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Silica nanoparticles as a carrier for signal
amplification
Abstract: Owing to the small size, high surface-to-volume
ratio, and good biocompatibility, silica nanoparticles
(SiNPs) have become the normally used carrier for biomolecule immobilization. Label-based detection techniques have been used extensively for a wide range of
applications in biological analysis. Organic dye, enzyme,
electroactive species, and quantum dots (QDs) with
unique optical and electrochemical performances have
been used as probes for chemical and biological analysis. The common problem is that only a limited amount
of probes can be linked to a biomolecule, which limited
the extensive use of these probes in trace amounts of
analyte detection. New technologies can provide efficient
means to carry them with SiNPs, which possess a threedimensional network suitable for load or encapsulating a
large amount of probes. As a result, composite SiNPs can
improve the detection sensitivity significantly because
they carry a large amount of probes, which is beneficial
for trace analysis. Also, SiNPs are nontoxic, highly water
soluble, suitable for many biomolecules to conjugate,
and increase the chemical and physical stability of the
probes, which is very important for biological analysis.
The goal of this review is to describe recent progress in
the methods that SiNPs are used as a carrier of dyes, QDs,
and enzyme and their application in biological analysis. Among these, SiNPs as a biolabel reagent for signal
amplification in immunoassay, DNA, protein, and small
molecule detection are the main topic in this review. We
focus on two types of methods of carrying signal probes
with SiNPs. One is to modify probes on the outer surface
of the SiNPs and another is to encapsulate signal probes
into the SiNPs. Particular attention is paid to update
reported advances since 2009.
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Introduction
Achieving high sensitivity is one of the major goals in
biological assays such as detection trace biomarkers,
monitoring of protein (enzymes, antigens, and antibodies) interactions, and nucleic acid-nucleic acid/protein
hybridization events (Cao et al. 2011). Many efforts have
been made toward the exploration of novel means to
enhance detection sensitivity. Among these, the labelbased detection techniques have been used extensively
for a wide range of applications in biological analysis. The
common probes that were used as signal transduction
tools included organic dye, enzyme, electroactive molecules, and nanoparticles such as QDs, magnetic particles, noble metal, or metal oxide particles (Seydack 2005,
Wang 2005, Wittenberg and Haynes 2009). When used as
probes, only a limited number of them could be linked to a
biomolecule without interfering with its binding specificity, which makes the analyses complicated because signal
amplification is needed when targeting trace amounts of
analytes.
Since the initial report of a silica colloid with a welldefined morphology and porosity by Stöber et al. (Stöber
et al. 1968), the native features of silica have been
exploited in the development of various SiNPs with distinct properties. The use of SiNPs as a carrier mainly lies in
not only its nontoxic, high water solubility, anomalously
high stability, especially in aqueous media, but also other
reasons include easy regulation of the coating process,
chemical inertness, controlled porosity, processability,
optical transparency, and suitability for many subsequent
biomolecule conjugations. These advantages render silica
an ideal, low-cost material to tailor surface properties,
while basically creating lab-on-a-particle materials with
tunable length scales and novel properties (Liu et al. 2008,
Martínez et al. 2010). New technologies can provide efficient means to carry various signal probes with SiNPs. Their
three-dimensional network structure makes them suitable for load or encapsulating a large amount of probes
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and can protect the entrapped molecules or particles from
the surrounding environment. As a result, their signal
intensity is much stronger than that of common label
techniques, which makes composite SiNPs especially
suitable for highly sensitive bioapplications without the
need to introduce additional amplification steps (Zanarini
et al. 2009b). In addition, when organic dyes are being
carried with SiNPs, their solubility, photostability, and
brightness are improved by optimizing the synthetic conditions. QDs possess excellent optical properties, such as
high extinction absorption coefficient, size-tunable wavelength, sharp emission bandwidth, and superior photostability, which make them good candidates to be used as
probes (Bruchez et al. 1998, Chan and Nie 1998, Dubertret
et al. 2002). Their cytotoxicity, hydrophobicity, and the
property that makes them prone to aggregate were also
improved significantly after being carried with the SiNPs,
which is vital for them to be used in biological analysis
(Lai et al. 2009). In summary, probes that are loaded on
or encapsulated into the SiNPs possess excellent property
and have attracted great attention in bioanalytical chemistry (Santra et al. 2001b, Zhang et al. 2006, Mahtab et al.
2011). The integration of the signal molecules that carried
the SiNPs with functional molecules using various surface
modification techniques can bring about great improvements in bioapplications such as selective recognition,
sensitive imaging, and reporting.
Several reviews on the SiNPs as carrier for dyes and
QDs have been reported from various aspects (Martínez
et al. 2010, Bae et al. 2012). The goal of this review is to
describe the recent progress in the methods that SiNPs
used as carrier of dyes, QDs, and enzymes and their application in biological analysis. Among them, SiNPs, as a
biolabel reagent, used for signal amplification in immunoassay, DNA, protein, and small molecule detection
is the main topic in this review. We focus on two types
of methods to carry signal probes with SiNPs. One was
to modify QDs, enzymes, and other probes on the outer
surface of the SiNPs and another was to encapsulate signal
probes such as QDs, organic dyes, and enzymes (Zhong
et al. 2009, Ren et al. 2010) into the SiNPs. Particular attention is paid to the related progress since 2009.

Methods to load probes on the
outer surface of SiNPs
Silica NP is an attractive support material because of
its chemical inertness and facile modification of its
surface with functional groups. When the SiNPs is used

as a carrier, it should possess good monodispersion and
similar surface morphology for consistent loading of
signal species and biomolecules on each nanosphere,
which were vital to the sensitivity, reproducibility, and
analytical performance of the resultant sensors. It was
reported that with Stöber seed growth method (Wu et al.
2009), the silica nanoparticles could be synthesized with
a diameter range from 100 to 330 nm and a distribution
error of 3%, which met the requirements of SiNPs as a
carrier for signal amplification. QDs (Koole et al. 2008,
Chen et al. 2009a, Qian et al. 2010a), enzymes (Ren et al.
2010, Wu et al. 2011b, Zhou et al. 2011), and electroactive
materials (Santra et al. 2001a, Shi and Asefa 2007, Zhang
et al. 2007, Li et al. 2011, Liu et al. 2011b, Wang et al. 2011a,
Bae et al. 2012, Tang et al. 2012) are common labels loaded
on the SiNPs.

QD-coated SiNPs as label for immunoassay
QDs, which exhibit broad excitation spectra for multicolor imaging, robust and narrowband emissions, sharp
and well-resolved stripping voltammetric signals as the
metal components, are common optical and electroactive labels for signal amplification in optical and electrochemical assays. In particular, QDs could be assembled
on the surface of various nanocarriers that result in multilabeled matrix to conjugate biomolecules. This dramatically enhanced the intensity of the optical and electrochemical signal and led to ultrasensitive bioassays (Chen
et al. 2010b, Qian et al. 2011, Yuan et al. 2011). By using
poly (allylamine hydrochloride) (PAH) as a linker, Zhu
(Zhang et al. 2011b) developed a novel lectin-functionalized SiO2@QDs nanoassemblies and used as an amplified
signal probe for ultrasensitive detection of apoptotic cells.
In their work, the layer-by-layer technique was employed
for the construction of this lectin-based nanoprobe, where
SiO2 core particles were coated with CdTe QDs/PAH multilayers and terminated with an outermost layer of ConA.
This nanoprobe incorporated both the specific recognition
of ConA for cell surface mannosyl groups and the electrochemical signal amplification of multilabeled SiO2@QDs
nanocomposites. Then, a three-dimensional architecture
of biointerface based on nitrogen-doped carbon nanotubes, gold nanoparticles, and annexin V was designed
for the capturing of apoptotic cells via the specific recognition between annexin V and phosphatidylserine on the
apoptotic cell membrane (Figure 1). By coupling with the
QD-based nanoprobe and electrochemical stripping analysis, ultrasensitive detection of apoptotic cells (as low as
48 cells) was realized.
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Figure 1 (A) Scheme of the preparation of SiO2@QDs-ConA nanoprobe via layer-by-layer assembly. (B) Illustration of the fabrication process
of the electrochemical cytosensing interface. (C) Schematic presentation of the exposure of phosphatidylserine residues on the outer
surface of the cell membrane during apoptosis. (D) Sandwich electrochemical strategy for the detection of apoptotic cells. (Reproduced with
permission from Zhang et al. 2011b.)

