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Summary Nanomedicine, the use of nanotechnology for biomedical applications, has poten-
tial to change the landscape of the diagnosis and therapy of many diseases. In the past several
decades, the advancement in nanotechnology and material science has resulted in a large
number of organic and inorganic nanomedicine platforms. Silica nanoparticles (NPs), which
exhibit many unique properties, offer a promising drug delivery platform to realize the poten-
tial of nhanomedicine. Mesoporous silica NPs have been extensively reviewed previously. Here
we review the current state of the development and application of nonporous silica NPs for
drug delivery and molecular imaging.

© 2013 Elsevier Ltd. All rights reserved.

Introduction

Nanomedicine, the use of nanotechnology for medical appli-
cations, has undergone rapid development in the last several
decade [1—8]. The goal of nanomedicine is to design and syn-
thesize drug delivery vehicles that can carry sufficient drug
loads, efficiently cross physiological barriers to reach target
sites, and safely and sustainably cure diseases. Numerous
organic nanomedicines, including liposomes, drug—polymer
conjugates, dendrimers, polymeric micelles and nanoparti-
cles (NPs), have been extensively studied as drug delivery
systems (Fig. 1). Each delivery platform has its advan-
tage and disadvantage. For example, high drug loadings
have been achieved in liposomes [9], but the intrinsic
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structural stability of liposomes is undesirably low, espe-
cially under fluid shear stress during circulation. Inorganic
drug delivery systems, such as gold NPs, quantum dots
(QDs), silica NPs, iron oxide NPs, carbon nanotubes and
other inorganic NPs with hollow or porous structures, have
emerged as promising alternatives to organic systems for
a wide range of biomedical applications (Fig. 2). Among
these NPs, silica NPs have attracted significant interest
because of their unique properties amenable for in vivo
applications [10,11], such as hydrophilic surface favoring
protracted circulation, versatile silane chemistry for sur-
face functionalization, excellent biocompatibility, ease of
large-scale synthesis, and low cost of NP production. In
2011, an Investigational New Drug Application for exploring
an ultrasmall nonporous silica NP for targeted molecu-
lar imaging of cancer was approved by the US Food and
Drug Administration (FDA) for a first-in-human clinical trial
[12,13], highlighting the great potential and the most recent
progress of clinical translation of silica NP drug delivery
platform.
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Figure 2 Examples of inorganic nanomedicines for cancer diagnosis and therapy.
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Silica NPs used for biomedical applications can be catego-
rized as mesoporous or nonporous (solid) NPs, both of which
bear amorphous silica structure. Mesoporous silica NPs char-
acterized by the meso-pores (2—50 nm pore size) are widely
used for delivery of active payloads based on physical or
chemical adsorption (Fig. 3a) [10,14]. In contrast, nonporous
silica NPs deliver cargos through encapsulation or conjuga-
tion (Fig. 3b and c). Payload release from mesoporous silica
NPs can be controlled by using the ‘‘gatekeeper’’ strategy or
modifying the inner surface of the pores to control the bind-
ing affinity with drugs (Fig. 3a) [10], whereas the release
profile of payloads delivered by nonporous silica NPs are
controlled by means of chemical linkers or the degrada-
tion of silica matrix (Fig. 3b and c). The size and shape
of nonporous silica NPs can be excellently controlled, and
the pore size and structure of mesoporous silica NPs can be
controlled by tuning the composition and concentration of
surfactants during synthesis. The nanomedicine applications
of mesoporous silica NPs have been extensively reviewed
elsewhere [10,14—17] and are not discussed here. We also
do not discuss the use of silica as a host material for other
types of functional NPs (e.g., gold NPs, QDs and iron oxide
NPs) to form hybrid NPs. This important class of silica-based
hybrid nanomedicines has been thoroughly reviewed by Piao
et al. [18]. Here, we focus on nonporous silica NPs and their
biomedical applications for disease diagnosis and therapy.
We will first discuss the synthesis of various nonporous silica
NPs, including the methods developed to control the size,
shape and surface properties of silica NPs. Their biomedi-
cal applications for both therapy and diagnosis will then be
discussed. These applications are categorized based on the
different active cargoes delivered by silica NPs: drug deliv-
ery for small molecule drugs, proteins, or photosensitizers,
gene delivery, molecular imaging by incorporating different
contrast agents. Finally, the safety and toxicity of silica NPs
both in vitro and in vivo will be discussed, which is important
for their potential clinical translation.

Synthesis and control of the properties of
silica NPs

Many efforts have been made to prepare silica NPs with pre-
cisely controlled physicochemical properties. The excellent
control over syntheses is the prerequisite for the biomedical
application of silica NPs.

Size control

Synthesis of size-controlled silica NPs was first reported by
Stober et al. in 1968 [19]. Monodisperse silica spheres with
uniform diameters ranging from 50nm to 2 um were suc-
cessfully prepared in a reaction mixture of water, alcoholic
solvent, ammonia, and tetraalkoxysilane (Stober method;
Fig. 4). The effects of various alcoholic solvents and
tetraalkoxysilanes, as well as the concentration of each
component, on the reaction rates and particle sizes were
systemically studied. The reaction parameters and mecha-
nism were subsequently investigated by Bogush et al. and
Van Blaaderen et al. and others [20,21]. They demonstrated
that the growth proceeds through a surface reaction-limited
condensation of hydrolyzed monomers or small oligomers.

The particle formation (or particle nucleation) proceeds
through an aggregation process of siloxane substructures
that is influenced strongly by the surface potential of the sil-
ica particles and the ionic strength of the reaction medium.
Thus, the stability behavior of the silica NPs in alcohol,
water, and ammonia mixtures and the dependence of the
rate constants of hydrolysis and condensation as a func-
tion of the reaction mixture play the most important role
in determining the final silica NP sizes [21].

A seeded regrowth strategy was explored to improve the
size control for larger NPs [20,22]. The smallest NPs that
can be prepared by the Stober method without aggrega-
tion have diameters of 15—20 nm and are more polydisperse
(typically 10—20% standard deviation) than larger NPs (<3%
standard deviation for NPs larger than 200nm) [22—24].
Recently, in an important breakthrough, Hartlen et al. and
Yokoi et al. prepared monodisperse silica NPs with diameters
as small as 12nm in a heterogeneous reaction with lysine
or arginine instead of ammonia as a basic catalyst in the
aqueous medium and tetraethoxysilane in the organic layer
[25—27]. In another modification of the Stober method, sil-
ica NPs were prepared in an aqueous microemulsion with
added surfactants [28—31]. For example, the Prasad group
prepared organically modified 30-nm silica-based NPs in an
emulsion system with Aerosol OT surfactant [30,31]; Meng
et al. reported the formulation of 20—300-nm silica NPs in
a water-based emulsion with sodium dodecylbenzene sul-
fonate as the surfactant [29].

An alternative method for the production of monodis-
perse silica spheres with diameters ranging from tens to
a few hundreds of nanometers involves the use of reverse
microemulsions, in which particles form in inverse micelles
compartmentalized by a suitable surfactant in a nonpo-
lar organic solvent [32]. This approach works particularly
well for monodisperse NPs smaller than 100 nm in diameter
[33—39] and permits easy encapsulation of active molecules
in the reverse micelles during NP formation. For exam-
ple, Bagwe et al. and Jin et al. reported the synthesis
of dye-doped silica NPs with continuously tunable sizes in
a reverse microemulsion and used them for cellular con-
trast imaging [40,41]. This method has also been widely
used for coating other functional NPs with silica to produce
core—shell structures, as summarized in an excellent review
by Guerrero-Martinez et al. [42].

Shape control

The shape of NPs dramatically affects their blood cir-
culation [43] and tumor penetration behavior [44]. It
has been reported that worm-like micelles have supe-
rior circulation time compared to spheric micelles likely
due to the enhanced evasion of phagocytosis [43]. It is
also noticeable that nanorods penetrate tumor tissues
more rapidly than nanospheres likely because of improved
transport through tumor vasculature pores [44]. These
results suggest the importance of controlling the shape of
nanomedicine for favored circulation or tissue penetration
properties.

