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a b s t r a c t

Hybridized nanomaterials have been extensively investigated due to their superior properties over indi-
vidual nanomaterials and molecules. Amorphous silica nanoparticles are often employed as a matrix or
carrier, along with a functional component, to form a silica-based nanohybrid. The functional component
can be a molecule or another type of nanomaterial. These nanohybrids combine the advantages employ-
ing both silica and the functional component. So far, a variety of applications of such nanohybrids has
been reported. In this review, we have covered several major types of silica nanohybrids. The functional
Fluorescence
Gold nanoparticle
Quantum dots
Catalyst

components include regular fluorophores, chemiluminescent molecules, drug molecules, quantum dots,
gold nanomaterials, magnetic
potential applications of each
the current progress and futur
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e perspectives of the silica nanohybrids.
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. Introduction

The rapid development of nanoscience and nanotechnology has
roduced a wide variety of novel nanomaterials. These nanomate-
ials overcome some of the limitations of bulk materials and have
emonstrated great potential for various applications. However,
ach type of nanomaterial has its own drawbacks and limitations.
hus, direct use of the nanomaterials, without modification or
unctionalization, can be problematic. For example, most nano-

aterials, including gold nanomaterials, magnetic nanoparticles
nd quantum dots, are difficult to directly and uniformly sus-
end in aqueous solutions. Furthermore, quantum dots and metal
xide nanomaterials become unstable in acidic environments. One
ption to overcome these limitations is to coat these nanomate-
ials with a more stable and physically adaptive material. Pure
morphous silica nanomaterials suffer from similar limitations and
re also rarely employed alone for practical applications. However,
hen amorphous silica nanomaterials are hybridized with func-

ional molecules or another nanomaterial, their applications extend
roadly to bioimaging, biosensing, drug delivery, cancer therapy
nd catalysis.

Silica nanomaterials have several important properties that
ake them a unique matrix for incorporating functional compo-

ents. First, the high porosity of amorphous silica nanoparticles
rovides the three dimensional space required for the doping of

unctional components, known as the dopants. The porosity is
ufficiently adjustable to hold small molecules or large nanoma-
erials. The dopants can be easily embedded inside a silica shell or
ttached on a silica nanoparticle surface through chemical binding
r physical adsorption. Second, silica nanomaterials are effectively
transparent”. They are unlikely to absorb light in the near-infrared,
isible and ultraviolet regions or to interfere with magnetic fields,
hich allows the dopants inside silica matrix to keep their orig-

nal optical and magnetic properties. Third, the silica matrices
re nontoxic and biocompatible for biomedical research. Finally,
he well-established silica chemistry facilitates the modification of
ilica-based nanohybrids.

Silica nanohybrids are formed by a variety of methods. Func-
ional molecules, such as fluorophores, drug molecules and
hotosensitizers, are most often immobilized inside the silica
uring the synthesis of silica matrix. Less commonly, functional
olecules are immobilized on the surface of silica nanoparticles.

he decoration step, in which functional molecules are immobi-
ized, follows the formation of the pure silica nanoparticles. The
urfaces of silica nanoparticles are usually functionalized with
mine or carboxyl groups prior to the decoration.

The introduction of functionalized materials into silica nanopar-
icles adds new properties to the hosts, such as fluorescence,

agnetism, therapeutic ability and catalytic function. Further-
ore, silica nanoparticles not only provide shelters for dopants,

ut also enhance or ameliorate their intrinsic properties. For
xample, entrapped fluorophores exhibit a higher quantum yield
nd a stronger photostability than free ones. The release rate of
rug molecules can be regulated once loaded inside the silica
atrix. The toxicities of quantum dots and metal nanoparticles

re suppressed under the protection of silica shells. Moreover,
ilica nanomaterials are a good scaffold for designing multi-
unctional nanomaterials which can accomplish multiple tasks
imultaneously.

Functionalized silica nanomaterials have been summarized in
revious reviews [1–5]. The emphasis of this article is the hybridiza-

ion of silica nanoparticles with other functional nanomaterials and

olecules. In each section, the synthesis of the silica nanohybrids is
ummarized at the beginning, followed by their unique properties
nd applications. Finally, a perspective of likely future directions of
ilica nanohybrids is provided.
eviews 253 (2009) 2998–3014 2999

2. Molecule–silica nanohybrids

A wide variety of functional molecules have been doped into
silica nanoparticles to form molecule–silica nanohybrids. The asso-
ciations between molecules and silica matrices are varied. A
common linking force is electrostatic interaction between the neg-
atively charged silica matrix and positively charged functional
molecules. Covalent binding is frequently employed as well, which
provides more stable hybrids but requires additional chemical reac-
tions. The properties of individual functional molecules usually
remain constant in the nanohybrids. However, due to the usu-
ally large number of molecules assembled into the small domain
of a silica nanoparticle, some properties of trapped molecules
can be enhanced in nanohybrids. These nanohybrids also have a
more extensive array of applications than the molecules in their
bulk state. Significant applications in the biological field include
bioimaging, biosensing, drug delivery and cancer therapy. In this
section, three types of molecule–silica nanohybrids used in these
applications are discussed.

2.1. Fluorescent nanohybrids

The biological world has been brightened by the advent of
fluorescence technology. With the assistance of fluorescent mate-
rials as tags, many biological processes are visualized under a
fluorescence microscope and trace amounts of biological analytes
are determined in living systems. However, individual fluorophore
molecules, which are the most popular fluorescent labels for
bioimaging and biosensing, have two major shortcomings: low
fluorescence intensity and poor photostability. These problems sig-
nificantly limit further applications of individual fluorophores as
labels in the biological field. To overcome these limitations, sil-
ica nanoparticles have been employed as a matrix to produce
silica-based fluorescent nanoparticles. By doping thousands of
fluorophore molecules into a single silica nanoparticle, highly pho-
tostable and intense fluorescent molecule–silica nanohybrids have
been developed, providing a revolutionary breakthrough for gener-
ating novel fluorescent tags [1–5]. A number of experiments have
demonstrated that fluorescent silica nanoparticles are excellent
substitutes for traditional, individual fluorophores in biological and
biomedical applications.

2.1.1. Synthesis
In general, fluorescent molecules are doped inside silica

nanoparticles by electrostatic interactions between the dye
molecules and the silica matrix. Fluorophores can also be immo-
bilized onto the silica nanoparticle surface through chemical
reactions. When fluorophores are doped inside silica nanoparticles,
the doping process should take place during the synthesis of the
nanoparticles. This is most easily accomplished by using a Stöber
or a reverse-microemulsion method of synthesis.

In the Stöber method, silica nanoparticles are produced by the
hydrolysis and polymerization of a precursor, tetraethylorthosil-
icate (TEOS) [6]. A significant number of fluorophore molecules
are doped into the silica matrix when they are pre-conjugated
with a second precursor and allowed to co-polymerize with
TEOS. Pre-conjugation of the fluorophore with the second precur-
sor usually is achieved through covalent bonding. For example,
(3-aminopropyl) triethoxysilane (APTS) is a precursor which con-
tains a primary amine. A number of amine-reactive fluorophores
have been successfully coupled to APTS [7]. Using this strategy,

multicolored silica nanoparticles that produce efficient fluores-
cent resonance-energy transfer (FRET) were developed by adding
several fluorophore–APTS conjugates during polymerization [8].
The amount of fluorophore molecules per silica nanoparticle
can be adjusted simply by changing the ratio of TEOS to the
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uorophore–APTS conjugate. The size of silica nanoparticles is
djustable as well, as it is affected by the precursor concentration
nd polymerization time. The increase of precursor concentration
nd reaction time generally leads to a larger sized silica nanoparti-
le.

Fluorescent silica nanoparticles can also be produced by a
everse microemulsion approach (Scheme 1) [9–14]. A typical
everse microemulsion is composed of a relatively large amount
f an organic solvent; a small amount of water; surfactant; and
catalyst, typically ammonium hydroxide. The water is dispersed

nto numerous nanometer sized water droplets within the organic
hase and stabilized by the surfactant links to form a transparent
icroemulsion. TEOS enters the water droplets and is polymer-

cally hydrolyzed. For this reason, the size and shape of silica
anoparticles produced by the reverse microemulsion approach
re mainly dictated by factors affecting the initial drop size –
atio of water to surfactant, type of organic solvent and surfac-
ant – although the amount of TEOS has some effect as well [9,11].
ecently, a method based on composition of the organic phase of
he reverse microemulsion was developed to systematically change
ilica nanoparticle size over a continuous spectrum [9].