The coating of the CdTe QDs onto the surface of the
SiNPs was achieved through acylamide binding in the
presence of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) as the activator. After coating
with CdTe QDs, the silica nanospheres showed the same
photoluminescence emission peak as the CdTe QDs itself.
In addition, the QDs were deposited on the surface of silica
nanospheres with excellent dispersivity, which prevented
the particles from agglutination, a common problem that
occurs when using small nanoparticles as biological labels
(Santra et al. 2001a). This CdTe QD-coated SiNPs could be
further conjugated with antibody, e.g., anti-α-fetoprotein
(AFP) (Chen et al. 2009a), anti-Epstein-Barr virus-derived
latent membrane protein 1 (Chen et al. 2010b), and goat
anti-rabbit IgG (Qian et al. 2011), to form nanoprobes (Si/
QD/Ab2). The detection of AFP was performed through
a sandwich electrochemical immunoassay using Si/QD/
Ab2 as labels and AFP antibody-modified Fe3O4 magnetic
beads as antigen accumulator. Enhanced sensitivity can
be achieved based on an increase in CdTe QDs loading per
sandwiched immunoreaction. When the hybrid Si/QD/Ab2
nanoprobes were attached onto the gold electrode surface
through a subsequent ‟sandwich” immunoreaction, the
signal amplification from the high loading of CdTe QDs,
the 6.6- and 5.9-fold enhancements in electrochemiluminescent (ECL), and the square-wave voltammetric (SWV)

signals for IgG detection were achieved compared to the
unamplified method. The detection limits for IgG were 1.3
and 0.6 pg/ml for ECL and SWV measurements, respectively (Qian et al. 2010a). Chen and coworkers developed
a new ECL biosensor for the detection of the transcription
factor TATA-binding protein (TBP) by integration of the
advantages of K-doped graphene and the amplified signal
from CdS QD-coated SiNPs (SiO2@CdS). In their work,
the SiO2@CdS nanocomposites were further modified
with ssDNA1, which hybridized with the biotin-modified
ssDNA2 to form the DNA duplex that contains the TATA
box. Then, the SiO2@CdS/DNA composites were anchored
on the modified GCE via the affinity recognition between
biotin and streptavidin, which was previously attached
onto the K-doped graphene through the electrostatic
adsorption of poly(diallyldimethylammonium chloride)
(PDDA). The binding of TBP to the TATA box in genomic
sequences resulted in the quenching of SiO2@CdS, which
make it possible to detect TBP in the range from 0.2 to 100
nm (Wang et al. 2012).
By coating the different kinds of QDs and proteins on
SiNPs, the simultaneous detection of multianalytes could
be easily realized. As an example, anti-IgG and anti-CEA
was covalently bound to CdSe QDs and PbS QDs on SiNPs,
respectively. After a typical sandwich immunoassay, both
of the attached QDs could be simultaneously monitored
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by SWV. Under selected conditions, IgG and CEA could be
assayed in the range of 0.05–40 ng/ml and 0.05–25 ng/ml,
respectively (Qian et al. 2011).
SiNPs were also employed as carriers for surfaceinitiated atom transfer radical polymerization of glycidyl methacrylate, which is a readily available functional
monomer possessing easily transformable epoxy groups
for subsequent CdTe QDs binding through ring-open reaction. As a result, increased CdTe QDs was loaded on the
SiNPs, which was used to label human anti-rabbit TNFalpha antibody. By using ECL and SWV measurements,
enhanced sensitivity could be achieved by an increase
in CdTe QD loading per immunoassay event (Figure 2).
Increases of 10.0- and 5.5-fold in detection signals, respectively, were obtained in comparison with the unamplified
method (Yuan et al. 2011).

Enzyme loaded SiNPs for signal amplification
The enzyme-functionalized silica materials have been
widely used as the label to amplify the detection signals of
biomolecules (Cui et al. 2008, Piao et al. 2009, Nozawa et
al. 2010, Liu et al. 2011a, Wu et al. 2011c). Enhanced detection sensitivity was achieved by increasing the enzyme
loading toward each recognition event. HRP is one of

the important enzymes that are loaded on the SiNPs to
amplify electrochemical or chemiluminescence signals
(Wu et al. 2009, Chen et al. 2011). In 2009, we reported a
sensing strategy by using HRP-functionalized SiNPs as
the label. The enzyme-functionalized SiNPs were fabricated by coimmobilization of HRP and anti-AFP onto the
surface of the SiNPs using 3-glycidoxypropyltrimethoxysilane (GPMS) as the linkage, which was used to detect
AFP based on sandwich immunoassay. Enhanced detection sensitivity was achieved due to the large surface area
of the SiNP carriers’ increased amount of HRP bound per
sandwiched immunoreaction. The electrochemical and
chemiluminescence measurements showed 29.5- and
61-fold increases in the detection signals, respectively, in
comparison with the traditional sandwich immunoassay
(Wu et al. 2009).
Following this work, Ju and coworkers used SiNPs as
carriers to coimmobilization of glucose oxidase and signal
antibodies for multiplexed electrochemical detection of
tumor markers. In their work, a disposable immunosensor
was prepared by immobilizing capture antibodies on gold
nanoparticles, which were assembled on carbon nanotube-chitosan-modified screen-printed carbon electrodes.
With a sandwich-type immunoassay format, they could
simultaneously detect electrochemically CEA and AFP
in wide linear ranges with the detection limits of 3.2 and

Figure 2 (A) Schematic representation of the preparation of the Si/PGMA/QD/Ab2 label. (B) Schematic representation of the sandwich
immunoassay with Si/PGMA/QD/Ab2 as the label. (Reproduced with permission from Yuan et al. 2011.)
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4.0 pg/ml, respectively (Wu et al. 2011b). The enhanced
sensitivity was due to the enzymatic signal amplification with ferrocene carboxylic acid as an electron transfer
mediator and the accelerated electron transfer by carbon
nanotubes.

Other probes loaded SiNPs
In addition to QDs and enzymes, other probes such as
luminophore and electroactive species, are also loaded
on the SiNPs to amplify the detection signals (Chen et al.
2009c, Zhen et al. 2010, Zhong et al. 2010, Gan et al. 2011,
Lu et al. 2012). Wang and coworkers developed a sensitive and specific electrochemical assay for the detection
of thrombin based on aptamer and ferrocenylhexanethiol
functionalized silica nanocapsule amplification strategy.
In their protocol, the biotin-modified aptamer was assembled to a streptavidin-coated magnetic bead for rapid
and specific separation of target protein, while aptamerlabeled ferrocenylhexanethiol-coated SiNPs were used for
electrochemical detection. After the formation of a double
aptamer sandwich structure, the sandwich complex was
separated under a magnetic field, treated with NaOH to
release the loaded ferrocenylhexanethiol from the SiNPs,
and detected with differential pulse voltammetry, which
was related to the concentration of the thrombin. The
method possessed advantages such as the increased
specificity by sandwich binding of two affinity aptamers;
signal amplification through increasing the payload of ferrocenylhexanethiol on SiNPs; and the fast magnetic separation by using magnetic beads. With this approach, they
could monitor the thrombin concentration in the range of
0.1–5 nmol/l with the detection limit of 0.06 nmol/l (Wang
et al. 2011a).
Europium chelate-loaded SiNPs were used to loaded
antibodies covalently with dextran as a linker. The resulting conjugates were used as labels in lateral flow immunoassay (LFIA) for the detection of hepatitis B surface
antigen. A detection limit of 0.03 μg/l was achieved,
which was 100 times lower than the colloidal gold-based
LFIA and lower than ELISA (Xia et al. 2009).
Very recently, Chen and Xu reported an ultrasensitive
wireless ECL protocol for the detection of the nucleic acid
target in tumor cells on an ITO bipolar electrode (BPE) in
a poly(dimethylsiloxane) microchannel. The approach
is based on the modification of the anodic pole of the
BPE with antisense DNA as the recognition element, the
Rubpy-conjugated SiNPs (RuSi@Rubpy) as the signal
amplification tag, and the reporter DNA as a reference
standard. It employs the hybridization-induced changes
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of RuSi@Rubpy efficiency for the specific detection of the
reporter DNA released from tumor cells. The wireless ECL
biosensor exhibited excellent ECL signals, which showed
a good linear range over 2 × 10-16 M to 1 × 10-11 M toward the
reporter DNA detection and could accurately quantify
c-Myc mRNA copy numbers in living cells, which provides
a great prospective in a miniaturized device and may facilitate the achievement of point of care testing (Wu et al.,
2012a).
Gold nanoparticles have been widely utilized in the
assay of various biological events because of their unique
properties, such as plasmonic absorbance that is dependent on their size, versatile electrical properties, and biocompatibility. Thus, they are usually loaded on SiNPs for
signal amplification. Chen developed athionine-coated
SiNP signal tags for the detection of thrombin. To improve
the affinity toward the aminated aptamers and avoid the
leakage of thionine molecules from the pores, a hierarchical dendritic gold microstructure by in situ reduction
of [AuCl4]- ions was constructed on the thionine-modified
SiNPs. The formed gold/thionine/SiNPs were further
labeled with the aminated aptamers, which was used as
the signal tags in a sandwich-type assay mode in the presence of thrombin. With this approach, they could detect
thrombin in a linear range from 0.03 pM to 18 nm, showing
very high sensitivity (Tang et al. 2012). Park fabricated the
fluorescent dye-doped SiNPs by mixing fluorescein isothiocyanate (FITC) and aminopropyltriethoxysilane, followed by their incorporation into tetraethoxysilane. Gold
nanoparticle seeds grew on the SiNP surface through the
in situ reduction of AuCl4-1 ions. The fluorescence intensity of the prepared probes was gradually decreased with
increasing concentrations of reducing agents such as H2O2
or hydroquinone. It was demonstrated that the presence
of H2O2 or hydroquinone induced the growth of gold nanoparticles on multilayer stacked, fluorescent-doped SiNPs
and the decreasing size of the gold nanoparticles increased
the high fluorescence quenching of the fluorescent-doped
SiNPs probes. With enzyme-mediated gold nanoparticle
enlargement on the FITC-doped SiNPs, this approach
could be used to detect glucose, acetylthiocholine, and
paraoxon with high sensitivity (Lim et al. 2011).
SiNPs were also used as a carrier to load the donor
and/or acceptor to fabricate the fluorescence resonance
energy transfer (FRET) system, which could be used to
detect biomolecules with high sensitivity and selectivity. Saleh et al. (2010) covalently attached fluorophores
to the amino-modified surface of the SiNPs. The surface
of the fluorescent SiNPs was biotinylated, and there was
binding of the labeled avidin to the surface. The binding
of biotin to avidin can be followed by FRET spectroscopy
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if one fluorophore is covalently linked to SiNPs. The fluorescein-labeled avidin (the donor) and rhodamine-labeled
biotinylated SiNP (the acceptor) system exhibits good
FRET efficiency, with an up to 6.8-fold increase in acceptor luminescence intensity. The FRET from rhodaminelabeled biotinylated SiNPs to dye UR-800-labeled avidin
also is efficient, with an up to 7.3-fold increase in acceptor
luminescence intensity. The SiNPs are intended for use in
the novel kinds of FRET-based affinity assays at the interface between the nanoparticle and the sample solution.
Recently, a multilayered silica structure, with a nitrobenzoxadiazolyl derivative covalently confined into a thin layer
in the particles as the donor and a spirolactam rhodamine
derivative covalently linked onto the particle surface as the
Hg2+ probe, was designed for Hg2+ detection in water. The
presence of Hg2+ could trigger an efficient ring-opening
reaction of the spirolactam rhodamine, which led to the
occurrence of the FRET and produced two well-resolved
and comparable fluorescence peaks for the accurate determination of Hg2+ concentrations. This architecture ensures
the control over the location of both donor and acceptor
and their separation distance within nanoparticles, affording a higher energy transfer efficiency (Liu et al. 2011b).
Two differently sized CdTe QDs emitting red and
green fluorescences, respectively, have been hybridized by
embedding the red-emitting one in SiNPs and covalently
linking the green-emitting one to the silica surface, respectively, to form dual-emissive fluorescent hybrid nanoparticles. The fluorescence of red QDs in the SiNPs stays
constant, whereas the green QDs functionalized with polyamine can selectively bind TNT by the formation of Meisenheimer complex, leading to the green fluorescence quenching due to FRET. The variations of the two fluorescence
intensity ratios display continuous color changes from
yellow-green to red upon exposure to different amounts of
TNT. By immobilization of the probes on a piece of filter
paper, a fingerprint lifting technique has been innovated
to visualize trace TNT particulates on various surfaces by
the appearance of a different color against a yellow-green
background under a UV lamp. This method shows high
selectivity and sensitivity with a detection limit as low as
5 ng/mm2 on a manila envelope and the attribute of being
seen with the naked eye (Zhang et al. 2011c).