Although there are many methods for the size-controlled
preparation of silica nanospheres, only a handful of methods
have been reported for the preparing of one-dimensional
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Figure 3

Schematic diagram of the drug loading and releasing processes in mesoporous silica nanoparticles (NPs) (a) or nonporous

silica NPs (b and c). (a) Mesoporous silica NPs are loaded with cargo molecules entrapped in the interior of the nanochannels (meso
pores). The inner surface can be modified to control the binding affinity with cargos. Gatekeepers (e.g., gold NPs) are attached to
mesoporous silica NP surface for capping to prevent premature release. Cargo release can be facilitated by detaching the gatekeeper
with stimuli. (b) Cargos could be encapsulated inside nonporous silica NPs and are released when the silica matrix is degraded.
(c) Cargos could also be conjugated with nonporous silica NPs through various chemical linkers. The release profile of cargos is

controlled by the responsive degradation of the chemical linkers.

silica nanorods/nanotubes [45—50] and other nanostruc-
tures [51—55]. The methods for shape control of silica NPs
are mainly using templates [45,46,51,52] or through poly-
mer adsorption [49]. For example, silica nanotubes can be
prepared with various templates, including anodic aluminum
oxide membranes [46,47], cylindrical polymer brushes [48],
and nickel-hydrazine complex nanorods [50]. Recently, Kuijk
et al. reported the polyvinylpyrrolidone-mediated synthesis
of monodisperse silica nanorods with tunable aspect ratio

in an emulsion system (Fig. 4) [49]. Interestingly, hollow
silica nanospheres [51,53,55] and nanorattles [52,54] with
well-defined structures have also been prepared, and their
application for delivery of anticancer drugs, proteins, or
DNAs have been explored. This facile shape control of silica
NPs is important for fundamental studies of understanding
the shape effect of nanomedicine in biological system and
for optimizing the shape of nanomedicine for improved diag-
nosis and therapy.
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Surface property control

The surface properties of NPs are known to play an impor-
tant role in determining the interactions between NP
and biological system (e.g., cellular internalization and
trafficking, biodistribution and tumor penetration of NPs)
[56—58]. Therefore, to achieve efficient disease target-
ing and improved therapy, it is important to modulate
the surface properties of any nanomedicines. Silica NP has
the advantage of easy surface modification via physical
adsorption or covalent conjugation using silane chem-
istry. Depending on the specific application, the surface
property of silica NP could be easily tuned. For exam-
ple, surface charge of silica NP can be easily controlled
with the addition of 3-aminopropyltriethoxysilane, 3-
(trihydroxysilyl)-propylmethylphosphonate or carboxyethyl-
silanetriol, or zwitterion silanes following the formulation
of silica NPs. As a result, silica NPs with positive, negative,
or zwitterionic surface charge could be prepared (Fig. 4)
[59—62]. In fact, many other different functional groups
could be grafted to the silica NP surface using similar method
because there are a large number of these silane compounds
available commercially [59,63].

In addition, silica NP surface can be functionalized
with polymers either chemically (through covalent bond-
ing) or physically (by physical adsorption) (Fig. 4). The
former is favored due to the stable covalent bonding
between the polymer and NP. For example, polyethyl-
ene glycol (PEG) can be conjugated to silica NP surface
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Schematic representation of the controlled physicochemical properties of silica nanoparticles.

via a ‘‘grafting-to’’ method [59,64—67]. On the other
hand, ‘‘grafting-from’’ method has also been employed
for the surface modification of silica NPs [68]. Jia et al.
grafted silica NP surface with biocompatible and func-
tionalizable zwitterionic poly[[3-(acryloylamino)propyl](2-
carboxyethyl)dimethylammonium] via surface initiated
atomic transfer radical polymerization [69]. A number of
polymerization techniques have been applied for surface
initiated polymerization on silica NPs, as summarized in an
excellent review by Radhakrishnan et al. [70].

The surface of silica NPs can also be functionalized with
various targeting ligands (Fig. 4), for example, antibodies or
aptamers [71—75]. In summary, due to the versatile silane
chemistry, many functional moieties could be conjugated
to the silica NP surface. Thus, many desired surface prop-
erties for biomedical applications could be easily obtained
using silica NP, which is critical for developing targeted
nanomedicine for various diseases.

Silica NPs for drug delivery

The use of silica materials for delivery and controlled release
of drug payloads was reported as early as 1983 [76]. Since
then, silica NPs have been extensively used as drug carri-
ers, owing to their biocompatibility and easy formulation
with drugs. Initially, silica was used mainly in the form of
xerogels loaded with bioactive agents [77]. For example,
silica xerogels have been used as implantable carrier for
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controlled drug release [78,79]. Silica NPs emerged as a
popular drug delivery system about 10 years later [11]. A
wide range of different kinds of payloads, including small-
molecule drugs, photosensitizers for photodynamic therapy
(PDT), proteins, peptides, DNAs and RNAs, have been incor-
porated into silica NPs to target diseases such as cancer,
heart disease [80,81], and Parkinson’s disease [82]. Using
silica NPs to deliver bioactive molecules can protect them
from degradation under physiological conditions, allow for
controlled release, prolong their blood circulation, improve
disease targeting, and minimize side effects to healthy tis-
sues. Depending on the properties of the cargoes delivered,
different formulation strategies were used for preparing sil-
ica nanomedicines.

Small-molecule drug delivery

There are two general strategies for incorporating small-
molecule drugs into silica NPs: encapsulation and conju-
gation (Fig. 3b and c). The former strategy involves the
preparation of silica NPs with hollow structures, into which
drugs are loaded after NP formation (Fig. 3b); this is one
of the methods for encapsulation [46,51—54,83—85]. This
process results in a non-covalent binding between drug and
silica matrix, which is similar to that used for adsorption of
drugs in meso pores of mesoporous silica NPs. The active
molecules can also be encapsulated in the silica matrix
during NP formation [86—95]. In contrast, the conjugation
strategy involves linking drugs and silica NPs via covalent
bonds (Fig. 3c) [30,96—105].

Silica NPs are formed by a sol—gel process, a two-step
inorganic polycondensation reaction consisting of hydrolysis
and condensation. Adding bioactive molecules during oxide
backbone formation facilitates their encapsulation within
the oxide matrix, leading to the production of a compos-
ite with the active ingredients trapped inside the resulting
silica materials. This strategy is frequently employed for
preparing silica xerogels encapsulating a range of bioactive
molecules [88—93]. Tailoring the properties of the nano-
structure (e.g., density and pore size) by controlling the
sol—gel reaction kinetics allows for the control of the release
kinetics of the encapsulated molecules [11]. For example,
introducing an acid or base during the hydrolysis and conden-
sation markedly changes the xerogel microstructure, which
in turn changes the release kinetics. Release occurs by a
combination of diffusion of the encapsulated molecules and
dissolution of the silica matrix. Silica implants dissolve over
time under physiological conditions [11,78,106], as will be
discussed in later section (Safety and toxicity of silica NPs).
The strategy has also been explored for preparation of drug-
encapsulating silica NPs for cancer therapy [94,95]. For
example, He et al. encapsulated doxorubicin in silica NPs
via reverse microemulsion method [95]. Drug loading and
entrapment efficiency is 4.2 +0.3% and 22.0 + 3.6%, respec-
tively.