To efficiently dope fluorophore molecules into silica nanopar-
icles by the reverse microemulsion approach (Scheme 1,
oute a), water solubility is required for the fluorophores or
uorophore–precursor conjugates so they will remain primarily
n the aqueous phase. During the polymerization of TEOS, the sil-
ca nanoparticles grow and embed fluorophores simultaneously.
owever, the fluorophores can leak out of the silica nanoparticles

f associations between the fluorophore and the silica matrix are
eak. This is especially true for physically doped fluorophores. For

Scheme 1. Synthesis of fluorescent silica nanopar
eviews 253 (2009) 2998–3014

these nanohybrids, positively charged fluorophores have a distinct
advantage of remaining entrapped within the negatively charged
silica matrix through electrostatic interactions. For example, the
inorganic fluorophore, tris(2,2′-bipyridyl) ruthenium(II) chloride
hexahydrate ([Ru(bpy)3]2+), is stably doped inside the silica matrix
[11,12]. Likewise, the water-soluble organic fluorophore, dextran
conjugated tetramethylrhodamine, can only be trapped inside the
silica matrix when it is positively charged [13]. Without comple-
mentary electrostatic interactions, covalent binding between the
silica matrix and the fluorophore must be employed, usually by
introducing a second precursor–fluorophore conjugate prior to the
polymerization.

The immobilization of fluorophores onto the silica nanoparti-
cle surface is another strategy to form fluorophore-silica hybrids
[15–18]. In this case, a pure silica nanoparticle is first prepared
using the Stöber or reverse microemulsion method. Then, a second
precursor containing amine or carboxyl groups, such as APTS or N-
(trimethoxysilylpropyl)-ethylenediamine triacetic acid trisodium
salt, is introduced to the microemulsion. The polymerization of the
second precursor results in a silica surface with reactive groups of
amine or carboxylic acid, which provide surface binding sites for
conjugation of fluorophores (Scheme 1, Route b).

The number of fluorophore molecules per silica nanoparticle
determines fluorescence intensity of the nanohybrid. High flu-
orophore concentration in the aqueous phase during synthesis

leads to intensely fluorescent nanoparticles. However, if the flu-
orophore concentration exceeds a certain limit, self-quenching
will occur. Thus, the fluorescence intensity of nanoparticles is
adjustable by changing fluorophore concentration within a certain
range.

ticles by a reverse microemulsion approach.
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ig. 1. Determination of E. coli 157 using fluorescent silica nanoparticles. (A) SEM
acterial cells of E. coli DH 5�. (C) The fluorescence image of a single E. coli 157 cell

.1.2. Properties and applications
Fluorescent silica nanohybrids offer several key performance

dvantages compared with individual molecular fluorophores.
hese include more intense fluorescence emission, greater pho-
ostability and good biocompatibility. While all three offer great
dvantages for biological applications, it is important to note that
hese improved performance characteristics are generated primar-
ly from hybridization with the silica nanomatrix.

The relative intensity of a fluorescent silica nanoparticle is much
igher than that of an individual fluorophore. A single fluorescent
ilica nanoparticle can contain thousands of fluorophore molecules.
hus, the fluorescence intensity of one nanoparticle is arguably
housands of times higher than that of one fluorophore. Moreover,
he quantum yield of a fluorophore can be enhanced by embedding
t within the silica matrix because non-radiative decay is reduced
n this less polar and more restrictive environment [19,20].

The high photostability of the nanoparticle originates from pro-
ection the silica matrix provides for the embedded fluorophores.
nvironmental oxygen is a universal quencher for fluorophores in
queous solution and the network structure of the silica matrix
educes diffusion of environmental oxygen to fluorophores. Thus,
he photostability of embedded fluorophores is greatly improved
13].

The fluorescent silica nanoparticles have shown great poten-
ial as fluorescence labeling materials for the determination of

variety of analytes ranging from small ions and molecules to
arge marcomolecules and cellular samples. When the silica sur-

aces are modified with a recognition component for biological
argets, such as antibodies or single-strand DNA molecules, the
arget cells or complementary DNA can be determined. For exam-
le, fluorescent silica nanoparticles functionalized with antibodies
gainst Escherichia coli 157: H7 were employed for the determina-

ig. 2. Determination of TNT molecules by fluorescent silica nanoparticles via a fluoresce
17].
of a single E. coli 157 cell bound with fluorescent silica nanoparticles. (B) Control
with fluorescent silica nanoparticles. Reproduced with permission from Ref. [21].

tion of bacterial cell of E. coli 157 (Fig. 1) [21]. A single bacterial cell
was detected without traditional signal amplification. Furthermore,
multiple bacterial cells were determined simultaneously using
multiple colored silica nanoparticles [22]. Additionally, aptamer-
conjugated fluorescent silica nanoparticles were able to indentify
target cancer cells, such as Human T cell lymphoblast-like cell line
(CCRF-CEM), Ramos and Toledo cancer cells [23]. Instead of tar-
geting a whole cell, fluorescent silica nanoparticles can also detect
single-strand DNA molecules when a complimentary DNA strand
was immobilized onto fluorescent silica nanoparticles [24].

In addition to the macrobiomolecules, a number of small ions
and molecules have been determined using fluorescent silica
nanoparticles. For example, a pH sensitive fluorophore, fluo-
rescein isothiocyanate (FITC), was covalently embedded in the
silica nanoparticles together with a pH insensitive fluorophore,
tetramethylrhodamine isothiocyanate (TRITC), as a reference. The
fluorescence intensity ratio of FITC to TRITC changed as the pH var-
ied. Thus, the H+ concentration in the environment was measured
[25]. Using the same strategy, Ca2+, Mg2+, Zn2+ and O2 were deter-
mined using fluorescent dye-doped silica nanoparticles [26–28].
The nanoparticles can be delivered into cells and probe the con-
centrations of ions and molecules inside the cells.

The surface immobilized fluorophore silica nanoparticles
can give a quick response when used for ion determination.
When a zinc ion sensitive ligand, 6-methoxy-8-p-toluene-
sulfonamidequinoline, was immobilized on silica nanoparticle
surfaces, the fluorescent signal increased dramatically in presence

of zinc ions [16].

Fluorescent silica nanoparticles have also demonstrated advan-
tages for the indirect determination of ions and molecules vicinal
to the nanoparticles. The common pathway involves a target
molecule or ion complex which transfers or absorbs the fluo-

nce quenching mechanism. Exc = excitation. Reproduced with permission from Ref.



3 istry Reviews 253 (2009) 2998–3014

r
n
t
t
d
fl
[
u
N
t
n
fl
c
s
i

fl
a
m
a
o
t
i
d
a

2

l
t
r
g
p
t
s
n
i

C
n
C
b
w
s
l
m
b
d

r
w
d
c
p
(
b

2

c
p
t
d
t
[

002 Y. Jin et al. / Coordination Chem

escent energy from the nearby fluorophores inside the silica
anoparticles, resulting in changes of fluorescence intensities of
he nanoparticles. The intensity change is proportional to the
arget ion/molecule concentration. For instance, an ultrasensitive
etection of 2,4,6-trinitrotoluene (TNT) was developed based on
uorescence quenching of a fluorescent silica nanoparticle (Fig. 2)

17]. First, silica nanoparticles were modified with amine groups
sing APTS. Then, the fluorophore (FITC or 6-carboxy-X-rhodamine
-succinimidyl ester (ROX)) was immobilized on the silica nanopar-

icle surface. Finally, the TNT bound to the amine group on the
anoparticle surface and absorbed energy from the nearby FITC via
uorescence energy transfer, resulting in quenching of the fluores-
ence signal. The detection limit reached 1 nM TNT in solution and
everal ppb of TNT vapor in air. By a similar method, Pb2+ and Ni2+

ons were determined [29,30].
In summary, silica nanoparticles can be hybridized with

uorophore molecules through chemical binding or physical inter-
ction either on the nanoparticle surface or within the nanoparticle
atrix. In the resulting hybrid, the silica functions as a matrix and
carrier to protect and deliver fluorophores. Typically, the function
f the fluorophore is a signal probe for the determination or detec-
ion of specific targets. Their combination produces a photostable,
ntense and biocompatible fluorescent nanoparticle for sensitive
etermination of a wide variety of targets ranging from ions to cells
nd tissues.

.2. Chemiluminescent nanohybrids

The two major attractive features of chemiluminescence (CL) are
ow background signals and the simple, inexpensive instrumenta-
ion it requires. In CL, excited species are produced by the energy
eleased in a chemical reaction. The reaction can be manipulated to
ive luminescent signals related to an analyte concentration. Unlike
hotoluminescence measurements, CL requires no external radia-
ion source. Thus, it not only eliminates the need for an intense,
table source of light, but also results in a low background sig-
al. However, the low intensity of most CL signals largely limits

ts applications in trace analysis.
To take full advantage of CL in trace analysis, enhancement of the

L signal is greatly needed. The recent development of chemilumi-
escent nanoparticles provides a new solution for concentrating
L-producing species in the small domain of a nanoparticle. It has
een reported that the hybrids of chemiluminescent molecules
ith silica nanoparticles are efficient luminescent probes for the

ensitive determination of trace analytes. The synthesis of chemi-
uminescent silica nanoparticles is similar to the approach of

aking fluorescent silica nanoparticles as described in Section 2.1.1,
ut instead of doping fluorophores, CL-producing lumophores are
oped into the silica nanoparticles.