Methods to encapsulate signal
molecules into the shell of SiNPs
In recent years, a number of signal amplification methods
have been developed by encapsulating probe molecules,

such as organic dye and inorganic nanoparticles, into the
silica shell. At the same time, the silane coupling methods
for the modification of the SiNPs’ surfaces to make them
vitreophilic by using silane coupling reagent as primer,
such as APTS and APTMOS, were extensively investigated
(Shi and Asefa 2007). These methods are pushing the
envelope for possible detection of protein biomarkers with
high sensitivity.

Rubpy encapsulated SiNPs (Ru@SiO2)
Rubpy metallorganic luminophores are popular optical
and electrochemical tags in bioassay due to its high
optical stability and good electrochemical signal transduction. By doping the luminophore Rubpy in the silica
matrix (Ru@SiO2), the possibility of carrying out surface
modifications of Ru@SiO2 to incorporate biomolecules
make it attractive for use in various applications. In addition, Ru@SiO2 contains a large number of Rubpy in the
silica matrix, which produce amplified fluorescence or
ECL signals. Since Tan (Santra et al. 2001a) encapsulated
Rubpy into the silica shell in 2001, the application of Ru@
SiO2 has been explored extensively by Dong (Zhang and
Dong 2006a,b, Zhang et al. 2007), Yang (Qian and Yang
2007), and Rosenzweig (Rossi et al. 2005). Until now, their
synthetic methods and applications are still being extensively studied (Zanarini et al. 2009b, Ren et al. 2009).
Ru@SiO2 was normally synthesized by an improved
one-pot water-in-oil (W/O) microemulsion method. Water
droplets containing Rubpy stabilized with surfactant molecules maintain high monodispersion and uniformity in
size in bulk oil. Hydrolysis of TEOS on the surface of the
water droplets results in the encapsulation of Rubpy in the
silica network to form Ru@SiO2 (Zhang and Dong 2006a,b,
Qian and Yang 2007, Qian et al. 2010b). The resulting Ru@
SiO2 has a porous structure with an average pore diameter
of ~2.27 nm determined by nitrogen adsorption-desorption
isotherm measurement at 77 K. This porous structure led
the small moleculars, e.g., C2O42-, TPA and so on, to diffuse
through the pores of the silica shell to freely exchange
electrons with entrapped Rubpy. It has also been demonstrated that entrapped Rubpy is stable and did not leak
out from the porous silica shell, probably due to the presence of strong electrostatic interaction between Rubpy and
silica. Moreover, the surface of Ru@SiO2 could be chemically modified for the immobilization of biomolecules,
which were extensively used in various biological analysis
(Hun and Zhang 2007, Qian et al. 2010b, Zhang et al. 2012).
Rusling described an immunosensor combining
single-wall carbon nanotube (SWCNT) forests with Ru@
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SiO2-secondary antibody nanoparticles (Ru@SiO2-Ab2) for
the detection of the cancer biomarker prostate-specific
antigen (PSA) (Sardesai et al. 2009). The SWCNT forests
feature self-assembled 20–30 nm long terminally carboxylated SWCNT standing in upright bundles on a thin Nafioniron oxide layer on a pyrolytic graphite surface, which
provide a large conductive, functionalized surface area
for the attachment of capture antibodies in immunoassays. The as-prepared SWCNT immunosensors were
used to determine PSA in two cell lysates and two human
serum samples and showed a very good correlation with
ELISA. Following this work, they fabricated a novel ECL
immunosensor array by forming the wells, where the
capture-antibody-decorated SWCNT forests resided in
the bottoms of the hydrophobic polymer walls, on a conductive pyrolytic graphite chip with a single connection
to a potentiostat to achieve ECL (Figure 3). In a sandwich
immunoassay mode, the Ru@SiO2-Ab2 was introduced to
the microwells, and ECL was measured with a CCD camera.
Separation of the analytical spots by the hydrophobic wall
barriers enabled simultaneous immunoassays for two
proteins in a single sample without cross-contamination.
The detection limit for PSA and IL-6 were 1 pg/ml and
0.25 pg/ml in serum (Sardesai et al. 2011).
Human antiphosphatidyl serine antibody (APSA)conjugated Ru@SiO2 was used as a probe to quantitate
apoptotic cell numbers. The APSA-Ru@SiO2 was introduced to the surface of the apoptosis cells through the
specific interaction between APSA and phosphatidylserine that were distributed on the outer membrane of the
apoptotic cells (Figure 4). On the basis of the signal amplification of the APSA-Ru@SiO2 nanoprobe, the cytosensor
could respond to as low as 800 cells/ml, showing very
high sensitivity (Wu et al. 2012b). The proposed cytosensor was also used for screening anticancer drugs, evaluating the dose- and time-dependent effect of different
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anticancer drugs on the cells, testing the cell heterogeneity, monitoring the dynamic behavior of phosphatidylserine (PS) redistribution from the inner plasma membrane
at the single cell level. Using a similar method, it also was
used to amplify signals for the assay of tumor cells (Yu
et al. 2011b), Escherichia coli O157:H7 (He et al. 2011). By
being conjugated with Zn(II)-di-2-picolylamine complex
[pbZn(II)-DPA], Ru@SiO2 was also used to recognize apoptotic cells by using fluorescent imaging (Bae et al. 2010b).
Ru@SiO2 coupled with particular sequences of oligonucleotides is also be extensively used as a probe to detect
DNA or miroRNA (Bae et al. 2010a, Zhang et al. 2010b, Sun
et al. 2011b). Jiang synthesized a molecular imaging agent
composed of Ru@SiO2 as cores and thin silver layers as
shells to detect single microRNA molecules in the cells positive to lung cancer. These metal nanoparticles displayed
enhanced emission intensity, long lifetime, and extended
photostability compared with the silica nanospheres in the
absence of metal. The single-stranded probe oligonucleotides were covalently bound on the metal nanoparticles to
hybridize with the target miRNA-486 molecules. The conjugated metal NPs were isolated distinctly from the cellular
autofluorescence on the cell images due to its stronger emission intensity and longer lifetime. The results may reflect a
genomic signal change and provide a reference to the early
diagnosis of lung cancer as well as other diseases (Zhang
et al. 2010b). Ru@SiO2 coated with complementary DNA
can be simply and conveniently self-assembled to build
sandwich-type dendritic architectures on a gold grid. Compared to normal amplification, this dendritic amplification
allowed a fivefold enhancement of the ECL signals. As low
as 1 fM of a 22-bp-long target DNA was clearly detected. The
linear range was from10 fM to 10 pM (Bae et al. 2011). Ru@
SiO2 can also be used as a probe to detect small molecules
such as cocaine (Cai et al. 2011a), methamphetamine (Cai
et al. 2010), and adenosine (Chen et al. 2010a).