Drugs have been loaded into silica NPs with hollow struc-
tures, including nanospheres and nanotubes. Tang group
synthesized silica nanorattles, which have unique ball-
in-ball structure and can deliver the antitumor drugs,
docetaxel and doxorubicin [52,54,107,108]. Compared to
Taxotere®, this formulation of docetaxel shows a ~15%

higher tumor inhibition efficiency in the murine hepa-
tocarcinoma 22 subcutaneous tumor model. Deng et al.
developed hollow silica—chitosan hybrid NPs for delivery
of tumor necrosis factor alpha (TNF-a) for cancer ther-
apy [51]. These silica NPs, with their pH-sensitive cationic
polysaccharide—chitosan surface coating, permit controlled
release of the drug payload in pericellular and inter-
stitial environment to suppress the growth of cancerous
cells. Yan et al. developed similar hollow silica—chitosan
hybrid nanospheres loaded with doxorubicin and demon-
strated their in vivo antitumor efficacy [53]. Silica nanotubes
derived from Gd(OH); nanorods can be loaded with camp-
tothecin for potential oral delivery of anticancer drugs due
to their pH-dependent degradability [109].

Silica cross-linked micelles [110,111] or microcapsulates
[112] represent another interesting drug delivery system,
in which the instability of conventional micelles is over-
come by the addition of a silica shell on the micelle surface.
These micelles or microcapsules, are usually hybrids of silica
and polymers or lipids. For example, Huo et al. prepared a
new class of robust, ultrafine silica core—shell NPs from sil-
ica cross-linked, individual block copolymer micelles [111].
These hybrid micelles show substantially improved stability
upon dilution and slower release of their payload compared
to non-cross-linked micelles. Tan et al. reported a silica-lipid
hybrid microcapsule system for oral delivery of the poorly
water-soluble drug, celecoxib; the formulation enhances
in vitro dissolution and in vivo absorption of the drug [112].

Various covalent conjugation strategies for loading drugs
in silica NPs have been explored. For example, the Schoen-
fisch group reported nitric oxide (NO)-releasing silica NPs
with tunable sizes and drug release kinetics [98]. These
NPs exhibit enhanced inhibition of ovarian tumor cells as
compared to both control NPs and a previously reported
small-molecule NO donor (pyrrolidine/NO). In addition, the
NO-releasing NPs show greater inhibition effect on the
anchorage-independent growth of tumor-derived and Ras-
transformed ovarian cells.[96] In addition, bleomycin-A5,
an anticancer drug that chelates metals such as Fe(ll)
and catalyzes the formation of single-stranded or double-
stranded DNA lesions in the presence of oxygen, maintains
its cytotoxicity when it is conjugated to the surface of sil-
ica NPs [97]. Recently, novel conjugation strategies have
emerged to incorporate small-molecule anticancer drugs to
silica NP using the silane chemistry. The Lin group reported
the development of bridged polysilsesquioxane nanoparti-
cles for oxaliplatin delivery [103]. In their approach, the
bis(trialkoxysilanes) monomer containing a Pt(IV) complex
was first synthesized, and then hydrolyzed and condensed to
form polysilsesquioxane NPs through base-catalyzed sol—gel
polymerization in an anionic reverse microemulsion system
(Fig. 5a). Much higher drug loading capacity was achieved
(35—47% by weight) compared to other known nanoparticle
platforms that deliver Pt(IV) prodrugs. The Pt(IV) prodrug
in polysilsesquioxane NPs can be rapidly reduced in phys-
iological condition by endogenous biomolecules, such as
glutathione and cysteine, to release the active Pt(Il) com-
plex and bind DNA (Fig. 5a). The improved anticancer
efficacy was demonstrated in vivo in an AsPC-1 pancreatic
subcutaneous xenograft tumor model in mouse.

Our group recently developed a potentially -clini-
cally applicable drug—silica nanoconjugate system with
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Reprinted with permission from Ref. [103]. Copyright 2011 Wiley-VCH Verlag GmbH & Co [Angewandte Chemie-International Edition].
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Reprinted with permission from Ref. [104]. Copyright 2012 American Chemical Society [ACS Nano].
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excellent control over NP size and drug loading and
release profile [104]. The trialkoxysilane-containing drugs
were synthesized with a degradable ester linker between
drug and trialkoxysilane group and then condensed with
tetraalkoxysilane to allow the drug molecules to be incor-
porated into the resulting silica NPs; the drugs can be
released through the cleavage of the ester linker (Fig. 6a).
By carefully controlling Stober reaction conditions, we
were able to prepare pyrene—silica nanoconjugates with
controlled monodisperse sizes (less than 10% coefficient
of variation, the ratio of the standard deviation to the
mean of particle size) ranging from 20 to 200nm as a
proof of concept (Fig. 6b). Anticancer drugs (e.g., camp-
tothecin, paclitaxel, and docetaxel) or fluorescence dyes
(e.g., rhodamine, IR783) conjugated silica NPs with pre-
cisely controlled sizes can be prepared similarly (Fig. 6a).
The drug—silica nanoconjugates exhibited high drug loading
(10—20%) and tunable drug release profiles, and can be eas-
ily prepared on gram scale but still with perfectly controlled
sizes and monodisperse size distribution. Such excellently
size-controlled drug delivery nanomedicine allows us to sys-
tematically evaluate the size effect of nanomedicine on
in vivo biodistribution, tumor tissue penetration (Fig. 6c)
and cellular internalization, as well as the overall anti-
tumor efficacy, through which we could gain fundamental
understanding of the correlation between physiochemical
properties of nanomedicines and their interaction with bio-
logical systems for potential clinical biomedical applications
[104,105].

Protein delivery

Protein and peptide biopharmaceuticals commonly suffer
from pharmacokinetic and pharmacological drawbacks such
as short circulating half-lives, immunogenicity, instability
to proteolytic degradation, and low solubility. Therefore,
a delivery system that improves the efficacy of protein
drugs is highly desired. Silica has long been used to trap
enzymes for biocatalysis because of the many advantages of
silica NPs, for example, the ease of NP formation, matrix
degradability, stability, and tunability of physicochemical
properties of silica NPs. The Zink group did the pioneer-
ing work on encapsulation of various proteins, including
copper—zinc superoxide dismutase, cytochrome ¢, and myo-
globin, in transparent silica glass, and these investigators
demonstrated that the encapsulated biomolecules maintain
their characteristic reactivities and spectroscopic properties
[113]. The use of silica NPs to immobilize enzymes for bio-
catalysis was comprehensively reviewed by Betancor et al.
[114], so here we focus on silica NP-based systems for deliv-
ery of protein therapeutics and drug analogs.

Proteins can be either encapsulated in the silica NP
matrix or adsorbed on or conjugated to the NP surface.
The Mann group reported the feasibility of wrapping a sin-
gle molecule of met-myoglobin within silica NPs by means
of a reverse microemulsion method, by which uniformly
sized silica NPs that trap proteins can be readily prepared
without loss of protein structure or function. In addition,
the trapped proteins show enhanced thermal stability [87].
Recently, Cao et al. reported an improved method for encap-
sulating a His-tagged protein by reverse microemulsion with

the addition of a small amount of Ca?* during NP forma-
tion to strengthen the binding between the protein and
the silica shell [86]. When the silica NP surface is mod-
ified to be hydrophobic, they can absorb various proteins
for in vitro delivery to manipulate cell functions. The Kane
group demonstrated that hydrophobically functionalized sil-
ica NPs can deliver ribonuclease A and phosphor-Akt to
human breast cancer cells (MCF-7) and rat neural stem cells,
resulting in the initiation of cell death [115]. These results
highlight the usefulness of silica NPs as protein delivery vehi-
cle for the control of cell functions. Moreover, silica-coated
liposomes were explored for the in vivo delivery of insulin to
reduce glucose levels in a Wistar rat model [116]; the coated
liposomes show enhanced stability and preserve insulin func-
tion. Interestingly, 50-nm silica NPs conjugated with insulin
were recently found to direct rat mesenchymal stem cells to
adipogenic differentiation in vitro, whereas unconjugated
NPs have no effect on mesenchymal stem cell differentiation
[117]. These discoveries may give rise to more applications
of silica NPs as delivery vehicles in stem cell research.