Two types of chemiluminescent silica nanoparticles have been
eported. One was doped with luminol and the other was doped
ith [Ru(bpy)3]2+. Although both luminol and [Ru(bpy)3]2+ give

irect fluorescence signals, they also can undergo chemilumines-
ence processes. In particular, these two CL reagents have been
roven to be very useful in electrogenerated chemiluminescence
ECL) applications [31,32]. Their ECL pathways are described as
elow.

.2.1. Chemiluminescence pathways
The CL pathways of [Ru(bpy)3]2+ and luminol in silica nanoparti-

les are similar to those in aqueous solution. The electrochemically

roduced tripropylamine (TPA) radical, is a suitable co-reactant for
he production of [Ru(bpy)3]2+ ECL. First, TPA•+ and TPA• are pro-
uced readily in TPA solution by applying a positive potential bias
o an electrode (Eqs. (1) and (2)). Then, [Ru(bpy)3]2+ is reduced to
Ru(bpy)3]+ by TPA• (Eq. (3)). The radical cation, TPA•+, oxidizes
Scheme 2. Structures of luminol derivatives.

[Ru(bpy)3]+ to yield [Ru(bpy)3]2+ in its excited state (Eq. (4)) [31].
Notably, [Ru(bpy)3]2+ is regenerated easily (Eq. (5)), so the reaction
can be carried out continuously as long as a supply of TPA or another
co-reactant remains. This characteristic makes [Ru(bpy)3]2+ excep-
tionally useful in a sensor platform.

TPA → TPA•+ + e− (1)

TPA•+ → TPA• + H+ (2)

TPA• + [Ru(bpy)3]2+ → [Ru(bpy)3]+ + TPA+ (3)

[Ru(bpy)3]+ + TPA•+ → [Ru(bpy)3]2+∗ + products (4)

[Ru(bpy)3]2+∗ → [Ru(bpy)3]2+ + h� (5)

The CL process of luminol usually requires a metal catalyst [32].
However, its electrogenerated chemiluminescence pathway (Eqs.
(6)–(8)) requires no catalyst. Luminol exists in solution as a form of
LH− (Scheme 2) which can be electrochemically oxidized to its more
reactive form of L (Eq. (6)). This specie will react with an oxidant
such as hydrogen peroxide to yield AP2− in its excited state (Eq. (7)).
Once this reaction occurs, regeneration of luminol is unlikely [32].

LH− → L + H+ + 2e− (6)

L + H2O2 → AP2−∗ + N2 + 2H+ (7)

AP2−∗ → AP2− + h� (8)

2.2.2. Properties and applications
Chemiluminescent silica nanoparticles have been used both as

sensor platforms and labels (Table 1). [Ru(bpy)3]2+ is particularly
useful in sensor platforms due to its ability to regenerate. Elec-
trogenerated chemiluminescent properties of [Ru(bpy)3]2+-doped
silica nanoparticles were first demonstrated in the determination of
TPA [34] with the assistance of a glassy carbon electrode (GCE). The
ECL silica nanoparticles were immobilized on the GCE in a chitosan
film. The non-conductive property of silica nanoparticles has been
a problem for electrochemical measurement. To further improve
conductivity of ECL sensor platforms made from silica ECL nanopar-
ticles, carbon nanotubes [35] and gold nanoparticles [36] have been
used to facilitate electron transfer in the modified sensors.

Although TPA is often used as a model analyte for [Ru(bpy)3]2+

sensing platforms due to its highly reactive electrochemically
produced radical, its detection is of little practical use. Exist-
ing application-oriented publications describe [Ru(bpy)3]2+-doped
silica nanoparticle as sensors for analysis of drugs in biological sam-
ples such as urine and serum. This application is important for
establishing appropriate doses of new medicines [37]. A recent arti-
cle has reported the detection of itopride in human serum with a
[Ru(bpy)3]2+-doped silica nanoparticle/chitosan film on a GCE [37].
A similar sensor with the nanoparticles immobilized in a Nafion®

film was used to detect metoclopramide in urine [38]. It is note-
worthy that both of these analytes contain a tertiary amine group
which is the reason they can be detected by this ECL method.
Sensor platforms containing luminol-doped silica nanoparticles
have also been reported. To detect pyrogallol, luminol-doped silica
nanoparticles were immobilized in a chitosan film on a graphite
electrode as a sensor platform [42]. When pyrogallol was elec-
trochemically oxidized, it reacted with oxygen to form an oxygen



Y. Jin et al. / Coordination Chemistry Reviews 253 (2009) 2998–3014 3003

Table 1
Chemiluminescent silica nanoparticles (NPs) used in chemical analysis.

NP dopant NP role Analyte LOD, M Linear range, M Ref.

R Sensor TPA 5.0 × 10−8 5 × 10−7 to 1 × 10−3 [33]
R Sensor TPA 2.8 × 10−9 9 × 10−9 to 8 × 10−5 [34]
R Sensor TPA 2.8 × 10−9 9 × 10−9 to 8 × 10−4 [35]
R Sensor TPA 5.2 × 10−9 6 × 10−8 to 1 × 10−4 [36]
R Sensor Itopride 3.0 × 10−9 1 × 10−8 to 2 × 10−5 [37]
R Sensor Metoclopramide 7.0 × 10−9 2 × 10−8 to 1 × 10−5 [38]
R Label Thrombin 1.0 × 10−15 1 × 10−14 to 1 × 10−11 [39]
R Label DNA 1.0 × 10−13 2 × 10−13 to 2 × 10−9 [40]
L Label DNA 2.0 × 10−12 5 × 10−12 to 1 × 10−9 [41]
L
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Reagent Isoniazid

: [Ru(bpy)3]2+, L: luminol.

adical which in turn oxidized luminol in a highly energetic reac-
ion that produced the excited state of AP2−. The light output
as then proportional to the concentration of pyrogallol. Despite

rreversibility of the photoluminescence process, luminol-doped
ilica nanoparticles are not immediately exhausted of their lumi-
ol supplies. The sensor only lost 5% of its signal after 100 ECL
xperiments, and was therefore deemed stable enough for prac-
ical use [42]. A similar mechanism was also exploited to detect
soniazid-electrochemically oxidized isoniazid also reacted with
issolved oxygen to form the oxygen radical. However, in this case
he nanoparticles were in the bulk of solution instead of being part
f a sensor platform, perhaps a necessity due to the inability to
euse such a sensor [43].

Chemiluminescent nanoparticles may also be used as labels
hen their surfaces are modified with selective species such

s antibodies or DNA. However, several layers of such modi-
cations greatly hinder the electrogenerated chemiluminescent
eactions [44]. In an investigation of the effect of polyelectrolyte
nd biomolecule modifications on the ECL signals of [Ru(bpy)3]2+-
oped silica nanoparticles, each layer of modifiers decreased the
ignal by roughly 50% [44].

Nevertheless, there are several examples of either [Ru(bpy)3]2+-
r luminol-doped silica nanoparticles as labels for specific
iomolecular recognition. In what is perhaps the earliest exam-
le, a luminol-doped silica nanoparticle was used for the detection
f a specific DNA sequence [41]. The target DNA sequence was

mmobilized on a poly(pyrrole)-modified platinum electrode, while
he complementary probe DNA sequence was electrostatically
ound to the nanoparticles whose surface was modified with chi-
osan. A detection limit of 2.0 pM was achieved with this method
41].

Later, a [Ru(bpy)3]2+-doped silica nanoparticle was employed
o detect the same DNA target [40]. An improved detection limit
f 0.1 pM was achieved which could be attributed to the supe-
ior ECL reagent. The excellent ECL behavior of [Ru(bpy)3]2+-doped
anoparticle was also demonstrated in the detection of thrombin.

thrombin aptamer was first immobilized on a gold electrode
hrough an Au–thiol bond. Then, the nanoparticles were modi-
ed with a DNA sequence that was complimentary to the aptamer.
hen adding the nanoparticles to the electrode solution, its surface

NA hybridized to the thrombin aptamer. However, in the presence
f thrombin, the nanoparticles were expelled from the electrode
urface causing a decrease in ECL signal. The signal decrease could
uantify the amount of thrombin present [39].