Figure 3 Carbon nanotube microwell array for sensitive electrochemiluminescent detection of cancer biomarker proteins. (Reproduced
with permission from Sardesai et al. 2011.)
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Figure 4 Schematic for the preparation of cytosensor. (Reproduced with permission from Wu et al. 2012b.)

QDs encapsulated SiNPs
A series of QD-encapsulated SiNPs have been obtained
including CdTe@SiO2 (Jing et al. 2010), CdSe/CdxZn(1-x)
S@SiO2 (Yang et al. 2011), ZnS:Mn@SiO2 (Dong et al. 2009),
etc. The work focused on preparing the silica-coated QDs
with tunable size and optical property, to increase their
quantum yield by optimizing the synthesize method, to
modify their surface for specific conjugate with a biomolecule. The silica-coated QDs nanoparticles were normally
prepared by a reverse microemulsion method (Darbandi et
al. 2005, Sun et al. 2009, Gorelikov et al. 2011, Zhang et al.
2011c). The resulting silica-coated QDs not only increased
the fluorescence quantum yield of QDs (47%) but also
gave rise to the high retention of fluorescence throughout the silica coating, e.g., the multicore/shell-structured
CdTe@SiO2 displayed a desirable brightness fluorescence
(Jing et al. 2010). Yan fabricated the SiO2-S-Mn-ZnS QDs by
enriching S2- with a silica shell on the surface of Mn-doped
ZnS QDs via a sol-gel process for imaging intracellular
Zn2+ ions. The fluorescent of the QDs was quenched by
S2-, which was recovered by Zn2+ in the linear range from
0.3 to 15.0 M, with the low detection limit of 80 nm Zn2+.
The SiO2-S-Mn-ZnS QDs probe gives good biocompatibility
and selectivity, enhanced cell endocytosis, and negligible cytotoxicity, being a promising fluorescent probe for
imaging intracellular Zn2+ (Ren et al. 2011). A multilayer
of silica with embedded different color QDs following the
same procedure, called QD-“Onion” was prepared. The
greater silica layer thickness or higher number of silica
layers offered the greater protection to QDs. The ratio of
PL intensity from two populations of QDs has been shown
to correspond to the pH value in the media, making it a
potential ratiometric pH sensor. This method has a good

potential to develop a wide range of sensors by varying
the functional QDs and other components either embedded or on the silica surface (Serrano et al. 2011).
The silica shell was easily conjugated with biomolecules, which led to the as-prepared QDs@SiO2 widely used
in bioassays. When AFP was used as a model analyte, the
fluorescent test strips were at least 10 times more sensitive
than conventional gold-based test strips (Bai et al. 2012).
A FRET system was fabricated by using ca. 200 CdTe QDencapsulated SiNPs (average of 40 nm in diameter) as ECL
quenching labels and CdS:Mn nanocrystals as excellent
ECL emitter. Thrombin could be detected in the range of
5.0 aM–5.0 fM with a detection limit of 1 aM (Shan et al.
2011). The FRET system was also constructed for DNA
detection by combining the CdSe@SiO2 and molecular
beacon (MB). In the absence of target DNA, the distance
between CdSe@SiO2 and MB was less than 10 nm, which
made the efficient energy transfer occurred and led to
quench the fluorescence from the QD. Once the complementary target DNA binds to the MB, the fluorescence
from the QD was restored, which was capable of rapidly
detecting the target DNA at 0.1 nm concentration within
15 min (Wu et al. 2011a).

Other luminophore encapsulated SiNPs
Fluorescent dye molecules were introduced into the SiNPs
to form FSiNPs, which possess some key advantages
over conventional organic dyes (Zanarini et al. 2009a,
Fedorenko et al. 2010, Melucci et al. 2010, Lim et al.
2011, Rampazzo et al. 2011, Lee et al. 2012). The integration of FSiNPs with functional molecules using various
surface modification techniques can bring about great
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improvements in bioapplications such as selective recognition, sensitive imaging, and reporting. Most importantly, they have a much stronger optical signal than a
single-dye molecule (Herr et al. 2006, Smith et al. 2007,
Ha et al. 2009). In addition, FSiNPs exhibit excellent photochemical, thermal, and pH stabilities, good biocompatibility, and high solubility (Ha et al. 2009, Zanarini et al.
2009a, Liu et al. 2010, Wang et al. 2010, 2011b, Cai et al.
2011b). The high intensity and excellent optical stability
of FSiNPs facilitate ultrasensitive analyte determination
and the monitoring of rare biological events that are otherwise undetectable using existing fluorescence labeling
techniques (Gao et al. 2011, Bae et al. 2012).
Tang fabricated four types of FSiNPs by one-pot,
two-step Stöber and reverse microemulsion techniques.
In their work, the luminophore was first synthesized by
click reactions to conjugate tetraphenylethene and silolefunctionalized siloxanes. Then, the sol-gel reactions of
the as-prepared luminophore string along with tetraethoxysilane furnished FSiNPs with core-shell structures,
uniform sizes, and smooth surfaces. The sizes of the
FSiNPs are tunable by varying the fabrication method.
All the FSiNPs give strong blue and green light at 474 and
486 nm in high fluorescence quantum yields. The FSiNPs
could be easily conjugated with biomolecules for specific
cancer cell labeling, which has been used as fluorescent
visualizers for intracellular imaging of HeLa cells (Mahtab
et al. 2011). Chung et al. prepared a photoluminescent
fullerene-encapsulated SiNP with a homogeneous diameter of about 60 nm via a reverse microemulsion method.
A single fullerene-encapsulated FSiNPs is estimated to be
2.1 × 104, 400 and 10 times brighter than a single fullerene,
QS dye, and Alexa Fluor 488 dye molecule, respectively.
These particles showed excellent properties for bioimaging applications, such as high luminescence, easy penetration into live cells, remarkable photostability, and
nontoxicity to cells (Jeong et al. 2009).
Wang and coworkers prepared a novel biocompatible and long-life lysosome label by entrapping of 5-carboxytetramethylrhodamine in SiNPs. By comparison
with two conventionally used lysosome markers, Alexa
488-dextran and LysoTracker Green, the resulting FSiNPs
possessed long time stability, in which the fluorescence
of the prepared SiNPs could be detected over a 5-day
postrecultivation period and the staining pattern in lysosomes could be well retained after cell fixation and permeabilization (Shi et al. 2010). Tetraphenylethylene were
also encapsulated into the SiNPs and used as signal
amplification probes to detect acetylcholinesterase with
high sensitivity (Shen et al. 2012). Tan employed three
dye-encapsulated SiNPs, such as FAM@NPs, FAM-R6G@
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NPs, and FAM-R6G-ROX@NPs, to conjugate with aptamers for multiplexed monitoring of cancer cells based on
FRET. By changing the doping ratio of the dyes trapped
inside the nanoparticles, a variety of fluorescent emission
spectra can be easily obtained and, more importantly, can
be detected under the same excitation wavelength, simplifying the requirements of excitation source to a singlewavelength laser. Compared with single dyes, this fact,
together with the higher signal amplification provided
by the FSiNPs, clearly offers attractive advantages when
sensitive simultaneous detection of multiple target cells is
needed (Chen et al. 2009b).
Multicolor dye-encapsulated luminescent SiNPs,
which can be excited by a single wavelength, are more
attractive, as they can follow more than one biological event simultaneously (Liu et al. 2010, Murray et al.
2010). Hanley reported a multiple target immunoassay by
using luminescent samarium (Sm)- and europium (Eu)doped SiNPs as label (Murray et al. 2010). In solution,
the luminescent-doped nanoparticles exhibited a linear
mixing behavior, while the conventional fluorescent dyes
required careful control to the solution conditions, particularly pH. As all lanthanide-encapsulated nanoparticles
can be excited at a single wavelength, and the emission
peaks are sufficiently narrow to prevent overlap when
imaging mixtures, Sm- and Eu-encapsulated SiNPs were
investigated for use in multiple target immunoassays.
Various dyes and magnetic nanoparticles were coencapsulated into the silica shell to prepare bifunctional
NPs, which possess the signal amplification because of
the large amount of encapsulated dyes and the magnetic
property from Fe3O4 (Zhang et al. 2010a, Sun et al. 2011a,
Tan et al. 2011, Yu et al. 2011a,c). These diverse nanoprobes allow the development of biomedical platforms
for simultaneous imaging, diagnosis, and therapy. Antibody- and ligand-modified bifunctional nanoparticles can
efficiently capture and detect lung cancer cells (Ma et al.
2010), IgG (Zhang et al. 2011a), and U251-MG glioma cells
(Wan et al. 2010). However, it is challenging to fabricate
fluorescent magnetic nanoprobes with high photostability, high payloads of dyes, and desirable outer surface for
further modifications with functional or target molecules.