Photodynamic therapy

Photodynamic therapy, a minimally invasive and minimally
toxic alternative to chemo- and radiotherapy, is used clin-
ically to treat a range of medical conditions, including
malignant cancers. Most modern PDT applications involve
three key components: a photosensitizer, a light source,
and tissue oxygen. When activated by light of a specific
wavelength, the photosensitizer transfers energy from its
triplet excited state to a neighboring oxygen molecule to
generate single oxygen ('0;) and other cytotoxic reac-
tive oxygen species (ROS), which initiate the destruction
of cells. For selective destruction of the target area, the
photosensitizer can be applied locally to the target area,
or photosensitive targets can be locally photoexcited. NPs
offer a method to increase the aqueous solubility of the
hydrophobic photosensitizers, their blood circulation, and
their selective accumulation in tumor tissue, owing to the
enhanced permeability and retention (EPR) effect. Silica
NPs have recently emerged as promising vehicles for PDT
owing to their high biocompatibility, controllable formation
and physicochemical properties, as well as the possibility
for tumor targeting through facile surface modification. The
use of silica NPs for PDT specifically was recently reviewed
by the Durand group [118]. Here, we will focus on using
nonporous silica NPs for the delivery of photosensitizer.
The pioneering work on the encapsulation of photo-
sensitizers in silica NPs was done by the Kopelman
and Prasad groups in 2003. The former group embed-
ded the photosensitizer meta-tetra(hydroxyphenyl)chlorin
in silica NPs through a modified Stober sol—gel process,
during which (3-aminopropyl)triethoxysilane is introduced
to strengthen the binding between the photosensitizer
and the silica matrix [119]. The Prasad group entrapped
the water-insoluble photosensitizing anticancer drug 2-
devinyl-2-(1-hexyloxyethyl)pyropheophorbide in ultrafine
organically modified 30-nm silica NPs and investigated
their internalization behavior by cancer cells and the
destruction of the cells through photodynamic action
(Fig. 7a—c) [30]. Several other research groups extended
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Figure 7 Silica nanoparticles (NPs) for photodynamic therapy. (a—c) Silica NPs with encapsulated photosensitizing anticancer
drug. (a) Scheme depicting the synthesis and purification of HPPH-doped silica-based NPs in a micellar medium. (b) Confocal
fluorescence image of Hela cells treated with HPPH-doped silica NPs. Transmission (blue) and fluorescence (red) channels are
shown. Inset: Localized fluorescence spectra from the cytoplasm of the treated cell. Excitation is at 532 nm. (c) Percentage of
cell survival of UCI-107 and Hela cells, after treatment with various samples and subsequent irradiation with 650 nm laser light
(with reference to irradiated but untreated cells as having 100% survival). Cell viability was assayed by the MTT method (values:
mean =+ standard deviation). (d and e) Silica NPs with conjugated photosensitizing anticancer drug. (d) Synthesis of 3-iodobenzylpyro-
silane, a precursor with the linked photosensitizer iodobenzylpyropheophorbide. (e) Transmission electron microscopy image of the

photosensitizer conjugated silica NPs.
(a—c) Reprinted with permission from Ref. [30]. Copyright 2003 American Chemical Society [Journal of the American Chemical
Society]; (d and e) Reprinted with permission from Ref. [102]. Copyright 2007 American Chemical Society [Nano Letters].
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this method to silica NPs of different structures and
sizes as well as many other photosensitizers, including
methylene blue, hypocrellin A, protoporphyrin IX, PC4,
and meta-tetra(hydroxyphenyl)chlorin [99—101,120—125].
Interestingly, the Prasad group fabricated silica NPs doped
with a two-photon-absorbing fluorescent dye for two-photon
PDT, a promising technique for increasing tissue penetration
of light to cure some internal diseases [120]. Recently, Li
et al. used pH-responsive silica NPs for controllable '0, gen-
eration [123]. The '0, generation ability is much stronger in
an acidic environment than in a basic one. Thus, these NPs
provide a new promising strategy for targeting the acidic
interstitial fluid of many kinds of tumors.

Photosensitizers have also been covalently conjugated
to silica NPs to minimize leaching of the photosen-
sitizers from the silica carrier before they reach the
target site [102,126—132]. In 2006, the Davydenko group
covalently immobilized Cq on silica NPs for cancer
PDT [127]. The Prasad group conjugated 2-devinyl-2-(1-
hexyloxyethyl)pyropheophorbide with a silane group to
covalently incorporate the photosensitizer inside the silica
matrix (Fig. 7d and e) [102]. This strategy increased 'O,
generation efficiency by about 1.7-fold [131].

In vivo evaluation is a critical step for clinical translation
of silica NP-based PDT. He et al. developed phosphonate-
terminated silica NPs encapsulating methylene blue using
a water-in-o0il microemulsion method [133]. The result-
ing particle platform is effective for simultaneous in vivo
imaging and site-specific PDT with imaging guidance. When
mice with HelLa tumors are treated with methylene blue-
containing silica NPs and light irradiation, moderate efficacy
is observed. Simon et al. demonstrated that protoporphyrin
IX-containing silica NPs show enhanced in vivo tumor accu-
mulation in HCT 116, A549, and glioblastoma tumors in mice
as compared to the free dye [100]. These silica NP based
PDTs show the great promise for potential clinical applica-
tion in cancer treatment. However, before they could be
clinically translated, much more preclinical evaluations are
required to demonstrate their efficacy as well as safety
in vivo.

Silica NPs for gene delivery

Gene delivery is another major application of silica NPs
besides the delivery of small molecules and proteins. The
use of silica NPs for gene delivery has been extensively
explored because their surfaces can be easily modified with
cationic molecules, which allow for the stable condensa-
tion with nucleotides that are highly negatively charged
and the protection of them from nuclease in physiologi-
cal condition. Additionally, silica is bio-inert and less toxic
than some cationic polymers employed for gene delivery,
and silica NPs are generally more stable than liposomes and
other self-assembly nanostructures under physiological con-
ditions. In the early 2000s, the Saltzeman group coupled
silica NPs with a transfection reagent—DNA complex by sim-
ple co-incubation; the coupling enhances B-galactosidase
gene expression by 750%, owing to the increased concentra-
tion of the complex at the cell surface [134—136]. However,
Guo et al. reported that the percentage of cells that asso-
ciate with DNA is not significantly influenced by the ternary

complex, suggesting that the silica NPs are more than just
a sedimentation agent; they may also act as a secondary
transfection reagent [137]. These discoveries boosted the
applications of silica NPs for gene delivery.

Condensation with surface-modified silica NPs

To the best of our knowledge, the Lehr group was the first to
use surface-modified silica NPs for gene delivery [138,139].
They modified the surface of silica NPs with amine groups
and demonstrated that a modified silica NP—DNA complex
can be used for transfection in vitro. Transfection effi-
ciency can reach 30% of that of polyethylenimine when
100 uM chloroquine is added, and no toxicity is observed
at the required concentration of modified silica NPs. Other
researchers have reported cationic silica NPs with surface
modified by amine groups [31,47,140—146], cationic macro-
molecules [147—150], or cations [151]. For example, the
Csogor group studied the interactions of DNA with the sil-
ica NPs with different amino groups modified on surface and
found that the NP with the shortest amine chain condenses
the most DNAs [140]. The in vitro transfection capability
of amine-functionalized silica NPs was also demonstrated
by the Prasad group using organically modified silica NPs
which condense plasmid encoding enhanced green fluores-
cent protein (GFP) (Fig. 8a and b) [142]. Peng et al. also used
amino-silica NPs to deliver an antisense oligonucleotide to
HelLa and A549 cells to inhibit cell proliferation [143]. The
amino-NPs show stronger inhibition and lower cytotoxicity
than liposomes. In addition to nanospheres, amine groups
decorated silica nanotubes can deliver GFP gene to COS-
7 cells [47]. Due to the unique hollow structure of the
nanotubes, the method can be extended to other cargo
molecules, such as siRNA and proteins.