In summary, chemiluminescent silica nanoparticles have great
otential for highly sensitive determination of trace analytes. How-

ver, the research thus far has seen much repetition and redundancy
sing only [Ru(bpy)3]2+ and luminol. This is likely due to the limited
umber of chemical species that undergo a chemiluminescent reac-
ion. The field is in need of development of new chemiluminescent
nd electrochemiluminescent materials.
1.0 × 10−9 3 × 10−9 to 2 × 10−5 [42]
1.5 × 10−10 7 × 10−10 to 7 × 10−6 [43]

2.3. Drug transporting nanohybrids

Modern medicine requires drug carriers that have quick, target-
oriented delivery and a controllable release rate. There has always
been a great need for the development of suitable carriers for
various medicines. To be an effective drug carrier, several basic
properties are necessary: (1) low-toxicity and biodegradability; (2)
the ability to encapsulate and release drug molecules; (3) spe-
cific surface functionality. So far, amorphous silica nanoparticles
have proven to be nontoxic and to have an easily modified sur-
face. Because of these properties, silica nanoparticles have been
increasingly scrutinized for drug delivery and photodynamic ther-
apy (PDT).

2.3.1. Synthesis
Similar to the synthesis of fluorescent silica nanoparticles, the

doping of drug molecules inside the silica matrix can be achieved
through either the reverse microemulsion or Stöber methods. How-
ever, unlike fluorophores and chemiluminescent molecules that are
permanently doped, most drug molecules should be trapped only
temporarily inside the silica matrix and should be easily released.
Therefore, drug molecules are generally doped by physical means
rather than chemical binding. Physical trapping, as by electrostatic
attraction between the silica matrix and the dopant, is relatively
weak and easily dissociated compared to chemical bonds.

The great challenge in nanohybrid syntheses of drug carriers
is the low aqueous solubility of many drug molecules. Neither
the reverse microemulsion method nor the Stöber method is able
to efficiently incorporate hydrophobic molecules into the silica
nanoparticle matrix. To solve this problem, organically modi-
fied silica (ORMOSIL) nanoparticles have been developed recently
[45–49]. Hydrophobic drugs are first dissolved in the organic
phase in the reverse microemulsion composing of dimethyl sul-
foxide, sodium 1,2-bis(2-ethylhexoxycarbonyl) ethanesulfonate,
butanol and water. With this unusual microemulsion composition,
hydrophobic drugs are able to partition more effectively into the
aqueous water droplets and are more efficiently trapped inside
the silica nanoparticles by hydrolysis of the silane precursor, tri-
ethoxyvinylsilane.

The chemical/physical activities of silica nanoparticles are
mostly based on their surface properties. Proper surface modi-
fication of the silica nanoparticles improves their drug delivery
capability and efficiency. In general, the surfaces of silica
nanoparticles are modified with specific functional groups of
biomacromolecules by chemical binding or physical adsorption
[50,51]. A typical modifier is an antibody molecule decorating a

carboxyl-functionalized silica nanoparticle. The carboxyl groups
on the silica surface form amide bonds with the primary amine
groups in antibodies [3]. The immobilized antibody can then more
effectively vector the nanoparticle toward a particular tissue or cell
type. The formation of disulfide bonds is also an effective chemical
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inding approach to immobilize recognition elements [3]. How-
ver, physical adsorption of biocompatible macromolecules onto
ilica nanoparticle surface is often the most simple and efficient
ethod for immobilization. The electrostatic forces readily drive
any macromolecules, such as poly(ethylene glycol) (PEG), pro-

eins and lipids, to physically adsorb to the nanoparticle surface
hat can be decorated with variety of functional groups [50,51].

In addition to solid-core silica nanoparticles, hollow silica
anoparticles have also been employed as drug carriers [52–55].
ompared to the solid-core silica nanoparticles, the hollow coun-
erparts possess much higher loading capacity for drug molecules
ut weaker interactions between the drug molecules and the sil-

ca matrix, making controlled release more problematic. There are
wo main synthetic methodologies for hollow silica nanoparticles.
he first method is template-based synthesis [52–58]. The second
ethod uses a dissolution-regrowth process of solid silica nanopar-

icles (Fig. 3) [59,60]. The first method generally utilizes a solid
anoparticle composed of metal [55], metal oxide [53,54,57,58] or
olymer [52,56] as a core template. The silica shell is then grown on
he template and the core is removed by an etching process, disso-
ution or calcination. The second method is relatively simple since
he hollow cores are produced by etching the regular silica nanopar-
icles using bases, such as sodium hydroxide (NaOH) or sodium
orohydride (NaBH4) [59,60]. Polyvinylpyrrolidone molecule (PVP)
n the silica nanoparticle surfaces provides protection. Thus, the

nner part of silica nanoparticle is selectively etched. This etching
rocess takes place over a time period of hours to days [59,60].
.3.2. Properties and applications
The characterization of drug molecule–silica nanohybrids has

rovided a foundation for applications of silica nanoparticles as a
rug carrier. So far, characterization has been limited to several

undamental aspects which include doping efficiency, uptake by

ig. 3. Hollow silica nanoparticle formed through a dissolution-regrowth process. (A) P
anoparticles. (C and D) TEM images of hollow silica nanoparticles prepared at different c
eviews 253 (2009) 2998–3014

living systems, dopant release, and dopant effects upon release.
Nevertheless, these characterizations have suggested new applica-
tions for drug delivery and a wider range of drug-based nanohybrid
materials.

Doping efficiency of drug molecules in the silica matrix has gen-
erally been characterized by UV–vis spectroscopic measurements
and fluorescence spectrometry [48,49,54]. UV–vis spectra can eas-
ily monitor the amount of doped drugs since the majority of drugs
contain aromatic structures. When the dopant is a photosensitizer,
which is usually used for photodynamic therapy, fluorescence mea-
surements are more sensitive. In fact, fluorescent molecules are
often doped inside silica nanoparticles as a model for drug delivery
investigation [55].

Characterization of nanohybrid uptake has focused on the abil-
ity of the nanoparticles to deliver their cargo within living systems.
Most delivery methods have been studied in vitro rather than in
vivo investigations. For in vitro studies, the delivery of fluores-
cent silica nanoparticles into cells can be tracked by fluorescence
microscopy [9]. Endocytosis and phagocytosis are two major path-
ways by which cells take up silica nanoparticles. These processes are
greatly affected by the nanoparticle sizes and surface properties.
Smaller nanoparticles more easily penetrate the cell membranes
than larger ones (Fig. 4) [9]. The surface modification can assist
nanoparticles in being delivered to the specific target site. For
example, surface modifications with antibodies and aptamers can
improve the target recognition [61].

Release of drug molecules from silica nanohybrids, once the
nanoparticles penetrate the cell membrane, has also been charac-

terized. Kinetics of the drug-release have usually been monitored
through the changes of the UV–vis and fluorescence spectra of silica
nanohybrids [54], although high performance liquid chromatogra-
phy has also been employed for drug-release kinetic measurements
[58]. These investigations have demonstrated that many factors

rocess for formation of hollow silica nanoparticles. (B) TEM image of solid silica
onditions. Scale bar: 200 nm. Reproduced with permission from Ref. [60].
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F onfocal fluorescent microscope. Large nanoparticles: 85 nm, small nanoparticles: 23 nm.
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ig. 4. Penetration of fluorescent silica nanoparticles to A549 cells monitored by a c
eproduced with permission from Ref. [9].

ffected the rate of drug release. For hollow silica nanoparticles, the
ey factors include cavity size, shell thickness and type of surface
unctional groups. For example, PEG-coated hollow silica nanopar-
icles were found to release drug molecules at a much slower rate
han the hydroxyl- and amine-functionalized hollow nanoparticles
54]. It was presumed that PEG on the surface partially blocked the
ilica nanoparticle pores, resulting in reduced porosity. In another
tudy, it was found that thicker shells allowed a drug to be released
t a slower rate and over a longer period of time [58]. The thicker
ilica shells also reduced the cavity size of the nanohybrid and
oncomitantly decreased drug-loading capacity. Meanwhile, the
nvironmental conditions, such as pH and temperature, also influ-
nced the release of drug molecules [53].

Some of the most illustrative characterization of drug nanohy-
rids have been based on treatment results. The cell proliferation
ssay is the preferred method for evaluation of the drug functions.

ith photodynamic therapy, for example, the survival percentage
f the treated cells with photosensitizer-doped nanoparticles was
ramatically reduced after cells were exposed to light [45,46,48].
onger photo-irradiation and higher doses of photosensitizers
nside the nanoparticles led to an increased death rate of the treated
ells. In gene therapy studies, DNA molecules can be delivered to the
arget cells [47,62–64]. The expression of delivered DNA molecules
s the sign of the successful gene delivery and transfection [47,49].
or example, the pEGFP-N2 vector, which can produce the green-
uorescent protein (GFP), was employed in Roy’s gene delivery
tudy (Fig. 5) [49]. The cellular fluorescence signal from the treated
ells suggested the pEGFP-N2 was successfully delivered to the cells
ithout losing its function.