Conclusions
We summarized the use of SiNPs as a carrier of QDs, dyes,
and enzymes and their application for signal amplification in biological analysis. These tailored SiNPs possessed
much desirable physical and chemical properties, which
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allowed them to be utilized for quantitative analysis of the
biological specimens. In addition, SiNPs pave the way for
conjugating the biomolecule recognition events with signal
amplification and optical-encoded spectroscopic labels.
Thus, high selectivity and sensitivity for the detection of
small molecules, disease markers, and cells were achieved.
This is not a comprehensive review and only summarizes a fraction of research activities that exploit SiNPs
for signal amplification in bioanalytical chemistry. Given
that SiNPs possess good monodispersion and are nontoxic, are highly water soluble and suitable for many biomolecule conjugations, and they are good candidates to
load or encapsulate more types of signal probes or other
functional molecules. Combined with other nanoparticles
such as colloidal gold and multiwalled carbon nanotubes,
which possess many good properties, the composite SiNPs
are expected to play a more important role in signal amplification (Gopalan et al. 2009, Li et al. 2011).
Although a variety of in vitro bioapplications have
been demonstrated, the in vivo implementation of SiNPs in
the biomedical and pharmaceutical fields requires further
development. In order to move the SiNPs from the laboratory to the clinic as excellent diagnostic and theranostic
agents, great efforts will be made to develop new types of
SiNPs. Up-conversion SiNPs can convert a longer wavelength radiation to a shorter wavelength fluorescence via
a two-photon or multiphoton mechanism, which enable
spectral discrimination against background fluorescence
often associated with down-conversion fluorescence in
chemical biology, leading to excellent detection sensitivity. In comparison to down-conversion materials, they
also possess low toxicity, high fluorescence quantum
yields, superior chemical stability and photostability, and
high penetration depth, which make them more suitable
for use in in vivo analysis. For example, the near-infrared
(NIR)-emitting rare earth metals are of particular interest
because biological tissues are transparent in this spectral

range. Thus, more near-infrared-to-visible up-conversion
SiNPs is expected to contribute in specific targeting, cell
sorting, and bioimaging (Lai et al. 2009, Fedorenko et al.
2010, Gorelikov et al. 2011, Yu et al. 2011a).
The development of multifunctional SiNPs, in which
different functionalities are combined into a single object,
has attracted a significant amount of research interest
in recent years. Bifunctional SiNPs with fluorescent and
magnetic functionalities, in particular, are currently under
intensive investigation because they are able to perform
different tasks simultaneously (Tan et al. 2011, Yu et al.
2011a). The magnetic particles such as iron oxide (γ-Fe2O3
or Fe3O4), one of the most important encapsulated magnetic materials, has been considered as an ideal candidate for biological applications such as drug delivery, cell
separation, stem cell labeling, and magnetic resonance
imaging (MRI), due to their special magnetic properties
and good biocompatibility (Yu et al. 2011a). The fluorescence signal from dyes or QDs allows for the improvement in the spatial resolution during surgery, which could
facilitate the removal of all tumor cells and thus minimize damage to the surrounding healthy tissues (Tan et
al. 2011). In brief, bifunctional SiNPs have a wide range of
potential applications in biomedical fields, such as cellular imaging, diagnostic, bioseparation, and therapeutics
and would be paid more and more attention in the future.
Acknowledgements: The project is supported by the Key
Program (21035002) from the National Natural Science
Foundation of China, the National Basic Research
Program of China (No. 2010CB732400), National Natural
Science Foundation of China (Grant Nos. 21175021) and the
Key Program (BK2010059) from the Natural Science Foundation of Jiangsu province.
Received June 8, 2012; accepted July 4, 2012; previously published
online September 1, 2012

References
Bae, S. W.; Cho, M. S.; Hur, S. S.; Chae, C. B.; Chung, D. S.; Yeo, W.
S.; Hong, J. I. A doubly signal-amplified DNA detection method
based on pre-complexed Ru(bpy)2+
-doped silica nanoparticles.
3
Chem. Eur. J. 2010a, 16, 11572–11575.
Bae, S. W.; Cho, M. S.; Jeong, A. R.; Choi, B. R.; Kim, D. E.; Yeo, W. S.;
Hong, J. I. Apoptotic cell imaging using phosphatidylserinespecific receptor-conjugated Ru(bpy)2+
-doped silica
3
nanoparticles. Small 2010b, 6, 1499–1503.
Bae, S. W.; Oh, J. W.; Shin, I. S.; Cho, M. S.; Kim, Y. R.; Kim, H.;
Hong, J. I. Highly sensitive detection of DNA by electro-

generated chemiluminescence amplification using dendritic
Ru(bpy)2+
-doped silica nanoparticles. Analyst 2011, 135,
3
603–607.
Bae, S. W.; Tan, W. H.; Hong, J. Fluorescent dye-doped silica
nanoparticles: new tools for bioapplications. Chem. Commun.
2012, 48, 2270–2282.
Bai, Y. L.; Tian, C. Y.; Wei, X. L.; Wang, Y. F.; Wang, D. P.; Shi, X. M. A
sensitive lateral flow test strip based on silica nanoparticle/
CdTe quantum dot composite reporter probes. RSC Adv. 2012,
2, 1778–1781.

W. Wei et al.: Silica nanoparticles as a carrier for signal amplification

Bruchez, M.; Moronne, M.; Gin, P.; Weiss, S.; Alivisatos, A. P.
Semiconductor nanocrystals as fluorescent biological labels.
Science 1998, 281, 2013–2016.
Cai, Z.; Lin, Z.; Chen, X.; Jia, T.; Yu, P.; Chen, X. Electrochemiluminescence detection of methamphetamine based on a
Ru(bpy)2+
-doped silica nanoparticles/Nafion composite film
3
modified electrode. Luminescence 2010, 25, 367–372.
Cai, Q. H.; Chen, L. F.; Luo, F.; Bin, Q.; Lin, Z. Y.; Chen, G. N.
Determination of cocaine on banknotes through an aptamerbased electrochemiluminescence biosensor. Anal. Bioanal.
Chem. 2011a, 400, 289–294.
Cai, Z. W.; Ye, Z. M.; Yang, X. W.; Chang, Y. L.; Wang, H. F.; Liu, Y. F.;
Cao, A. N. Encapsulated enhanced green fluorescence protein
in silica nanoparticle for cellular imaging. Nanoscale 2011b, 3,
1974–1976.
Cao, X. D.; Ye, Y. K.; Liu, S. Q. Gold nanoparticle-based signal
amplification for biosensing. Anal. Biochem. 2011, 417, 1–16.
Chan, W. C. W.; Nie, S. M. Quantum dot bioconjugates for
ultrasensitive nonisotopic detection. Science 1998, 281,
2016–2018.
Chen, L. Y.; Cheng, L. C.; Ruina, L.; Ying, L.; Liu, S. Q. CdTe quantum
dot functionalized silica nanosphere labels for ultrasensitive
detection of biomarker. Chem. Commun. 2009a, 2670–2672.
Chen, X. L.; Estevez, M. C.; Zhu, Z.; Huang, Y. F.; Chen, Y.; Wang, L.;
Tan, W. H. Using aptamer-conjugated fluorescence resonance
energy transfer nanoparticles for multiplexed cancer cell
monitoring. Anal. Chem. 2009b, 81, 7009–7014.
Chen, A.; Kozak, D.; Battersby, B. J.; Forrest, R. M.; Scholler, N.;
Urban, N.; Trau, Matt. Antifouling surface layers for improved
signal-to-noise of particle-based immunoassays. Langmuir
2009c, 25, 13510–13515.
Chen, L. F.; Cai, Q. H.; Luo, F.; Chen, X. A.; Zhu, X.; Qiu, B.; Lin, Z.
Y.; Chen, G. N. A sensitive aptasensor for adenosine based on
-doped silica nanoparticle ECL by
the quenching of Ru(bpy)2+
3
ferrocene. Chem. Commun. 2010a, 46, 7751–7753.
Chen, L. Y.; Qi, Z. J.; Chen, J.; Li, Y.; Liu, S. Q. Sensitive detection of
Epstein–Barr virus-derived latent membrane protein 1 based
on CdTe quantum dots-capped silica nanoparticle labels. Clin.
Chim. Acta 2010b, 411, 1969–1975.
Chen, L. L.; Zhang, Z. J.; Zhang, P.; Zhang, X. M.; Fu, A. H. An
ultra-sensitive chemiluminescence immunosensor of carcinoembryonic antigen using HRP-functionalized mesoporous silica
nanoparticles as labels. Sens. Actuators, B 2011, 155, 557–561.
Cui, R.; Huang, H.; Yin, Z.; Gao, D.; Zhu, J. J. Horseradish peroxidasefunctionalized gold nanoparticle label for amplified
immunoanalysis based on gold nanoparticles/carbon
nanotubes hybrids modified biosensor. Biosens. Bioelectron.
2008, 23, 1666–1673.
Darbandi, M.; Thomann, R.; Nann, T. Single quantum dots in silica
spheres by microemulsion synthesis. Chem. Mater. 2005, 17,
5720–5725.
Dong, B. H.; Cao, L. X.; Su, G.; Liu, W.; Qu, H.; Jiang, D. X. Synthesis
and characterization of the water-soluble silica-coated ZnS:Mn
nanoparticles as fluorescent sensor for Cu2+ ions. J. Colloid
Interface Sci. 2009, 339, 78–82.
Dubertret, B.; Skourides, P.; Norris, D. J.; Noireaux, V.; Brivanlou, A.
H.; Libchaber, A. In vivo imaging of quantum dots encapsulated
in phospholipid micelles. Science 2002, 298, 1759–1762.
Fedorenko, S. V.; Bochkova, O. D.; Mustafina, A. R.; Burilov, V. A.;
Kadirov, M. K.; Holin, C. V.; Nizameev, I. R.; Skripacheva, V.

