different detection methods, this ECL biosensor
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established in this work had low detection limit and
high sensitivity. The reasons may be ascribed to the
synergistic effect of each component in the Fe;0,@-
Si0,—Au@mpSiO, microspheres. The mesoporous
nanostructure endowed high enzyme loading and the
gold transition layer presented a catalytic property to
enhance ECL signal in luminal-H,0, system.

To demonstrate the effect of mesoporous silica
(mpSiO,) shell with ordered nanopore channels on the
ECL response to cholesterol, a control experiment
between COx/Fe;0,@SiO,—Au and COx/Fe;0,@-
Si0,—Au@mpSiO, modified electrode was investi-
gated in 0.05 M PBS (pH 7.4) in the presence of
0.017 mM cholesterol and the results are shown in
Fig. 5. As expected, the ECL response of the biosensor
with mpSiO, (curve b) was greater than that of without
mpSiO; (curve a). This was due to the mpSiO, shell
endowing more enzyme loading, thus resulting in an
improvement in ECL response to cholesterol.

The stability of the proposed biosensor was also
investigated. It was measured at intervals of 2—-3 days
by ECL, and stored at 4 °C when not in use. The
response of ECL signal decreased gradually and
maintained about 90.3 % of the initial value in
1 week.

Specificity is an important factor for evaluating the
performance of a biosensor. The change in ECL signal
generated from glucose or tryptophan were negligible
after 20-fold concentration of glucose or tryptophan
were added into 0.05 M PBS (pH 7.4) containing
0.0067 mM cholesterol, which indicated the biosensor
had a good anti-interference ability.

Recovery experiment

The analytical applicability of the biosensor was
evaluated by standard addition method. Table 1 lists
the recovery of three samples of different cholesterol
concentrations. The recovery rate was between 95 and
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110 %. The satisfying results demonstrated that the
biosensor had potential for practical application.

Conclusions

A cholesterol ECL biosensor based on the synergistic
effect of each component in the magnetic core—shell
microsphere (Fe;0,@Si0,—~Au@mpSiO,) is reported.
This multifuntional nanosphere consists of a core of
silica-coated magnetite nanoparticle, an active gold
transition layer and an outer shell of mesoporous silica
shell with nanopore channels. The nanocomposite
with a mesoporous surface abled high COx loading.
The nanoporous channels made the gold nanopartiles
accessible which perform high catalytic ability to the
luminol/H,0, ECL system. Therefore, the proposed
biosensor gave a satisfactory performance for choles-
terol detection. The multifuntional nanospheres would
offer a good substrate for enzyme immobilization for
constructing an enzyme biosensor in luminol/H,0O,
ECL system.
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