Coating the silica NP surface with cationic polymer
is another way to facilitate the condensation with DNA.
Zhu et al. reported that poly(L-lysine)-modified silica NPs
bind and protect c-myc antisense oligonucleotides [147].
They noticed a decrease in cellular uptake efficiency and
antisense effects on target genes in the presence of serum-
containing medium. Further experiments showed that the
oligonucleotide—silica NP complex interacts electrostatic-
ally with fetal calf serum proteins, and the interaction may
result in the formation of complex—protein aggregates and
hamper cellular uptake of the complex.

Other strategies

Most of the reported cationic silica NPs were prepared by
initial formation of the silica NPs and subsequent surface
modification with positively charged species. An alterna-
tive method involves the condensation of cationic polymers
(e.g., polyethylenimine) with a silica source to form cationic
silica NP hybrids in a one-pot reaction [150]. In addition to
amino groups and cationic polymers, Ca%** has been used to
modify silica NPs, and the modified NPs can not only bind
DNA but also target bone cells [151]. Viral collagen was also
used to modify surface of silica colloidal crystals for DNA
delivery [148].

Conventional gene-delivery vectors have been coupled
with silica NPs to combine the advantages of multiple
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Figure 8 Organically modified silica nanoparticles (NPs) for gene delivery. (a) The organically modified silica (ORMOSIL) NPs,
encapsulating fluorescent dyes (HPPH) and surface functionalized by cationic-amino groups, can efficiently complex with DNA and
protect it from enzymatic digestion of DNase1. The scheme represents the FRET occurring as a result of the attachment of DNA
labeled with donor fluorophore, ethidium homodimer-1 (EthD-1), to the surface of an ORMOSIL NP containing the encapsulated
acceptor fluorophore HPPH. (b) COS-1 cells are transfected with plasmid encoding enhanced green fluorescent protein (EGFP)
delivered with ORMOSIL NPs. A combined transmission (blue) and fluorescence (green) image is shown. Inset: Fluorescence spectra
of EGFP taken from cell cytoplasm. (c) Transmission electron micrograph of ORMOSIL NPs that complex with DNA. (d) ORMOSIL NP
transfection in the substantia nigra par compacta. Transfected EGFP (green) is expressed in tyrosine hydroxylase-immunopositive

(red) dopaminergic neuron.
(a and b) Reprinted with permission from Ref. [142]. Copyright 2005 The National Academy of Sciences of the USA [Proceedings of the

National Academy of Sciences of the United States of America]. (c and d) Reprinted with permission from Ref. [31]. Copyright 2005
The National Academy of Sciences of the USA [Proceedings of the National Academy of Sciences of the United States of America].

systems [149,152,153]. For example, the Kataoka group
reported that silica-coated polyplexes loaded with plas-
mid DNA show enhanced transfection relative to uncoated
polyplexes; the enhancement may be due to facilitated
endosomal escape, possibly by protonation of the silica in
acidic endosomal compartments [149]. Furthermore, the
coated polyplexes also show reduced cytotoxicity. Silica
NP-supported lipid bilayers have been reported for gene
delivery as well; transfection efficiency depends on particle
size and lipid composition [154]. Specifically, transfection
efficiency decreases dramatically with increasing particle
size: a 30-nm silica core shows the highest efficiency,
whereas the efficiency of a 130-nm silica core is nearly zero.
Smaller NPs may have increased cellular internalization and
faster up DNA release inside the cells.

Recently, there is much interest in the development of
multifunctional or theranostic silica NPs, which can be used
for both diagnostic imaging and gene therapy. For example,

when doped with gadolinium oxide, surface-modified silica
NPs can anchor DNA for therapeutic gene delivery and serve
as contrast agents for magnetic resonance imaging (MRI)
simultaneously [146].

In vivo evaluation

There have been only a few in vivo studies of silica NP-
based gene delivery. Bharali et al. reported the first study
using organically modified silica NPs as a nonviral vector for
in vivo gene delivery and expression and the result is very
encouraging (Fig. 8c and d) [31]. The efficiency of trans-
fection through stereotaxic injection of a DNA—NP complex
equals or exceeds that obtained with a viral vector. It was
also demonstrated that this organically modified silica NP-
mediated transfection can be used to manipulate the biology
of neural stem cells or progenitor cells in vivo without
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damaging the cells. This landmark in nonviral gene trans-
fection reveals that organically modified silica NPs are highly
promising not only for in vivo gene delivery but also for tar-
geted brain-disease therapy. Choi et al. also reported that
a complex between the granulocyte-macrophage colony-
stimulating factor gene and silica NPs can correct acute
leukopenia in dogs [144,145].

More in vivo studies that fully explore the potential of
silica NPs as targeted, highly efficient, and nontoxic gene-
delivery vehicles are necessary. Other clinically relevant
issues, such as scalability and shelf-life, also need to be
addressed before such vehicles can be translated for clin-
ical use. In one successful attempt to address such issues,
Sameti et al. prepared lyophilizable cationic silica NPs for
gene delivery by adding suitable lyoprotective agents [141].
Together, silica NP based gene therapy is highly promising
for potential clinical applications.

Silica NPs for imaging and diagnosis

Nanotechnology offers unprecedented opportunities for
addressing current challenges in cancer diagnosis. NPs car-
rying diagnostic probes can provide structural and metabolic
information from disease sites. NP-based imaging tech-
niques can markedly improve the detection and staging
of cancers and their metastases. Besides the applica-
tion for delivery of therapeutic agents, silica NPs are
also actively employed as the platform for incorporating
contrast reagents for molecular imaging. Owing to their
versatility and robust chemistry, diagnostic probe-doped
silica NPs can be easily adopted for molecular imaging
techniques, including optical imaging (fluorescence and bio-
luminescence), MRI, radionuclide imaging (positron emission
tomography (PET) and single-photon emission computed
tomography (SPECT)), computed tomography (CT), ultra-
sound, photoacoustic imaging, and Raman imaging. Single
and multiple modal imaging techniques based on silica
NPs have been actively explored during the past two
decades, and many types of multifunctional silica NPs
with applications for cancer diagnosis have been devel-
oped.

Optical imaging

The Blaaderen and Quellet groups were the first to incor-
porate organic fluorescent dyes into monodisperse silica
NPs using the Stober method [155,156]. Subsequently, sil-
ica NPs doped with fluorescence dyes, QDs or rare-earth
fluorescence NPs were extensively studied as optical imag-
ing probes for various biological applications [157—161].
One of the most important applications is targeted cancer
imaging both in vitro and in vivo [71,75,104,162—183]. The
Santra group prepared 70-nm fluorescein isothiocyanate-
doped silica NPs by reverse microemulsion and then modified
the NP surface with the trans-activating transcriptional
activator peptide to enhance penetration of cell mem-
branes and tissues [162]. The resulting NPs can efficiently
label human lung adenocarcinoma (A549) cells. More inter-
estingly, these NPs cross the blood—brain-barrier (BBB)
when administered via the right common carotid artery,
which supplies blood to the right side of the brain, in

a Sprague—Dawley rat. This result indicates that diag-
nostic and therapeutic agents can be delivered to the
brain using silica NPs without compromising the BBB.
Choi et al. synthesized a new class of highly fluores-
cent core—shell silica NPs with narrow size distributions
and enhanced photostability, and these NPs (called Cor-
nell dots, or C dots) are widely applicable for a broad
range of imaging techniques including intravital visualiza-
tion of capillaries and macrophages, sentinel lymph node
mapping, and peptide-mediated multicolor cell labeling
for real-time imaging of tumor metastases and track-
ing of injected bone marrow cells in mice [166]. These
results demonstrate that fluorescent core—shell silica NPs
represent a powerful, novel imaging tool. Recently, the
Mooney group reported the targeted imaging of ischemic
tissues using dye-doped vascular endothelial growth factor-
conjugated silica NPs via the EPR effect in the murine
hindlimb ischemic model, which opens new possibilities for
treating large or multiple ischemic tissues using silica NPs
[171].