173

V.; Menshikova, A. Y.; Antipin, I. S.; Konovalov, A. I. Ultrafast
dynamics in helium nanodroplets probed by femtosecond
time-resolved EUV photoelectron imaging. J. Phys. Chem. C
2010, 114, 6350–6355.
Gan, N.; Hou, J. G.; Hu, F. T.; Cao, Y. T.; Li, T. H.; Guo, Z. Y.; Wang,
J. A renewable and ultrasensitive electrochemiluminescence
immunosenor based on magnetic RuL@SiO2-Au~RuL-Ab2
sandwich-type nano-immunocomplexes. Sensors 2011, 11,
7749–7762.
Gao, F.; Cui, P.; Chen, X. X.; Ye, Q. Q.; Li, M. G.; Wang, L. A DNA
hybridization detection based on fluorescence resonance
energy transfer between dye-doped core-shell silica
nanoparticles and gold nanoparticles. Analyst 2011, 136,
3973–3980.
Gopalan, A. I.; Lee, K. P.; Ragupathy, D.; Leec, S. H.; Lee, J. W. An
electrochemical glucose biosensor exploiting a polyaniline
grafted multiwalled carbon nanotube/perfluorosulfonate
ionomer–silica nanocomposite. Biomaterials 2009, 30,
5999–6005.
Gorelikov, I.; Martin, A. L.; Seo, M.; Matsuura, N. Silica-coated
quantum dots for optical evaluation of perfluorocarbon droplet
interactions with cells. Langmuir 2011, 27, 15024–15033.
Ha, S. W.; Camalier, C. E.; Beck, G. R. J.; Lee, J. K. New method
to prepare very stable and biocompatible fluorescent silica
nanoparticles. Chem. Commun. 2009, 20, 2881–2883.
He, X. X.; Zhou, L. X.; He, D. G.; Wang, K. M.; Cao, J. Rapid and
ultrasensitive E. coli O157:H7 quantitation by combination of
ligandmagnetic nanoparticles enrichment with fluorescent
nanoparticles based two-color flow cytometry. Analyst 2011,
136, 4183–4191.
Herr, J. K.; Smith, J. E.; Medley, C. D.; Shangguan, D. H.; Tan, W. H.
Aptamer-conjugated nanoparticles for selective collection and
detection of cancer cells. Anal. Chem. 2006, 78, 2918–2924.
Hun, X.; Zhang, Z. J. Functionalized fluorescent core-shell
nanoparticles used as a fluorescent labels in fluoroimmunoassay for IL-6. Biosens. Bioelectron. 2007, 22, 2743–2748.
Jeong, J.; Cho, M.; Lim, Y. T.; Song, N. W.; Chung, B. H. Synthesis and
characterization of a photoluminescent nanoparticle based on
fullerene-silica hybridization. Angew. Chem. Int. Ed. 2009, 48,
5296–5299.
Jing, L.; Yang, C.; Qiao, R.; Niu, M.; Du, M.; Wang, D.; Gao, M.
Highly fluorescent CdTe@SiO2 particles prepared via reverse
microemulsion method Chem. Mater. 2010, 22, 420–427.
Koole, R.; van Schooneveld, M. M.; Hilhorst, J.; De Mello Donega, C.;
Hart, D. C.; van Blaaderen, A.; Vanmaekelbergh, D.; Meijerink,
A. On the incorporation mechanism of hydrophobic quantum
dots in silica spheres by a reverse microemulsion method.
Chem. Mater. 2008, 20, 2503–2512.
Lai, C. W.; Wang, Y. H.; Chen, Y. C.; Hsieh, C. C.; Uttam, B. P.; Hsiao,
J. K.; Hsu, C. C.; Chou, P. T. Homogenous, far-reaching tuning
and highly emissive QD-silica core-shell nanocomposite
synthesized via a delay photoactive procedure; their
applications in two-photon imaging of human mesenchymal
stem cells. J. Mater. Chem. 2009, 19, 8314–8319.
Lee, C. S.; Chang, H. H.; Jung, J.; Lee, N. A.; Song, N. W.; Hyun,
B. A novel fluorescent nanoparticle composed of fluorene
copolymer core and silica shell with enhanced photostability.
Colloids Surf. B 2012, 91, 219–225.
Li, Q. F.; Tang, D. P.; Tang, J. A.; Su, B. L.; Huang, J. X.; Chen, G. N.
Carbon nanotube-based symbiotic coaxial nanocables with

174

W. Wei et al.: Silica nanoparticles as a carrier for signal amplification

nanosilica and nanogold particles as labels for electrochemical
immunoassay of carcinoembryonic antigen in biological fluids.
Talanta 2011, 84, 538–546.
Lim, S. Y.; Kim, J. H.; Lee, J. S.; Ahn, J. Y.; Kim, M. G.; Park, C.
B. Multi-layered stacks of fluorescent dye-doped silica
nanoparticles decorated by gold nanoparticles for solid-phase
optical biosensing. J. Mater. Chem. 2011, 21, 17623–17626.
Liu, M.; Shi, G.; Zhang, L.; Zhao, G.; Jin, L. Electrode modified with
toluidine blue-doped silica nanoparticles, and its use for
enhanced amperometric sensing of hemoglobin. Anal. Bioanal.
Chem. 2008, 391, 1951–1959.
Liu, L.; Li, B.; Qin, R. F.; Zhao, H. F.; Ren, X. G.; Su, Z. M. Synthesis
and characterization of new bifunctional nanocomposites
possessing upconversion and oxygen-sensing properties.
Nanotechnology 2010, 21, 285701–285709.
Liu, B. Q.; Zhang, B.; Cui, Y. L.; Chen, H. F.; Gao, Z. Q.; Tang, D. P.
Multifunctional gold–silica nanostructures for ultrasensitive
electrochemical immunoassay of streptomycin residues. ACS
Appl. Mater. Interfaces 2011a, 3, 4668–4676.
Liu, B. Y.; Zeng, F.; Wu, G. F.; Wu, S. Z. A FRET-based ratiometric
sensor for mercury ions in water with multi-layered silica
nanoparticles as the scaffold. Chem. Commun. 2011b, 47,
8913–8915.
Lu, D. L.; Lei, J. Y.; Tian, Z. D.; Wang, L. Z.; Zhang, J. L. Cu2+
fluorescent sensor based on mesoporous silica nanosphere.
Dyes and Pigments 2012, 94, 239–246.
Ma, J. W.; Fan, Q. S.; Wang, L. H.; Jia, N. Q.; Gu, Z. D.; Shen, H. B.
Synthesis of magnetic and fluorescent bifunctional nanocomposites and their applications in detection of lung cancer cells
in humans. Talanta 2010, 81, 1162–1169.
Mahtab, F.; Lam, J. W. Y.; Yu, Y.; Liu, J.; Yuan, W.; Lu, P.; Tang, B. Z.
Covalent immobilization of aggregation-induced emission
luminogens in silica nanoparticles through click reaction.
Small 2011, 7, 1448–1455.
Martínez, A. G.; Pérez-Juste, J.; Liz-Marzán, L. M. Recent progress on
silica coating of nanoparticles and related nanomaterials. Adv.
Mater. 2010, 22, 1182–1195.
Melucci, M.; Zambianchi, M.; Barbarella, G.; Manet, I.; Montalti,
M.; Bonacchi, S.; Rampazzo, E.; Rambaldi, D. C.; Zattoni, A.;
Reschiglian, P. Facile tuning from blue to white emission in
silica nanoparticles doped with oligothiophene fluorophores.
J. Mater. Chem. 2010, 20, 9903–9909.
Murray, K.; Cao, Y. C.; Ali, S.; Hanley, Q. Lanthanide doped silica
nanoparticles applied to multiplexed immunoassays. Analyst
2010, 135, 2132–2138.
Nozawa, K.; Shoji, A.; Sugawara, M. Trypsin-loaded mesoporous
silica as a sensing material for amplified detection of ATP4ions. Supramol. Chem. 2010, 22, 389–395.
Piao, Y. X.; Lee, D.; Lee,.; Hyeon, T.; Kim, J.; Kim, H. S. Multiplexed
immunoassay using the stabilized enzymes in mesoporous
silica. Biosens. Bioelectron 2009, 25, 906–912.
Qian, L.; Yang, X. One-step synthesis of Ru(2,2′-Bipyridine)3Cl2immobilized silica nanoparticles for use in electrogenerated
chemiluminescence detection. Adv. Funct. Mater. 2007, 17,
1353–1358.
Qian, J.; Zhang, C. Y.; Cao, X. D.; Liu, S. Q. Versatile immunosensor
using a quantum dot coated silica nanosphere as a label for
signal amplification. Anal. Chem. 2010, 82, 6422–6429.
Qian, J.; Zhou, Z. X.; Cao, X. D.; Liu, S. Q. Electrochemiluminescence
immunosensor for ultrasensitive detection of biomarker using