The treatment result of photodynamic therapy using hybridized
anoparticles has been evaluated in a different manner. The princi-
le of PDT is to use singlet oxygen produced by photosensitizers
o kill malignant cells. Thus, accurate measurement of the pro-
uced singlet oxygen is crucial for evaluation of the photodynamic
herapy. Usually, the generation of singlet oxygen can be directly

onitored by its phosphorescence spectrum at 1270 nm [48,65].
eanwhile, singlet oxygen can also be tracked by the indirect
ethod, that is, the decrease of the fluorescence signal of 9,10-

ipropionic acid, which is quenched by singlet oxygen [46,48,66].
he experimental results have demonstrated that photosensitiz-

rs retain their functions of generating singlet oxygen after being
mbedded inside the silica matrix [48]. The amount of singlet
xygen generated by the ORMOSIL nanoparticle-doped photosen-
itizers is comparable to that produced by the same amount of free
hotosensitizers. The lifetimes of singlet oxygen generated by both
Fig. 5. A combined fluorescence and transmission image of COS-1 cells transfected
with pEGFP delivered with silica nanoparticles. Inset spectrum is the fluorescence
spectrum of EFGP taken from cell cytoplasm. Reproduced with permission from Ref.
[49].

the free and doped photosensitizers are also similar [48]. In addi-
tion, when doped inside the silica matrix, the negative effects of
photosensitizers, such as toxicity and hydrophobicity, are tremen-
dously reduced.

In summary, the characterization of drug molecule–silica
nanohybrids has demonstrated great potential for using these
materials as efficient carriers for drug delivery. However, a number
of medical and biological studies are still needed before effective
clinical applications can be realized.

3. Functional nanomaterial-silica nanohybrids

Silica nanoparticles have been widely used as a matrix in which
other functional nanomaterials are doped. Hybridization of the two

types of nanomaterials overcomes some limitations of the individ-
ual nanomaterials and ultimately helps to bring nanotechnology
from laboratorial studies to practical applications. Up to this point,
such silica nanohybrids have had some impact in the fields of
bioimaging, cancer therapy and catalysis. In this section, several
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unctional silica nanohybrids will be described, from their synthesis
o their potential and realized applications.

.1. Quantum dot nanohybrids

Quantum dots have been extensively studied because of their
nique luminescent properties and great potential for biological
pplications [67–72]. As a result of the quantum size confine-
ent effect, the narrow emission peaks in their luminescence

pectra can be precisely tuned by adjusting their size. In addi-
ion, the luminosity of quantum dots is strong and resistant
o photobleaching. Considering only these luminescent proper-
ies, quantum dots appear to be ideal candidates for bioimaging
nd biosensing [73–79]. From the perspective of biocompatibility,
owever, unmodified quantum dots demonstrate severe toxicity
ecause they are generally composed of heavy metals and sus-
eptible to release of these metals [80–88]. As such, the direct use
f quantum dots in biological systems may cause undesirable side
ffects. Easer and safer use of quantum dots has been demonstrated
y shielding them with silica layers [83]. Silica-modified quantum
ots possess three major advantages. First, their toxicity is greatly
educed when coated with silica shells. Second, the quantum dot
anohybrids are much more stable against degradation, and third,
hey are readily modified with functional molecules or biomacro-

olecules.

.1.1. Synthesis
The syntheses of quantum dot-silica hybrids are mostly based on

he reverse microemulsion method [89–96] and the Stöber method

97–106]. In both cases, it is necessary to convert the quantum dots
rom hydrophobic to hydrophilic character prior to the growth of
silica shell because they need to be evenly suspended in a polar
edium, such as alcohol or aqueous solution. A ligand exchange can

ffectively turn quantum dots hydrophilic and is usually the first

cheme 3. Schematic diagram of the synthesis of silica-quantum dot nanohybrids by a re
n situ ligand exchanging route.
eviews 253 (2009) 2998–3014

step prior to coating (Scheme 3, Route 1). This is followed by trans-
fer of the hydrophilic quantum dots to the silica growth solution.
In the reverse microemulsion method, the growth of silica occurs
inside the water droplets where the hydrophilic quantum dots are
trapped [90]. The amount of quantum dots per water droplet is vari-
able by changing synthetic conditions, such as the surface charge
of the quantum dots and the type of precursor. In general, nega-
tively charged quantum dots tend to form single-dot doped silica
nanoparticles in the negatively charged silica matrix due to electro-
static repulsion. Multiple-dot doped silica nanoparticles are more
likely to be produced when the surface of the quantum dots and
the silica matrix hold opposite charges. For example, in a nega-
tively charged silica matrix, the thioglycolic acid (negative charge)
modified quantum dots formed single-dot silica nanoparticles,
while in a positively charged matrix (e.g. silica matrix modi-
fied by the positively charged poly(diallyldimethyl ammonium
chloride)) multiple-dot doped silica nanoparticles were produced
[90].

Ligand exchange of quantum dots can also take place in the
reverse microemulsion, where a variety of compounds such as sur-
factants and the hydrolyzed precursors can bind to the quantum
dot surface [89–93,95,96]. This means that the whole process –
including ligand exchange, the transfer of quantum dots to aque-
ous phase, and the growth of silica shells – can be accomplished
in a one-pot synthesis (Scheme 3, Route 2) and the overall proce-
dure is greatly simplified. However, the process might be slowed or
even interrupted completely if the quantum dots are firmly bonded
by hydrophobic ligands such as those with thiol groups [95]. In
this case, surfactants and the hydrolyzed precursors are unable

to replace the hydrophobic ligands. Consequently, the hydropho-
bic quantum dots cannot reach the aqueous phase and free silica
nanoparticles form without a quantum dot core. The formation of
quantum dot-doped silica nanoparticles is also influenced by the
variation in the amount of quantum dots. An increase in quantum

verse microemulsion method; (1) a sequential ligand exchanging route, and (2) an
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doped silica nanoparticles also can target the specific cells or spe-
cheme 4. A schematic model of a single quantum dot embedded in a silica matrix

ot loading can reduce the formation of silica nanoparticles with-
ut quantum dots. However, an excess amount of quantum dots can
enerate multiple-dot doped silica nanoparticles.

The Stöber method is also employed for synthesis of quantum
ot-silica nanohybrids. The synthesis has two requirements: the
uantum dots must be water soluble and the silica precursor must
e able to adhere and grow on the quantum dot surfaces. The first
equirement can be met by proper ligand exchange as described
reviously. The second requires a functional precursor, such as APTS
r (3-mercaptopropyl)trimethoxysilane (MPTS), which adhere to
he surface of quantum dots. TEOS can also be made to adhere
nd form the silica layer if the surface of quantum dots is first
odified with PVP and cetyltrimethylammonium bromide (CTAB)

103]. With this as well as the reverse microemulsion methods, the
hickness of the silica shell outside the quantum dot-core can be
ontrolled by varying the amount of silica precursors. Different sur-
ace functional groups can also be introduced to the silica shell by
he addition of the functionalized precursors.

All the methods described above require the replacement of the
uantum dot surface ligands, which causes a reduced luminescence
uantum yield. To circumvent this problem, a modified Stöber-
ased method that can directly coat silica layer on hydrophobic
uantum dots was developed (Scheme 4) [97,105,106]. In this
ethod, a hydrophobic precursor, n-octyltriethoxysilane, was first

oordinated to the hydrophobic quantum dots. Precursors of tri-
thoxyvinylsilane and APTS were then added to form the silica
ayers that surround the unchanged quantum dots. Using this

ethod, the majority of the quantum dots (92%) form single-dot
ilica nanoparticles with nearly 70% of their fluorescence quantum
ield preserved [97].

.1.2. Properties and applications
The primary goal of silica coating is to reduce the toxicity of

uantum dots. The toxicities of quantum dots are manifested in a
everal different ways. First, the oxidizing surfaces of quantum dots
enerate reactive oxygen species which cause cell death. Second,
oxic heavy metal ions can be released from quantum dots, such as
d2+ [81,82,86,87]. Both of these pathways require oxygen or other
eactive species to directly contact the surface of the quantum dots.
n that sense, the isolation of quantum dots from the local envi-

onment can effectively reduce their toxicity. Silica nanoparticles,
hich themselves are well known to be nontoxic nanomaterials

107], are effective blocking materials for quantum dots. Current
tudies show that a silica shell can effectively reduce or even elimi-
red without ligand exchanging. Reproduced with permission from Ref. [97].

nate the toxicities of quantum dots. For example, at a concentration
of 30 �M of surface Cd atoms, no toxicity was observed from the sil-
ica coated quantum dots; while the bare quantum dots killed almost
all the cells in a proliferation assay [83].