Many fluorescent silica NPs are prepared by physical
encapsulation of the dyes, which may leak from the sil-
ica matrix under physiological conditions. To eliminate such
leakage, covalent conjugation methods have been adopted.
For example, Mader et al. linked dyes to surface-modified
silica NPs by means of azide—alkyne click chemistry [182].
Other groups and our group used a dye—silane precursor,
with a stable chemical bond between the dye and silane
group, to covalently link dyes to silica NPs with high stability
[71,104,170].

Two-photon fluorescence imaging has several advan-
tages over traditional one-photon fluorescence imaging
for biomedical applications, including highly localized
three-dimensional spatial excitation, lower photo-induced
damage, longer observation time, less interference
by autofluorescence, and deeper tissue penetration
of light. Two-photon-absorbing dyes, such as 4,4-
diethylaminostyryl-2,2’'-bipyridine Zn(ll) [173], rare-earth
dopants NaYbF4:RE [180], and the fluorophore 4-[2-(4-
diphenylamino-phenyl)-vinyl]-1-methyl-pyridinium iodide,
have been incorporated into silica NPs for two-photon
imaging [174]. Cellular-level two-photon fluorescence
ex vivo imaging of whole-tumor mounts was demon-
strated by the Belfield group using silica NPs doped
with  2-(2,6-bis((E)-2-(7-(diphenylamino)-9,9-diethyl-9H-
fluoren-2-yl)vinyl)-4H-pyran-4-ylidene)malononitrile [176].
Interestingly, NaYbF4:RE upconversion fluorescence NPs
emit tunable visible light (e.g., orange, yellow, green,
cyan, blue, or pink) in response to near-infrared irradiation,
and the color can be tuned simply by changing either the
codopant concentration or the dopant species [175]. In
addition to the two-photon fluorescence imaging, in order
to increase the Stokes shift, He et al. recently presented a
novel large Stokes shifting near-infrared (NIR) fluorescent
silica NPs based on the principle of fluorescence resonance
energy transfer [184]. Due to the small Stokes shit of
many traditional NIR dyes, the interference and crosstalk
between excitation light and the emitting signal could
be a problem for in vivo applications. Two dyes, tris(2,2-
bipyridyl)-dichlororuthenium(ll) hexahydrate (RuBpy) and
methylene blue (MB), were synchronously doped in silica
NPs, resulting in the energy transfer from RuBpy to MB
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in the silica matrix and thus a near-infrared fluorescence
emission with large Stokes shift (>200 nm).

QD-containing silica NPs are another class of fluo-
rescent silica NPs [175,177,179,185]. The Prasad group
co-encapsulated quantum dots and magnetite NPs in organ-
ically modified silica NPs, which were then used for
two-photon magnetically guided in vitro imaging [175].
The same group also reported silica NPs with encapsulated
quantum rods for in vitro and in vivo imaging in tumor-
bearing mice [179]. In addition, Le Guevel et al. reported
a novel silica NP doped with fluorescent gold nanoclusters
(<2nm), which showed an emission in the near infrared
region (670 nm) [178].

Magnetic resonance imaging

MRI is a widely used, noninvasive diagnostic technique
with high spatial resolution (25—100 um level) and excel-
lent tissue contrast. Silica NPs encapsulating MRI contrast
agents, including paramagnetic complexes (Ga**- or Mn?*-
based chelates) [186—188] and superparamagnetic iron
oxide NPs [189—195], have been extensively studied. For
example, a Ga’*-containing silica NP reported by Ji et al.
[195] and iron oxide NP-bearing silica NPs reported by Cho
et al. [191] have been used for in vivo MRI. Recently,
the Kim group loaded human mesenchymal stem cells with
silica NPs that are dually labeled with a dye and mag-
netic NPs. The labeled cells were easy to be tracked in
live NOD-SCID mice via optical imaging or MRI, permitting
determination of the location and fate of the stem cells
[192].

Positron emission tomography imaging

PET is a nuclear medicine imaging technique that detects
pairs of gamma rays emitted indirectly by a positron-
emitting radionuclide (tracer). Three-dimensional images of
tracer concentration within the body are then reconstructed
by computer analysis. PET is quantitative and highly sen-
sitive, and there are no limitations on tissue penetration.
However, it has relatively low spatial resolution and is asso-
ciated with radiation risks and high cost. Radionuclides such
as %Cu, '8F, %8Ga, and '?*l can be used as radioisotopes for
PET. These radioisotopes have been incorporated into silica
NPs for PET imaging application. For example, the Bolton
and Hunter method has been used to label silica NPs with
124] for PET imaging (Fig. 9a) [12,196].

There is a clear trend toward hybrid imaging modal-
ities in the molecular imaging field because no single
modality meets all requirements in biomedical imaging,
including high sensitivity, high resolution, low interference,
low cost, etc. Developing multimodality imaging can offer
synergistic advantages in providing much more diagnostic
information than a single modality. The robust silane chem-
istry and the easy formulation of silica NPs make them
ideal entities for the construction of multimodal imaging
probes for in vivo applications [197,198]. For example,
the Prasad group synthesized multimodal organically modi-
fied silica NPs, conjugated with near-infrared fluorophores
and further radiolabeled with "2l for both optical and
PET imaging in vivo [196]. Clearance and biodistribution

were studied to demonstrate the potential of these bio-
compatible silica NPs as probes for in vivo imaging. Our
group recently reported a convenient, one-pot synthesis of
monodisperse, size-controlled silica nanoconjugate probes
for dual-modal sentinel lymph node imaging of PET and
NIR fluorescence [72]. We demonstrated that when the
size of the silica nanoconjugates is controlled as small as
20nm, they accumulate rapidly and effectively in lymph
nodes, thus allowing for improved lymph node imaging in
vivo. By further functionalizing the silica nanoconjugate
surface with a DNA aptamer, AS1411, active targeting of
lymphatic metastases was achieved. These dual labeled
silica nanoconjugates hold great potential for improv-
ing the accuracy of clinical tumor staging by serving as
probes for noninvasive targeted imaging of metastatic lymph
nodes.

As an illustration of the remarkable progress in the
translation of targeted diagnostic silica NPs, C dots,
reported by Wiesner and Bradbury groups, were recently
approved by the US FDA for a first-in-human clini-
cal trial (Fig. 9) [12]. These approximately 7-nm silica
NPs encapsulate Cy5 dye and are functionalized with
cyclic arginine—glycine—aspartic acid peptide ligands and
radioiodine on the surface. They exhibit high-affinity, high-
avidity binding, favorable tumor-to-blood ratios, efficient
renal clearance, and enhanced tumor-selective accumula-
tion in «,B3 integrin-expressing melanoma xenografts in
mice.

Other imaging techniques

Silica NPs have also been studied for other imaging tech-
niques. For example, 1250-nm hollow silica microspheres
with PEG modification on surface were reported as a novel
contrast agent for in vivo ultrasound imaging of male rats
after intratesticle injection [199,200]. Silica NPs that encap-
sulate gold NPs or nanorods are useful for some other
imaging applications. For example, Chen et al. reported
recently that silica-coated gold nanorods produce a pho-
toacoustic signal that is 3 times of the strength of that
produced by uncoated nanorods; strong contrast enhance-
ment in photoacoustic imaging was also demonstrated with
this core—shell structure probe [201]. In addition, the Gamb-
hir group recently reported gold—silica NPs functionalized
with an epidermal growth factor receptor as multimodal
contrast agents for Raman molecular imaging; this is the
first example of Raman molecular imaging with core—shell
NPs [202].