-encapsulated silica nanosphere labels. Anal. Chim.
Ru(bpy)2+
3
Acta 2010b, 665, 32–38.
Qian, J.; Dai, H. C.; Pan, X. H.; Liu, S. Q. Simultaneous detection of
dual proteins using quantum dots coated silica nanoparticles
as labels. Biosens. Bioelectron. 2011, 28, 314–319.
Rampazzo, E.; Bonacchi, S.; Genovese, D.; Juris, R.; Sgarzi, M.;
Montalti, M.; Prodi, L.; Zaccheroni, N.; Tomaselli, G.; Gentile,
S.; Satriano, C.; Rizzarelli, E. A versatile strategy for signal
amplification based on core/shell silica nanoparticles. Chem.
Eur. J. 2011, 17, 13429–13432.
Ren, X. L.; Meng, X. W.; Tang, F. Q.; Zhang, L. Biosensor enhanced
by glucose oxidase biomimetic membrane containing the
platinum and silica nanoparticles. Mater. Sci. Eng. C. 2009, 29,
2234–2238.
Ren, J. J.; Tang, D. P.; Su, B. L.; Tang, J. A.; Chen, G. N. Glucose
oxidase-doped magnetic silica nanostrutures as labels
for localized signal amplification of electrochemical
immunosensors. Nanoscale 2010, 2, 1244–1249.
Ren, H. B.; Wu, B. Y.; Chen, J. T.; Yan, X. P. Silica-coated S2–-enriched
manganese-doped ZnS quantum dots as a photoluminescence
probe for imaging intracellular Zn2+ ions. Anal. Chem. 2011, 83,
8239–8244.
Rossi, L.; Shi, L.; Quina, F.; Rosenzweig, Z. Stöber synthesis of
monodispersed luminescent silica nanoparticles for bioanalytical assays. Langmuir 2005, 21, 4277–4280.
Saleh, S. M.; Muller, R.; Mader, H. S.; Duerkop, A.; Wolfbeis, O. S.
Novel multicolor fluorescently labeled silica nanoparticles for
interface fluorescence resonance energy transfer to and from
labeled avidin. Anal. Bioanal. Chem. 2010, 398, 1615–1623.
Santra, S.; Wang, K.; Tapec, R.; Tan, W. J. Development of novel
dye-doped silica nanoparticles for biomarker application.
Biomed. Opt. 2001a, 6, 160–166.
Santra, S.; Zhang, P.; Wang, K.; Tapec, R.; Tan, W. H. Conjugation of
biomolecules with luminophore-doped silica nanoparticles for
photostable biomarkers. Anal. Chem. 2001b, 73, 4988–4993.
Sardesai, N.; Pan, S.; Rusling, J. Electrochemiluminescent
immunosensor for detection of protein cancer biomarkers
using carbon nanotube forests and [Ru-(bpy)3]2+-doped silica
nanoparticles. Chem. Commun. 2009, 4968–4970.
Sardesai, N. P.; Barron, J. C.; Rusling, F. Carbon nanotube microwell
array for sensitive electrochemiluminescent detection of
cancer biomarker proteins. Anal. Chem. 2011, 83,
6698–6703.
Serrano, I. C.; Ma, Q.; Palomares, E. QD-“Onion”-Multicode silica
nanospheres with remarkable stability as pH sensors. J. Mater.
Chem. 2011, 21, 17673–17679.
Seydack, M. Nanoparticle labels in immunosensing using optical
detection methods. Biosens. Bioelectron. 2005, 20, 2454–2469.
Shan, Y.; Xu, J. J.; Chen, H. Y. Enhanced electrochemiluminescence
quenching of CdS:Mn nanocrystals by CdTe QDs-doped
silica nanoparticles for ultrasensitive detection of thrombin.
Nanoscale 2011, 3, 2916–2923.
Shen, X.; Liang, F. X.; Zhang, G. X.; Zhang, D. Q. A new continuous
fluorometric assay for acetylcholinesterase activity and
inhibitor screening with emissive core–shell silica particles
containing tetraphenylethylene fluorophore. Analyst 2012,
137, 2119–2123.
Shi, Y. L.; Asefa, T. Tailored core-shell-shell nanostructures:
sandwiching gold nanoparticles between silica cores and
tunable silica shells. Langmuir 2007, 23, 9455–9462.

W. Wei et al.: Silica nanoparticles as a carrier for signal amplification

Shi, H.; He, X. X.; Yuan, Y.; Wang, K. M.; Liu, D. Nanoparticle-based
biocompatible and long-life marker for lysosome labeling and
tracking. Anal. Chem. 2010, 82, 2213–2220.
Smith, J. E.; Medley, C. D.; Tang, Z. W.; Shangguan, D. H.; Lofton, C.;
Tan, W. H. Aptamer-conjugated nanoparticles for the collection
and detection of multiple cancer cells. Anal. Chem. 2007, 79,
3075–3082.
Stöber, W.; Fink, A.; Bohn, E. Controlled growth of monodisperse
silica spheres in the micron size range. J. Colloid. Interface Sci.
1968, 26, 62–69.
Sun, Y.; Masia, F.; Langbein, W.; Borri, P. Phys. Status Solidi A 2009,
206, 2822–2825.
Sun, Z. W.; Liu, D. M.; Tong, L. Z.; Shi, J. H.; Yang, X. W.; Yu, L. X.;
Tao, Y. C.; Yang, H. Synthesis and properties of magnetic and
luminescent Fe3O4/SiO2/YVO4:Eu3+ nanocomposites. Solid
State Sci. 2011a, 13, 361–365.
Sun, Q.; Zou, G.; Zhang, X. Electrochemiluminescence DNA sensor
based on hairpin structure DNA as recognition element and
Ru(bpy)2+
-doped silica nanoparticles as signal-producing
3
compound. Electroanal. 2011b, 23, 2693–2698.
Tan, H.; Wang, M.; Yang, C. T.; Pant, S.; Bhakoo, K. K.; Wong, S. Y.;
Chen, Z. K.; Li, X.; Wang, J. Silica nanocapsules of fluorescent
conjugated polymers and superparamagnetic nanocrystals for
dual-mode cellular imaging. Chem-Eur. J. 2011, 17, 6696–6706.
Tang, J.; Tang, D. P.; Niessner, R.; Knopp, D.; Chen, G. N. Preparation
of strongly fluorescent silica nanoparticles of polyelectrolyte-protected cadmium telluride quantum dots and their
application to cell toxicity and imaging. Anal. Chim. Acta 2012,
720, 1–8.
Wan, J. Q.; Meng, X. X.; Liu, E. Z.; Chen, K. Z. Incorporation
of magnetite nanoparticle clusters in fluorescent silica
nanoparticles for high-performance brain tumor delineation.
Nanotechnology 2010, 21, 235104–235112.
Wang, X. H.; Yao, S.; Ahn, H. Y.; Zhang, Y. W.; Bondar, M. V.; Torres, J.
A.; Belfield, K. D. Folate receptor targeting silica nanoparticle
probe for two-photon fluorescence bioimaging. Biomed. Opt.
Express 2010, 1, 453–463.
Wang, Y. H.; He, X. X.; Wang, K. M.; Ni, X. Q.; Su, J.; Chen, Z. F.
Electrochemical detection of thrombin based on aptamer and
ferrocenylhexanethiol loaded silica nanocapsules. Biosens.
Bioelectron. 2011, 26, 3536–3541.
Wang, H. L.; Schaefer, K.; Pich, A.; Moeller, M. Synthesis of silica
encapsulated perylenetetracarboxylic diimide core–shell
nanoellipsoids. Chem. Mater. 2011b, 23, 4748–4755.
Wang, J.; Zhao, W. W.; Li, X. R.; Xu, J. J.; Chen, H. Y. Potassium-doped
graphene enhanced electrochemiluminescence of SiO2@
CdS nanocomposites for sensitive detection of TATA-binding
protein. Chem. Commun. 2012, 48, 6429–6431.
Wang, J. Nanomaterial-based amplified transduction of
biomolecular interactions. Small 2005, 1, 1036–1043.
Wittenberg, N. J.; Haynes, C. L. Using nanoparticles to push the
limits of detection. Wiley Interdiscipl. Rev. Nanomed. Nanobiotechnol. 2009, 1, 237–254.
Wu, Y. F.; Chen, C. L.; Liu, S. Q. Enzyme-functionalized silica
nanoparticles as sensitive labels in biosensing. Anal. Chem.
2009, 81, 1600–1607.
Wu, J.; Leng, C.; Ju, H. X.; Yan, F. Disposable immunosensor array
for ultrasensitive detection of tumor markers using glucose
oxidase-functionalized silica nanosphere tags. Biosens.
Bioelectron. 2011a, 26, 3782–3787.