The second advantage of a silica coating is the improvement
in surface properties of quantum dots. The surfaces of quan-
tum dots are usually hydrophobic and difficult to functionalize.
Modification by ligand exchange can provide quantum dots with
greater hydrophilicity. Further surface functionalization, such as
labeling with an antibody, is still a challenge using the ligand
exchange method. In contrast, doping quantum dots inside sil-
ica nanoparticles not only significantly reduces the toxicities of
quantum dots and improves their hydrophilicity, but also pro-
vides a convenient scaffold for further surface modification [71,104].
The silica surfaces can be easily functionalized by silica precur-
sors, such as MPTS and APTS, to provide amine or thiol reactive
groups. The functionalized surfaces can be further decorated
with antibodies and proteins based on well-established chemical
methods.

The unique luminescence properties of quantum dots are well-
preserved or only slightly modified after being doped inside the
silica matrix. In general, the excitation and emission spectra of the
quantum dots remain the same. However, a decrease of lumines-
cence quantum yield has been observed following the silica coating
of quantum dots. One major reason is the change of local environ-
ment from organic ligands to the silica matrix. When a number of
quantum dots are closely trapped inside a single silica nanoparticle,
self-quenching also reduces their luminescence intensity. Hence,
single-dot doped silica nanoparticles are preferred. Meanwhile,
the synthetic conditions may be optimized to reduce photosystem
changes to the coated quantum dots [97].

By the deliberate design of quantum dot doped silica nanopar-
ticles, the nanohybrids inherit the advantages of both quantum
dots and silica nanoparticles. Present applications of the hybrids
are mainly related to bioimaging and biosensing. The silica-coated
quantum dots can penetrate cell membranes via endocytosis [106].
Unlike those that are uncoated, silica-coated quantum dots can-
not get through the nucleus membrane because of the expanded
particle sizes. With proper outer-shell modification, quantum dot
cific sites on cells. For example, the membranes of cancer cells,
HepG2 (human liver cancer cells) and 4T1 (mouse breast cancer
cells), have been specifically labeled by the oleyl-modified quantum
dot doped silica nanoparticles [93].
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More recently, quantum dots are more likely to be doped in silica
anoparticles along with other dopants such as magnetic nanopar-
icles and magnetic resonance imaging (MRI) contrast agents. Such
ilica nanohybrids contain multiple components for tackling more
ealistic problems. Although quantum dot-silica nanohybrids have
et to reach maturity, their advantages and potential applications
n the biological field have been amply demonstrated.

.2. Magnetic nanoparticle nanohybrids

Magnetic nanoparticles have a great number of usages in med-
cal treatments and for the separation of target molecules from

matrix. However, aggregation has been a problem for effective
pplication of magnetic nanoparticles. The doping of magnetic
anoparticles into a silica matrix can successfully prevent mag-
etic nanoparticles from self-aggregation and from reacting with
nvironmental species. As with quantum dot nanohybrids, the sil-
ca layer also serves as a medium for subsequent functionalization
f the magnetic nanoparticles.

.2.1. Synthesis
The formation of magnetic-silica nanohybrids can be divided

nto two categories. First, magnetic particles may be produced in
itu in an amorphous silica matrix [108,109]. In this case, iron pre-
ursors are mixed with a silica gel or TEOS. A core–shell structure of
he magnetic-silica nanohybrid is then formed through a calcina-
ion process [110–112] or by a flame spray pyrolysis approach [113].
his method allows for more magnetic nanoparticles to be incor-
orated in a single silica nanoparticle. However, the morphology of
he resulting nanohybrids is uncontrollable.

The second method of synthesis is to prepare magnetite (Fe3O4)
nd maghemite (�-Fe2O3) nanocrystals in advance through a co-
eposition [114] or hydrothermal decomposition method [115].
fter the nanocrystals form, a silica layer is post-coated on the
anocrystal surfaces. One of three methods may be used for the
ost-coating step: hydrolysis of silicate in acidic solutions, the
töber method [111,116–118], or the reverse microemulsion method
119–122]. The first two methods fail to provide control over the
ize homogeneity of the nanoparticle. Several modified approaches
ave been developed to attain more uniform nanohybrids, as
escribed below.

A thin silica layer can be initially formed on the bare magnetic
articles using a small amount of silicate in order to change the

soelectric potential of the magnetic surface. Uniform nanohybrids
an be obtained by growth of a silica shell on the stable colloids
123,124]. Similarly, magnetic nanoparticles can also be introduced
nto the system during the hydrolysis of TEOS. The previously
ormed SiO2 particles can suppress the dipole–dipole interaction
f the magnetic particles, thereby producing nanohybrids with
efined shapes [125]. A sonication-assisted Stöber method can also
rovide dispersed magnetic nanoparticles while the hydrolysis of
EOS on magnetic cores is simultaneously stimulated. The hydrol-
sis can be completed in a short time period and, as a result,
onodispersed silica-magnetic nanohybrids with a thin silica shell

f a few nanometers can be obtained [126]. Other alternatives
re a combination of miniemulsion–emulsion polymerization and
ol–gel techniques [127] and a layer-by-layer method with the
ssistance of a polyelectrolyte [128] or polyvinylpyrrolidone [102].

With the reverse microemulsion method, the size of the nanohy-
rids can be easily controlled [129]. Both the magnetic crystal

oading and the hybrid size can be tuned by changing the water

o surfactant ratio or the TEOS concentration. Usually, a higher
ater to surfactant ratio yields smaller particles, whereas a higher

EOS concentration yields larger particles [130]. To avoid self-
ggregation, magnetic nanoparticles are sometimes produced in a
ydrophobic solution. In this case, it is essential to pre-treat the
eviews 253 (2009) 2998–3014

magnetic nanoparticles for successful transfer to an aqueous solu-
tion [131,132].

One additional shortcoming of the post-coating method is the
limited number of magnetic nanoparticles that may be entrapped
in a silica shell. To obtain a sufficient magnetic moment for recov-
ery under an applied field, superparamagnetic clusters can be
employed as core materials. These clusters are composed of numer-
ous superparamagnetic nanocrystals normally prepared via the
hydrothermal decomposition method [133]. Additionally, a sand-
wich of PVP-modified magnetic nanocrystals between two silica
layers can avoid aggregation of magnetic nanocrystals and allow
more nanocrystals to be loaded [102].

Recently, the development of mesoporous magnetic-silica
nanohybrids has garnered attention because of their large adsorp-
tion capacities and facilitation of mass transfer [134]. In general,
to make mesoporous nanohybrids, a surfactant (e.g. CTAB) is
introduced into a suspension of magnetic particles with TEOS as
the mesopore template. Surfactant molecules are trapped within
the silica matrix during the hydrolysis process and, after the
templates are removed by extraction with organic solvents or
heat treatment, mesoporous structures are left behind [120,135].
Additionally, calcination of n-octadecyltrimethoxysilane-modified
magnetic-silica nanohybrids also yields mesoporous structures,
which are attributed to the existence of defects during the forma-
tion of the SiO2 network [136].

3.2.2. Properties and applications
The behavior of magnetic nanoparticles is related to the thick-

ness of their respective silica shells. Normally, a thicker silica
shell reduces the inter-particle interaction and leads to super-
paramagnetism. It is also accompanied by a sacrifice in saturation
magnetization (Ms) [137]. For instance, a 2 nm silica coating causes
saturation magnetization to decrease from 90 emu/g for bare Fe3O4
nanoparticles to 60 emu/g [138]. Blocking temperature and particle
size also affect the behavior of magnetic nanohybrids [139,140].

The applications of magnetic silica hybrids mainly fall into
two categories. First of all, the nanohybrids may be used as
enhancement agents for MRI, microwave-assisted protein diges-
tion, and thermal therapy. MRI is a noninvasive diagnostic tool,
capable of providing high spatial resolution images of tissues
without using ionizing radiation. Since magnetic silica nanopar-
ticles exhibit enhanced relaxivity and can hold a large number
of active magnetic centers, the silica-magnetic nanohybrids show
high potential to enhance MRI contrast [141]. Application of
magnetic nanohybrids in microwave-assisted protein digestion
takes advantage of the excellent microwave absorbability of mag-
netic particles. Trypsin-immobilized magnetic silica particles were
designed for a microwave-assisted protein digestion purpose. Here,
the microwaves absorbed by the magnetic particles greatly accel-
erated the reaction between enzyme (trypsin) and protein; thus,
the incubation time was shortened to 15 s [142]. Finally, the fact
that magnetic particles release heat under a magnetic field renders
silica-magnetic nanohybrid as a promising thermal therapy agent.

The second application of magnetic silica hybrids is based
on their field-induced transport for bioseparation [134,143], solid
phase extraction, and catalyst removal [144–150]. The hybrids can
be used to separate DNA, RNA and cells. At high salt concentrations,
DNA strands can be adsorbed onto the magnetic-silica nanohybrids
from a bacterial cell lysate [143,151]. Moreover, the magnetic silica
hybrids have been successfully incorporated into the cells for easy
cell removal from a solution by an external magnet [152]. This tech-

nique has advantages of greater speed and less contamination over
traditional separation methods.