Safety and toxicity of silica NPs

The applications of silica NPs for therapy and diagnosis have
already been demonstrated in many preclinical studies. To
facilitate the potential clinical translation of these silica
NPs, it is important to fully evaluate the safety and potential
toxicity of these silica based nanomedicines. The toxicity
and safety of various forms of silica was comprehensively
reviewed by Napierska et al. [203] and Fruijtier-Polloth
[204]. Until recently, toxicological research of silica parti-
cles focused mainly on ‘‘natural’’ crystalline silica particles
with diameters of 0.5—10 um, which are known to present
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an occupational inhalation exposure risk. Here, we will
discuss the potential toxicity of amorphous, nanosized
colloidal silica because of its biomedical applications as
drug delivery vehicle and diagnostic probe as discussed
above.

In vitro toxicity

Many in vitro evaluations of silica NP toxicity have been done
[203,205—207]. The toxicity of silica NPs depends strongly
on physicochemical properties such as particle size, shape,
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porosity, chemical purity, surface chemistry, and solubility
[208,209]. Many researchers have observed that the cytotox-
icity of silica NPs is size dependent [210—216]. For example,
Gao and co-workers used human dermal fibroblasts to study
the cellular uptake and cytotoxicity of monodisperse 80- and
500-nm silica NPs [212]. These investigators found that cell
viability and mitochondrial membrane potential are more
strongly affected by the smaller NPs than the larger NPs,
but the adhesion and migration ability of the fibroblasts
are impaired by NPs of both sizes. Passagne et al. also
reported that 20 nm silica NPs are more toxic than 100 nm
NPs; the cytotoxicity is associated to stress oxidative with
up-production ROS and lipid peroxidation [216]. Oh et al.
treated mouse alveolar macrophage (J774A.1) cells with hol-
low silica—titania NPs with uniform diameters of 25, 50, 75,
100, and 125nm and found that cell viability, ROS produc-
tion, and apoptosis and necrosis caused by the NPs are size
dependent [210]. Among the various NPs investigated, 50-
nm cationic NPs were found to be the most harmful to the
macrophages.

The surface chemistry of silica NPs also plays an
important role in their cytotoxicity [209,210,212,217—219].
Morishige et al. compared interleukin-1b production levels
in THP-1 human macrophage-like cells treated with 1000-nm
silica NPs with or without surface functional groups (—COOH,
—NH;, —SO;H, or —CHO) and found that all the surface mod-
ification dramatically suppresses interleukin-1b production
by reducing ROS level [218]. Brown et al. also reported
that uncoated silica NPs induce an increased release of lac-
tic acid dehydrogenase and interleukin-8, whereas surface
modification with polyethylene glycol mitigates this effect
[220]. Work performed by Chang et al. suggests that the
cytotoxicity of silica NPs to various human cells can be sub-
stantially reduced by coating silica NPs with chitosan (which
bears amino groups) [219]. However, Oh et al. found that
amine-functionalized silica NPs with positively charged sur-
faces are more harmful to macrophage J774A.1 cells than
silica NPs with anionic or neutral surface modification [210].
These contradictory results may be explained by the fact
that the effects of the physicochemical properties of silica
NPs on cytotoxicity are also cell-type dependent [219]. It is
revealed that fibroblast cells with longer doubling times are
more susceptible to injury induced by silica exposure than
tumor cells with shorter doubling times.

The Ghandehari group has thoroughly evaluated the
impacts of geometry, porosity, and surface charge of silica
NPs on cellular toxicity and hemolytic activity (Fig. 10a—c).
First, it was noted that there is a concentration threshold at
~100 wg/mL for the in vitro toxicity of silica NPs; below
the threshold there is limited to no impact of the silica
NPs of various physicochemical characteristics on membrane
integrity, mitochondrial function, phagocytosis or cell death
[221]. They observed that surface charge and porosity of
the NPs are the major factors that influenced the cellu-
lar association and cytotoxicity of the silica NPs. Positively
charged NPs are more toxic than the negatively charged ones
[209,217]. Nonporous silica NPs are markedly less toxic than
mesoporous silica NPs [209]. Geometry does not influence
the extent of cellular association nor the cytotoxicity in
the study, which compares mesoporous silica nanorods with
aspect ratio of 2, 4, and 8 [209,221]. Cell type also plays an
important role in determining the in vitro toxicity; cancer

epithelial cells are highly resistant to the silica NP treat-
ment, while the toxicity on macrophages is predominantly
surface-charge-dependent [209,217]. This group as well as
Lin group also investigated the blood biocompatibility of the
silica NPs and found that the hemolytic activity was poros-
ity and geometry dependent for bare silica NPs, and surface
charge dependent for amine-modified silica NPs [209,222].

In another recent study, Rabolli et al. investigated the
influence of silica NP size, surface area, and microporosity
on invitro cytotoxic activity in four cell types (macrophages,
fibroblasts, endothelial cells, and erythrocytes) [223]. The
physicochemical parameter that governs the response to
the NPs varies by cell types: in murine macrophages, the
cytotoxic response increases with external surface area and
decreases with micropore volume; in human endothelial
cells and mouse embryo fibroblasts, cytotoxicity increases
with increasing surface roughness and decreasing diameter;
in human erythrocytes, hemolytic activity increases with
particle diameter.

Researchers have also tried to underline the mechanisms
of silica NP cytotoxicity. Liu et al. reported that silica NPs
markedly induce ROS production, mitochondrial depolar-
ization, and apoptosis in human umbilical vein endothelial
cells [224]. These investigators demonstrated that silica
NPs induce dysfunction of endothelial cells through oxida-
tive stress via the JNK, p53, and NF-kB pathways. Ye et al.
reported similar results with the L-02 line of human hepatic
cells [225]. The Ghandehari group also noted that the cyto-
toxicity may be associated with the autophagic processes in
cellular coping mechanisms for silica NPs [221].

Although several in vitro studies of silica NPs indicate
that they are cytotoxic, other studies have found that they
show low or no toxicity in vitro [217]. In fact, Brunner et al.
used amorphous silica NPs as a nontoxic control in their
studies [226]. Using the Comet assay, Barnes et al. found
no significant genotoxicity for the tested silica NPs on 3T3-
L1 fibroblasts after incubation for 3, 6, and 24 h [227]. The
results were independently validated in two separate labo-
ratories.

The determinants of the observed toxicity seem to be
complicated and vary with the type of silica NPs and the
cells. Unfortunately, in many published studies, the silica
NPs were not characterized adequately enough to allow us to
draw conclusions about whether the observed cytotoxicity
necessarily implies that silica NPs are generally hazardous.
More careful in vitro studies with well-characterized sil-
ica NPs are necessary for clarification of their cytotoxicity;
more mechanistic studies of such cytotoxicity are also highly
desired.

In vivo toxicity

Although many in vivo studies of the pulmonary toxicity
of inhaled silica NPs have been performed, the systemic
toxicity of intravenously administered silica NPs has not
been extensively investigated [62,196,208,228—238]. Tang
and co-workers recently reported that mesoporous hollow
silica NPs show low and dose-dependent toxicity when intra-
venously injected at single or repeated doses [234]. For a
single dose, the median lethal dose (LDsg) of 110-nm NPs
exceeded 1000 mg/kg. For repeated doses, no deaths were
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Figure 10 Influence of geometry, porosity, and surface characteristics of silica nanoparticles (NPs) on in vitro and in vivo toxicity.
(a) Transmission electron microscopy images of Stober silica NPs with average diameter of 115 nm (referred to as Stober), mesoporous
silica NPs with average diameter of 120nm (Meso S), mesoporous silica nanorods (NRs) with aspect ratio of 2 (AR2), mesoporous
silica NRs with aspect ratio of 4 (AR4), mesoporous silica NRs with aspect ratio of 8 (AR8), and a high-resolution image of a single
particle of Meso S. (b and c) Acute cytotoxicity assay. Cells were incubated with bare and amine-modified silica NPs or NRs at
500 wg/mL (b). RAW 264.7 cells were incubated with bare silica NPs or NRs at 500, 250, and 100 p.g/mL for 24 h (c). Relative viability
of bare silica NP-treated cells was significantly lower than that of amine-modified counterpart-treated cells (***p <0.001). Data are
presented as mean +SD (n = 3). (d) Light microscopic analysis of organs recovered from Stober silica NP (dose = 600 mg/kg). Arrows in
lung sections indicate hemorrhage into the alveoli. All Hematoxylin and eosin staining images were 200x the original magnification

