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Mesoporous Silica Nanoparticles: Synthesis, 
Biocompatibility and Drug Delivery
In the past decade, mesoporous silica nanoparticles (MSNs) have attracted 
more and more attention for their potential biomedical applications. With 
their tailored mesoporous structure and high surface area, MSNs as drug 
delivery systems (DDSs) show significant advantages over traditional drug 
nanocarriers. In this review, we overview the recent progress in the synthesis 
of MSNs for drug delivery applications. First, we provide an overview of syn-
thesis strategies for fabricating ordered MSNs and hollow/rattle-type MSNs. 
Then, the in vitro and in vivo biocompatibility and biotranslocation of MSNs 
are discussed in relation to their chemophysical properties including particle 
size, surface properties, shape, and structure. The review also highlights the 
significant achievements in drug delivery using mesoporous silica nanoparti-
cles and their multifunctional counterparts as drug carriers. In particular, the 
biological barriers for nano-based targeted cancer therapy and MSN-based 
targeting strategies are discussed. We conclude with our personal perspec-
tives on the directions in which future work in this field might be focused.
1. Introduction

Since the first report using MCM-41 type mesoporous silica 
nanoparticles (MSNs) as drug delivery system in 2001,[1] the last 
ten years have witnessed an exponential increase in research 
on biomedical application of MSNs (Figure 1). It has been one 
the hottest areas in nanobiotechnology and nanomedicine for 
designing biocompatible MSNs and multifunctional counter-
parts in disease diagnosis and therapy. As nanocarriers, mes-
oporous silica nanoparticles with unique mesoporous structure 
have been explored as effective drug delivery systems for a 
variety of therapeutic agents to fight against various kinds of 
diseases including bone/tendon tissue engineering,[2–5] dia-
betes,[6,7] inflammation,[8] and cancer.[9] Through much effort 
MSNs have been proven to possess unprecedented advantages 
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over traditional nano-based formulations, 
especially for cancer therapy.

The worldwide research interest in 
biomedical applications of MSNs should 
mainly be attributed to the gradually 
increased requirements from clinical 
patients for high-performance therapeutic 
nanoformulations. MSNs as nanometer-
sized drug carriers are expected to over-
come some of the problems of current 
nanoformulations. Therapeutic nano-
formulations have been marketed from 
the mid-1990s.[10,11] Unfortunately, great 
efforts and vast investments over the past 
thirty years have yielded only a few nano-
formulations that were approved by the 
US Food and Drug Administration (FDA) 
for clinical applications such as Doxil 
(100-nm PEGylated (polyethylene glycol 
coated) liposome encapsulating doxoru-
bicin hydrochloride, which was approved 
by FDA in 1995 for treatment of refractory Kaposi’s sarcoma, 
recurrent breast cancer and ovarian cancer) and Abraxane 
(albumin-bound paclitaxel with a mean particle size of approxi-
mately 130 nm, which was approved by the FDA in 2005 for 
metastatic breast cancer). From a scientific point of view, there 
have several key barriers blocking the clinical translocation of 
laboratory-developed nanoformulations.[12–14] The first major 
hurdle is the difficulty to develop nanocarriers that encapsulate 
sufficient therapeutic agents with activated release. Second, it 
is difficult to deliver the nanoparticles (NPs) efficiently to the 
desired location in the context of multiple in vivo physiological 
barriers. Third, the toxicity of engineered nanomaterials still 
remains a pendant problem. Fourth, a prerequisite for indus-
trial production and clinical translocation is the cost-effective 
and scalable fabrication of well-dispersed NPs, which currently 
still is a great challenge. All these barriers should be overcome 
for realizing the clinical translocation of the developed nano
formulations. Because of the limitations of the old nano-based 
formulations, scientists are devoted to searching new nano
carriers with optimized performance. Inorganic nanomaterials 
have special structures and chemophysical properties. Among 
inorganic nanomaterials, mesoporous silica nanoparticles have 
a tailorable mesoporous structure, high specific surface area, 
and large pore volume. These properties endow them with 
unique advantages to encapsulate a variety of therapeutic agents 
and deliver these agents to the desired location. Importantly, 
the fabrication of MSNs is simple, scalable, cost-effective, and 
controllable. Being abundantly distributed in nature, silica has 
im Adv. Mater. 2012, 24, 1504–1534
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Figure 1.  The statistics of the paper indexed in the ISI web of science by 
the topic of “mesoporous silica” and “drug delivery”.
good compatibility and is accepted as “Generally Recognized As 
Safe” (GRAS) by the FDA and has been widely used in cosmetics 
and as FDA-approved food additives.[15,16] Thereby, MSNs hold 
the promise to be developed as versatile drug delivery systems 
arming toward clinical production. Furthermore, it provides 
unique opportunities for simultaneous diagnosis and therapy 
with the MSN-based multifunctional nanocomposites not only 
as drug delivery system but also as an imaging modality.