175

Wu, C. S.; Oo, M. K. K.; Cupps, J. M.; Fan, X. D. Robust silica-coated
quantum dot–molecular beacon for highly sensitive DNA
detection. Biosens. Bioelectron. 2011b, 26, 3870–3875.
Wu, S.; Wang, H. N.; Tao, S. Y. Magnetic loading of tyrosinase-Fe3O4/
mesoporous silica core/shell microspheres for high sensitive
electrochemical biosensing. Anal. Chim. Acta 2011c, 686, 81–86.
Wu, M. S.; Qian, G. S.; Xu, J. J.; Chen, H. Y. Sensitive electrochemiluminescence detection of c-myc mRNA in breast cancer cells on a
wireless bipolar electrode. Anal. Chem. 2012a, 84, 5407–5414.
Wu, Y. F.; Zhou, H.; Wei, W.; Hua, X.; Wang, L. X.; Zhou, Z. X.;
Liu, S. Q. Signal amplification cytosensor for evaluation of
drug-induced cancer cell apoptosis. Anal. Chem. 2012b, 84,
1894–1899.
Xia, X. H.; Xu, Y.; Zhao, X. L.; Li, Q. G. Lateral flow immunoassay
using europium chelate-loaded silica nanoparticles as labels.
Clin. Chem. 2009, 55, 179–182.
Yang, P.; Ando, M.; Murase, N. Langmuir 2011, 27, 9535–9540.
Yu, S. Y.; Fu, L. S.; Zhou, Y. J.; Su, H. Q. Novel bifunctional magnetic–
near-infrared luminescent nanocomposites: near-infrared
emission from Nd and Yb. Photochem. Photobiol. Sci. 2011a,
10, 548–553.
Yu, F. L.; Li, G.; Mao, C. M. An electrochemiluminescence aptasensor
for tumor cells assay based on signal amplification of Ru(II)
covalently doped silica nanoparticles. Electrochem. Commun.
2011b, 13, 1244–1247.
Yu, X. G.; Shan, Y.; Li, G. C.; Chen, K. Z. Synthesis and characterization of bifunctional magnetic–optical Fe3O4@SiO2@Y2O3:
Yb3+,Er3+ near-infrared-to-visible up-conversion nanoparticles.
J. Mater. Chem. 2011c, 21, 8104–8109.
Yuan, L.; Hua, X.; Wu, Y. F.; Pan, X. H.; Liu, S. Q. Immunoassay for
phenylurea herbicides: application of molecular modeling
and quantitative structure–activity relationship analysis on
an antigen–antibody interaction study. Anal. Chem. 2011, 83,
6800–6809.
Zanarini, S.; Rampazzo, E.; Bonacchi, S.; Juris, R.; Marcaccio, M.;
Montalti, M.; Paolucci, F.; Prodi, L. Iridium doped silica-PEG
nanoparticles: enabling electrochemiluminescence of neutral
complexes in aqueous media. J. Am. Chem. Soc. 2009a, 131,
14208–14209.
Zanarini, S.; Rampazzo, E.; Ciana, L. D.; Marcaccio, M.; Marzocchi,
E.; Marzocchi, M.; Paolucci, F.; Prodi, L. Ru(bpy)3 Covalently
doped silica nanoparticles as multicenter tunable structures
for electrochemiluminescence amplification. J. Am. Chem. Soc.
2009b, 131, 2260–2267.
Zhang, L. H.; Dong, S. J. Electrogenerated chemiluminescence
sensors using Ru(bpy)32+doped in silica nanoparticles. Anal.
Chem. 2006, 78, 5119–5123.
Zhang, L. H.; Dong, S. J. Electrogenerated chemiluminescence
doped silica nanoparticles
sensing platform using Ru(bpy)2+
3
and carbon nanotubes. Electrochem. Commun. 2006, 8,
1687–1691.
Zhang, J. L.; Stilwell, D.; Gerion, L.; Ding, O.; Elboudwarej, P.;
Cooke, A.; Gray, J. W.; Alivisatos, A. P.; Chen, F. F. Cellular
effect of high doses of silica-coated quantum dot profiled with
high throughput gene expression analysis and high content
cellomics measurements. Nano Lett. 2006, 6, 800–808.
Zhang, L. H.; Liu, B. F.; Dong, S. J. Bifunctional nanostructure
of magnetic core luminescent shell and its application as
solid-state electrochemiluminescence sensor material. J. Phys.
Chem. B. 2007, 111, 10448–10452.

176

W. Wei et al.: Silica nanoparticles as a carrier for signal amplification

Zhang, G.; Feng, J. H.; Lu, L. H.; Zhang, B. H.; Cao, L. Y. Fluorescent
magnetic nanoprobes: design and application for cell imaging.
J. Colloid. Interface Sci. 2010a, 351, 128–133.
Zhang, J.; Fu, Y.; Mei, Y. P.; Jiang, F.; Lakowicz, J. R. Fluorescent metal
nanoshell probe to detect single miRNA in lung cancer cell.
Anal. Chem. 2010b, 82, 4464–4471.
Zhang, B. B.; Chen, B. D.; Wang, Y. L.; Guo, F. F.; Li, Z. Q.; Shi, D. L.
Preparation of highly fluorescent magnetic nanoparticles for
analytes-enrichment and subsequent biodetection. J. Colloid.
Interface Sci. 2011a, 353, 426–432.
Zhang, J. J.; Zheng, T. T.; Cheng, F. F.; Zhang, J. R.; Zhu, J. J. Toward
the early evaluation of therapeutic effects: an electrochemical
platform for ultrasensitive detection of apoptotic cells. Anal.
Chem. 2011b, 83, 7902–7909.
Zhang, K.; Zhou, H. B.; Mei, Q. S.; Wang, S. H.; Guan, G. J.; Liu, R. Y.;
Zhang, J.; Zhang, Z. P. Instant visual detection of trinitrotoluene
particulates on various surfaces by ratiometric fluorescence of
dual-emission quantum dots hybrid. J. Am. Chem. Soc. 2011c,
133, 8424–8427.
Zhang, M.; Ge, S. G.; Li, W. P.; Yan, M.; Song, X. R.; Yu, J. H.; Xu,
W.; Huang, J. D. Ultrasensitive electrochemiluminescence

Wei Wei was born in Henan, China, in 1975. She received her
PhD degree from the Nanjing University in 2004. She joined the
Southeast University in 2004 and has been an Associate Professor
since 2009. Her interests are in the study of new analytical methods
based on spectroscopy, electrochemical, and chromatography. In
recent years, she has studied many new methods for food, environment, pharmacy, and clinic analysis. Her studies were funded by
several national and provincial Nature Science Foundations of
China.

Min Wei was born in Henan, China, in 1980. She received her PhD
degree from the Southeast University in 2009. She joined the Henan
University of Technology in 2009 and has been a college lecturer
since 2009. Her interests are in the study of new analytical method
based on electrochemistry.

immunoassay for tumor marker detection using functionalized
Ru-silica@nanoporous gold composite as labels. Analyst,
2012, 137, 680–685.
Zhen, J.; Zhang, X. B.; Xie, D. X.; Gong, Y. J.; Zhang, J.; Chen, X.; Shen,
G. L.; Yu, R. Q. Clicking fluoroionophores onto mesoporous
silicas: a universal strategy toward efficient fluorescent surface
sensors for metal ions. Anal. Chem. 2010, 82, 6343–6346.
Zhong, Z. Y.; Li, M. X.; Dai, N.; Qing, Y.; Wang, D.; Tang, D. P.
Signal amplification of electrochemical immunosensor for
the detection of human serum IgG using double-codified
nanosilica particles as labels. Biosens. Bioelectron. 2009, 24,
2246–2249.
Zhong, Z. Y.; Shan, J. L.; Zhang, Z. M.; Qing, Y.; Wang, D. The
signal-enhanced label-free immunosensor based on assembly
of prussian blue-SiO2 nanocomposite for amperometric
measurement of neuron-specific enolase. Electroanalysis 2010,
22, 2569–2575.
Zhou, W. J.; Chen, Y. L.; Corn, R. M. Ultrasensitive microarray
detection of short rna sequences with enzymatically modified
nanoparticles and surface plasmon resonance imaging
measurements. Anal. Chem. 2011, 83, 3897–3902.

Songqin Liu was born in Jingjiang, China, in 1965. He received his
PhD degree from the University of Nanjing in 2003. He has been
a Professor in the Department of Chemistry since 2005. His major
research area is in the fabrication and development of biosensors
for the sensitively recognition of glycoprotein molecules in blood.
His main interests are in new methods and novel techniques for
the detecting of glycoproteins, revealing the relationship between
these glycoproteins or their expressed level and the illness or the
curative effects, and developing novel clinical diagnosis approach
with high selectively and sensitivity.