except heart tissue image (40x).
(a and b) Reprinted with permission from Ref. [209]. Copyright 2011 American Chemical Society [ACS Nano]. (c) Reprinted with

permission from Ref. [208]. Copyright 2012 American Chemical Society [ACS Nano].
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observed after mice were exposed to NPs at 20, 40, and
80mg/kg by continuous intravenous administration for 14
days. The intravenously injected NPs accumulate mainly
in mononuclear phagocytic cells in the liver and spleen,
and the total clearance time of the particles is estimated
to exceed 4 weeks. Additionally, Cho et al. observed size-
dependent tissue distribution and elimination of 50-, 100-,
and 200-nm nonporous silica NPs administered by a single
intravenous injection [228]. The incidence and severity of
an inflammatory response increases transiently within 12h
post the injection of 200- or 100-nm silica NPs, but injection
of 50-nm particles elicits no significant response. Similarly,
these investigators found that the silica NPs are trapped
by macrophages in the spleen and liver and remain there
until 4 weeks after a single injection. In contrast, Nishimori
et al. found that smaller NPs are more toxic than larger
NPs [231,236]. Their studies revealed that 70-nm NPs induce
liver injury at 30 mg/kg dose, whereas 300- or 1000-nm NPs
have no effect even at 100 mg/kg. Further investigation of
the effect of particle size on the systemic toxicity of well-
characterized NPs is necessary.

Interestingly, Souris et al. discovered that the surface
charge of silica NPs also plays an important role in hepa-
tobiliary excretion [230]. Positively charged silica NPs are
quickly excreted from the liver into the gastrointestinal
tract, whereas negatively charged NPs remain sequestered
in the liver. These investigators suggested that charge-
dependent adsorption of serum proteins greatly facilitate
the hepatobiliary excretion. The Ghandehari group evalu-
ated the in vivo toxicity of silica NPs in immune-competent
mice when administered intravenously and found that in vivo
toxicity of silica NPs was mainly influenced by the porosity
and surface charge (Fig. 10d) [208,239]. Nonporous silica
NPs of 120 nm exhibit low systemic toxicity with the highest
maximum tolerated dose (MTD) of 450 mg/kg; mesoporous
silica NPs of 120 nm have considerable systemic toxicity with
MTDs ranging from 30 to 65 mg/kg. However, the toxicity was
attenuated when mesoporous silica NPs were modified with
primary amine groups (MTD = 100—150 mg/kg). Interestingly,
they noted that the geometrical features have no effect on
the in vivo toxicity of silica NPs. In contrast, the shape of
silica NPs was found to dramatically affect their toxicity
toward developing vertebrate embryos, as was reported by
Nelson et al., who used the embryonic zebrafish as a model
system in their studies [237]. These investigators showed
that silica nanomaterials with aspect ratios>1 are highly
toxic (LDsp=110pg/g embryo) and cause embryo deformi-
ties, whereas silica nanomaterials with an aspect ratio of
1 are neither toxic nor teratogenic at the same concentra-
tions.

Silica NPs may be neurotoxic. Sun and co-workers
recently reported that silica NPs may negatively affect the
striatum and dopaminergic neurons in rats, in addition to
being a potential risk factor for neurodegenerative diseases
[232]. The results indicated that upon intranasal instillation,
silica NPs enter the brain and are deposited predominantly
in the striatum; the exposure to silica NPs induces oxida-
tive damage and increased inflammatory response in the
striatum. In contrast, Barandeh et al. reported the oppo-
site result in a recently published study, in which Drosophila
were fed orally with organically modified silica NP solu-
tion of different concentrations [240]. They showed that

these silica NPs are biocompatible toward living neuronal
tissues and living organisms with minimal effects on normal
cellular functions. Silica NPs internalized in living neuronal
cells do not activate aberrant neuronal death pathways, or
affect the long distance transport pathway (axonal trans-
port), which is essential for the growth, maintenance and
survival of all neurons. It is noticeable that the silica NPs
were administered through very different routes and animal
models are different in these two studies, which could be
the reason that drastically different results were observed.
Future investigations of the neurotoxic of silica NPs of dif-
ferent properties in more animal models are highly desired.

Silica NPs may have more prominent effect on pregnant
animals. The Tsutsumi group reported that 70- and 35-nm
silica NPs can cause pregnancy complications when injected
intravenously into pregnant mice, suggesting that the NPs
cross the placenta barrier in pregnant mice [233]. In addi-
tion, mice treated with these NPs have smaller uteri and
smaller fetuses than untreated controls. Interestingly, larger
silica NPs (300 and 1000 nm) do not induce these complica-
tions.

Several groups have reported that silica NPs or implants
can degrade reasonably fast in vivo [78,106,241] and silica
NPs can be cleared from body over time [62,196], which sug-
gests that the long-term in vivo toxicity of silica NPs could be
low. Because silica is generally considered to be inert, it is
commonly used to coat other NPs, such as gold NPs and iron
oxide NPs. The toxicity of silica-coated core—shell NPs has
been studied by several researchers [229,235]. For example,
after intravenous administration of silica-coated gold NPs,
a mild inflammatory response and an increase in oxidative
stress are observed in the liver; both effect subside by 2
weeks after administration [235]. Kim et al. demonstrated
that 50-nm silica-coated magnetic NPs cause no apparent
toxicity after intraperitoneal administration [229]. Never-
theless, because silica NPs are promising nanomaterials for
biomedical applications, the biocompatibility and long-term
safety and clearance of well-characterized silica NPs must
be more carefully evaluated in preclinical studies before
they could be translated for clinical use.

Conclusions and future perspectives

Silica NPs offer a promising alternative to organic drug deliv-
ery systems and exhibit many unique properties, such as
highly controllable size and shape. Nonporous silica NPs have
found numerous biomedical applications for the delivery of
drugs, proteins, and genes and for molecular imaging. How-
ever, before silica NPs can be used routinely in clinic, some
major challenges must be overcome, including the need for
improved drug loading (high drug loading and high incor-
poration efficiency), spatial and temporal control of drug
release, highly efficient targeting of disease sites, scalable
manufacturing, long-term stability, and well-understood
biocompatibility and potential toxicity. Organo-silica hybrid
NPs, which are expected to have both the unique properties
of silica NPs and the functionalities (e.g., photorespon-
siveness) introduced by organic functional groups, could
provide more-sophisticated silica based nanomedicines with
highly controllable drug loading and responsive drug release
[102,103,104,242—248]. To achieve highly specific targeting
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of diseases, correlation between the physicochemical prop-
erties of silica NPs and their behavior in biological systems
must be fully elucidated. Furthermore, the possibility of
directing silica NPs specifically to disease sites by means
of targeting ligands, such as antibodies and aptamers, also
needs to be further explored. A complete understanding
of the toxicity profile and potential environmental impact
of silica NPs will require tremendous effort on the part
of toxicologists, pathologists, biologists, environmentalists,
and material scientists. Because nanomedicines are typi-
cally more heterogeneous than well-defined small-molecule
drugs, this task may be nontrivial. However, a thorough
understanding of the toxicity profile is not only of great sci-
entific interest but also a prerequisite for clinical application
of silica NPs. Nevertheless, we anticipate that new synthetic
methods and smart designs based on silica NPs will provide
solutions to all the above-mentioned issues and will eventu-
ally lead to the development of powerful nanomedicines for
early diagnosis and specific personalized therapy of many
diseases.
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