Magnetic-silica nanohybrids act as effective adsorbents to pre-
concentrate and separate analytes from the matrix. For instance, a
nanohybrid was coated with a cationic lipid, didecyldimethylam-
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cheme 5. Schematic illustration of the synthetic procedure from Fe3O4–SiO2 col-
oids to Fe3O4SiO2/p-NIPAM/SiO2–Au assemblies. Reproduced with permission from
ef. [147].

onium bromide, to capture as few as 100 bacillus anthracis spores
ith 90% separation efficacy [149]. Additionally, the nanohybrids

an remove metal ions, such as Cs+, Sr2+, and Co2+, from the aque-
us solution. The adsorption capacities were variable by changing
H since the surface charge of silica is pH-dependent [150].

Magnetic hybrids as carriers of catalysts offer advanced
ecovery of heterogeneous catalysts from reaction systems
110,119,144–146]. As shown in Scheme 5, a novel Au nanocat-
lyst was developed with a magnetic silica composite core and
any small satellite silica sphere supports for the reduction of

-nitrophenol. The catalyst was recovered magnetically while pre-
enting a large reactive surface area [147]. Another heterogeneous
atalyst was formed by growing polyaminoamido dendrons on
agnetic-silica nanohybrids, which were then complexed with

ctive metal components [144]. In addition to being coated on mag-
etic silica supports, catalysts can also be doped within a silica shell.
uch a palladium-based separable catalyst was designed to catalyze
ultiple reactions [148]. In this case, although the silica shell could

ffectively protect the catalytic activity, it created difficulties for the
eactants to effectively reach the catalysts.

Even at this early stage of their development, magnetic-silica
anohybrids have found a broad range of applications. The latest
evelopments with magnetic nanohybrids have trended toward
aterials with multiple functionalities. A typical example is the

ecently developed nanohybrid that combined the functions of drug
elivery, magnetic resonance imaging, fluorescence imaging and

dentification of target cancer cells [153]. Although magnetic sep-
ration has been the most traditional end-use for these materials
nd will continue to be so, it is also clear that these nanohybrids
an provide a wider scope of use and may find other applications
utside the bounds of separation.

.3. Gold nanomaterial nanohybrids

Gold nanomaterials are typically photoactive. The synthesis
nd surface modification of gold nanomaterials have been well
ocumented [154–156]. In addition to functioning as individ-
al photosensitive probes, gold nanomaterials are often used to
nhance detection signals, such as metal-enhanced fluorescence,

uorescence resonance energy transfer and surface enhanced
aman scattering (SERS). Occasionally, gold nanomaterials are also
sed for photothermal therapy [157–161]. The principles of metal
nhanced fluorescence and SERS have been well studied [162]. Gold
nd silver are the most commonly used metals for enhancement.
eviews 253 (2009) 2998–3014 3009

Silver exhibits a much higher enhancement than gold but a lower
stability. In this section, gold nanomaterials are discussed.

Silica nanomaterials can adjust the optical properties of gold
nanomaterials when the hybrid is formed. The shape, size and struc-
ture of both silica and gold affect the property of the hybrids. In
fact, the gold–silica nanohybrids may be built into various configu-
rations for different applications. For instance, hybrids with a silica
core and a gold shell exhibit an extinction peak in the NIR region.
In the opposite configuration – a gold core with a silica shell – the
hybrid exhibits an extinction peak in the visible region [163]. Due to
these highly variable properties, the gold–silica nanohybrids have
gained considerable attention. The works covered in this section
are synthesis, properties and initial applications of the gold–silica
nanohybrids. It is expected that a wider range of applications will
be developed with these hybrids in the near future.

3.3.1. Synthesis
The approach of doping gold nanomaterials into the silica matrix

consists of a few sequential steps: synthesis of gold cores, stabi-
lization of the core, and formation of the coating layer of silica
onto the gold core [164,165]. The gold nanoparticle core is usu-
ally synthesized via the traditional chemical method [163]. The
stabilization of the gold core can be conducted using a polymer,
PVP, which can attach to both silica and gold surfaces and initiate
the growth of silica on the gold surface [166]. To achieve a homo-
geneous and monodispersed silica coating layer, PVP of different
molecular weights (mw) are required to coat gold nanoparticles
of different sizes. For example, PVP10 (mw = 10,000) is suitable to
treat small gold nanoparticles (e.g. 15 nm in diameter), and PVP40
(mw = 40,000) is preferred for the large gold nanoparticles (e.g.
250 nm in diameter) [166]. When the positively charged surfactant
CTAB is used to stabilize gold nanorods, it can directly attract the
negatively charged silica precursor TEOS. As a result, mesoporous
silica shells form on the gold nanorods [103].

The affinity between the gold and silica is weaker than those
between quantum dots or magnetic nanoparticles and silica. An
anchor precursor such as MPTS or APTS is required for the surface-
targeted growth of silica [167,168]. Then, the hydrolysis of TEOS
through either the Stöber method or the reverse microemulsion
method forms a second silica layer. To coat a dense silica shell,
a layer-by-layer deposition of polyelectrolytes, polystyrene sulfate
and poly(allylamine hydrochloride) (PAH), may be applied [58,169].
After CTAB is blocked by layers of polyelectrolytes, a dense sil-
ica shell starts growing on the positively charged PAH modified
gold nanorod surface. Instead of Stöber or reverse microemulsion
methods, gold–silica core–shell nanoparticle can be prepared in a
“reverse” synthesis [170]. In this method, hollow silica nanoparti-
cles are first synthesized, followed by an in situ growth of gold core
inside the hollow silica shell.

The variable structures of the hybrids provide different
enhancements in the application of gold–silica nanohybrids to
SERS or metal-enhanced fluorescence. A special structure of
silica–void–gold hybrid was developed for SERS (Fig. 6) [171].
Sodium hydroxide was used to etch the silica. A prolonged etch-
ing time resulted in a much thinner shell of silica with numerous
open channels.

The fabrication of silica–gold core–shell nanohybrid usually
requires a silica nanoparticle with an amine-enriched surface as
the core [172–174]. The formation of a gold shell on this core is
based on a gold seed growth method (Fig. 7) [163]. First, gold seeds
are immobilized on silica surface through an amine bond [174]. The

binding efficiency is greatly affected by the reaction pH [175]. In
basic conditions, the amine groups are prone to bond to gold seeds.
While in an acidic environment, the protonated amine groups are
less effective for gold seed binding. After the seeds are attached on
the silica surface, their further growth leads to the formation of a
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ig. 6. Gold–void–silica nanohybrids. (A and B) TEM images of gold nanoparticles a
ar: 50 nm. Reproduced with permission from Ref. [171].

old shell. The thickness of gold shell can be adjusted by chang-
ng the amount of the growth reagent, chloroauric acid (HAuCl4)
157,176].

.3.2. Properties and applications
One exceptional property of gold nanomaterials is their tun-

ble extinction spectra by varying their sizes and shapes, or the

nner and outer diameters of the gold shell [157,158,177]. As the
hape of the gold nanomaterial changes from a sphere to a rod,
ts extinction peak shifts from 500 nm to the NIR region [155].
he absorption peak of a silica–gold nanohybrid moves towards

onger wavelengths as the inner cavity becomes larger [157,158].

Fig. 7. TEM images of (A) gold seed coated silica nanoparticles and (B) silica–go
ld–silica nanohybrid. (C and D) TEM images of gold–void–silica nanohybrids. Scale

The aggregation of gold nanoparticles causes a red-shift in the gold
spectrum [163].

The main applications of gold–silica nanohybrids are in the areas
of optical sensing and labeling. However, the nanohybrid-enhanced
NIR emission is particularly useful for the photothermic therapy
due to the deep penetration of NIR irradiation into living systems
[178–180]. A typical photothermic therapy process starts with the

surface immobilization of an antibody against a tumor cell, such
as vicinal malignant cells. The antibody then directs nanohybrid
binding to tumor cells within a living system. The hybrid absorbs
the energy from the NIR irradiation, generating heat to kill the tar-
get cell [178,179]. An in vivo study with mice showed that such a

ld core–shell nanoparticles. Reproduced with permission from Ref. [163].
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cheme 6. Delivery of the nanohybrids to tumor site via monocytes. Reproduced
ith permission from Ref. [180].

reatment significantly reduced the tumor size and increased the
requency of survival [179]. Instead of the antibody-oriented deliv-
ry, the gold–silica nanohybrids can also target the tumor region
ia monocytes. The nanohybrids first penetrate into the manocytes
hich are then enriched by a malignant neoplasm (Scheme 6) [180].

The enhancement of molecular fluorescence by gold nanomate-
ials, a property which provides significant advantages for sensing
nd detection applications, requires two conditions: a suitable dis-
ance between the dye and the metal surface (10–100 nm), and
verlapping wavelengths of the gold nanomaterial absorption peak
nd the excitation or emission peak of dye molecules [162,181–184].
o meet these two requirements, a nanohybrid can be designed by
ppropriately assembling the gold nanomaterials along with the
ye molecules into a silica nanoparticle matrix. Both the distance
nd the gold absorption peak are adjustable in the design. Thus, the
old-fluorescent silica nanohybrids are an effective unit for fluores-
ence enhancement.

The silica shell can prevent the aggregation of gold nanomateri-
ls for reproducible and stable SERS signals. However, SERS requires
he direct contact of the analyte with metal surfaces. So far, the
pplication of the gold–silica hybrid in SERS is limited. A special
old–void–silica structure can provide appropriate space for the
irect contact in SERS [171].

In summary, gold–silica nanohybrids have advanced the appli-
ations of pure gold nanomaterials. The assembly of functional
omponents along with gold nanomaterials in a silica matrix pro-
ides nanohybrids with multiple functions. The structure of the
ybrids can be designed for different applications.

.4. Catalytic nanohybrids

Amorphous silica constitutes a novel type of catalyst support
ecause of its porous structure, high thermal stability, optical
ransparency and chemical inertness. Initial research results have
emonstrated that the silica supports can enhance catalyst stabil-

ty, reactivity and selectivity. Although this is a relatively new area,
he immobilization of catalysts onto silica supports has received
onsiderable attention. In this section, two types of silica–catalyst
ybrids are covered with an emphasis on silica–titania hybrids.

.4.1. Silica-based metal catalysts
The uniform distribution of catalysts on silica surfaces is a chal-

enge. Initially, silica nanoparticles are first suspended in a metal

alt solution. The metal salt as a precursor is physically adsorbed
nto the silica surface where it is reduced to a metal nanoparticle.
owever, the early-forming metal nanoparticles tend to induce the
eposition of more metal crystals onto the same silica nanoparticle,
esulting in the formation of large metal aggregates [185].
eviews 253 (2009) 2998–3014 3011

To solve this problem, stronger interactions between the sil-
ica support and the metal precursor are recommended should be
stronger than simple electrostatics. Both covalent bonds [186–188]
and H-bond [189,190] have been effectively employed. A metal-
template/metal-exchange method was developed based on a
covalent bond between Mn(II) and silica. The resulting catalyst
hybrid showed an enhanced reactivity and selectivity compared to
the randomly grafted analogue [191]. Usually, organometallic com-
plexes containing sulfonate groups can directly link to the silica
support based on the strong H-bond between sulfonate groups and
terminal silanols of silica. Finally, a monolayer of catalyst is formed
on the silica supports. Another approach aiming to control size dis-
tribution of metal catalysts is to encapsulate pre-synthesized metal
nanocrystals within mesoporous silica supports via sonication or
supercritical CO2 [192–194]. The catalyst loading can be controlled
by tuning the force between the solvent and CO2 [195].

3.4.2. Silica-based titania nanohybrids
Titania is one of the most commonly used semiconductor pho-

tocatalysts due to its low cost, low toxicity and high chemical
resistance. Photoelectrons are excited while the titania is exposed
to UV radiation. The generated electron–hole pairs serve as reduc-
ing and oxidizing agents for various redox reactions. One of the
broad applications of titania is to address environmental pollu-
tion, including degradation of air pollutants (i.e., nitrogen oxides,
aromatics, chlorofluorocarbons, mustard gas [196,197], mercury
[198]), water purification [199] and photomineralization of various
organic pollutants (i.e., aromatics [200], dyes [201], and pesticides).
Silica–titania nanohybrids are now emerging photocatalysts. The
silica supports not only increase the thermal stability and disper-
sion of titania, but also enhance the catalytic activity of titania.

3.4.2.1. Synthesis. The synthesis of silica-supported titania usu-
ally starts at the dispersion of silica nanoparticles in an absolute
organic solvent (i.e., ethyl alcohol [202] or toluene [203]) to pre-
vent the rapid and uncontrollable hydrolysis of Ti precursors. A
small amount of water is then introduced into the solution before
the addition of Ti precursors. The water layer on the silica surface
serves as a nanoreactor for hydrolysis and condensation of tita-
nium precursors [202]. Other methods to synthesize silica–titania
nanohybrids include microemulsion [204–207], impregnation,
precipitation, chemical vapor deposition [208,209] and sol–gel
methods [210,211]. These methods usually produce core–shell
nanohybrids with a uniform thin titania outer layer. If a large tita-
nia loading is required (>30%), a multistep coating is recommended
[212].

3.4.2.2. Properties and applications. The photocatalytic activity of
titania depends upon its crystallinity, particle size and crystal phase.
Titania has three major crystal forms: anatase, rutile and brookie.
Among them, anatase is a kinetically stable phase and gives the
highest catalytic activity. The rutile phase is a thermally stable
form and usually emerges from conversion of anatase at elevated
temperatures. Studies have revealed that the presence of a silica
component can enhance the thermal stability of anatase phase and
effectively prevent the growth of titania particle sizes [213]. The for-
mation of the Ti–O–Si bond inhibits the changes of the O–Ti–O bond
angle and the O–O distance, which are required for the phase tran-
sition [214]. As a result, the presence of silica supports increases the
temperature of anatase-to-rutile phase transformation from 450 ◦C
to 900 ◦C [200].
SiO2 supports increase the acidity of TiOH and thus increase the
catalytic activity of titania [203,215]. The Ti–O–Si bonds at the inter-
face of silica and titania decrease the electron mobility of titania.
It has been revealed that the silica supports result in a significant
anodic shift of both the conduction and valence bands of titania,
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aterials. The values for valence band (VB) and conduction band edges (CB) are
iven in volts (vs. NHE). Reproduced with permission from Ref. [217].

ccompanied with the widen bandgap (Fig. 8) [216,217]. Although
his effect decreases the reducing ability of titania [217], its oxidiz-
ng activity is increased significantly.

Silica matrices inhibit the electron–hole recombination on tita-
ia surfaces. In the study of water splitting reaction catalyzed
y the SiO2–TiO2 nanohybrids, the presence of silica significantly

ncreased photocurrent and photovoltaic efficiency. The silica layer
reates an energy barrier that suppresses the recombination of elec-
rons with holes at the interface of titania and electrolytes [218,219].

Ti loading on silica supports impacts catalytic activity. At a low
i loading, the titanium species tend to prefer tetrahedral coordi-
ation at the interface of titania and silica. The maximum titanium
overage can reach ∼2.2 Ti atom/nm2. With the increase of Ti load-
ng, more octahedral Ti-sites are prone to anchoring on the silica.
he catalytic activity reaches its maximum when a titania mono-

ayer is formed since tetrahedral Ti species are the most active
220,221].

The type of titanium precursor also affects the photocat-
lytic properties of the titania–silica hybrids. Hybrids produced by
i(SO4)2 exhibit higher photocatalytic activity than those synthe-
ized from TiCl3. The sulfate ion of Ti(SO4)2 might generate both
cidic and photoactive sites on titania surface and the increased
cidity is believed to promote the photocatalytic activity [222,223].

A shortcoming of native titania photocatalysts is their limited
pectral absorption which comprises only UV wavelengths and only
mounts to 30% of available solar energy. To more efficiently utilize
vailable solar energy, certain transition metal ions (e.g. Cr6+, Co3+)
ave been doped into the titania–silica nanohybrids in order to shift
he excitation wavelength of the modified titania from the UV and
oward the visible region [224].

Overall, silica–titania nanohybrids have demonstrated an
bvious enhancement of titania photoactivity. The improved pho-
ocatalytic performance is attributed to the increased surface area,
urface acidity, local concentration of adsorbed reactants, and sup-
ressed electron–hole recombination [99,214]. The need for highly
ffective and inexpensive catalysts will drive a rapid development
f titania–silica hybrids in the near future.

. Conclusions

In summary, amorphous silica nanoparticles are an excellent

atrix for hybridization with functional molecules and nanoma-

erials. Commonly used fluorescent molecules and drugs can be
oped inside the silica nanomatrix. The resultant nanohybrids
xhibit enhanced abilities over the pure molecules. Commercially
vailable functional nanomaterials including quantum dots, gold
eviews 253 (2009) 2998–3014

nanomaterials, magnetic nanoparticles and nanocatalysts, can also
form nanohybrids with a silica matrix. These nanohybrids generally
share the advantageous properties of both silica and the functional
nanomaterials. The synthesis of the silica nanohybrids has been
well studied and a variety of applications of these nanohybrids has
been demonstrated. The future development of the silica nanohy-
brids will likely be focused on various multiple-functional hybrids
for solving practical problems. For example, nanohybrids that com-
bine the functions of diagnosis, drug delivery and therapy will be
efficient and promising nanomaterials for biomedical studies.
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