To give an overview of recent research progress and future 
developments of mesoporous silica nanoparticles in biomed-
ical applications, this Review is organized as follows. Firstly, 
it outlines the controllable synthesis of conventional ordered 
mesoporous silica nanoparticles and the synthesis strategies 
of hollow/rattle-type mesoporous silica nanoparticles. It then 
discusses the biocompatibility of MSNs related to the different 
physicochemical properties of the nanoparticles. Next, recent 
progress in drug delivery, especially for cancer therapy, using 
MSNs and their multifunctional counterparts as drug delivery 
systems are highlighted. Finally, we conclude our personal per-
spectives on the directions in which future work on this field 
might be focused.

2. Synthesis

2.1. Ordered Mesoporous Silica (OMS)

Mesoporous silica nanoparticles with uniform pore size and 
a long-range ordered pore structure were first reported in the 
early 1990s using surfactants as structure-directing agents 
(SDAs).[17,18] Now, rapid progress has been achieved in the syn-
thesis and application of ordered MSNs in catalysis, adsorp-
tion, separation, sensing, and drug delivery. With the abundant 
availability of various types of surfactants and the deep under-
standing of sol–gel chemistry MSNs with different structures 
have been developed. The size, morphology, pore size, and pore 
structure of MSNs can be rationally designed and the synthesis 
process can be freely controlled. Recently, several reviews have 
discussed in detail the synthesis of different MSNs.[19–21] In this 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1504–1534
review, we only emphasize the controlled synthesis of several 
kinds of MSNs that have been utilized for drug delivery. Until 
now most research on drug delivery applications of ordered 
MSNs are based on MCM-41, MCM-48 and SBA-15 type 
MSNs.

MCM-41 is the most extensively researched type of MSNs for 
biomedical applications. With the surfactant of cetyltrimethyl-
ammonium bromide (CTAB) as liquid crystal templating, tetra-
ethyl orthosilicate (TEOS) or sodium metasilicate (Na2SiO3) as 
the silica precursor, and alkali as catalyst, MSNs with an ordered 
1505wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 arrangement of uniform two-dimensional (2D) hexagonal p6m 

mesopores were firstly synthesized and named as MCM-41 
(Figure 2A).[17,18] In the synthesis, when the concentration is 
above the critical micelle concentration (CMC), the surfactant 
of CTAB would self-aggregate into micelles. Around the polar 
head region of the micelles, the silica precursors condensate at 
the surface of surfactant and form silica wall around the sur-
face of the micelles. After removal of the surfactant, MCM-41 
type MSNs could be obtained (Figure 2B). The specific surface 
area is high than 700 m2/g, and the pore size can be tailored in 
the range of 1.6–10 nm.

For biomedical applications, precise control over particle 
size, shape, pore size, and pore geometry is very important. 
Totally, the pore size and its orientation are mainly determined 
by the nature of surfactant templates. The particle size and 
morphology can be controlled from sphere-, rod-, to wormlike 
structures by tailoring the molar ratio of silica precursors and 
surfactants, pH control using base catalysts,[22,23] addition of 
co-solvents or organic swelling agents,[24,25] and introduction 
of organoalkoxysilane precursors during the co-condensation 
reaction (Figure 2C).[26,27] For instance, we have found that it 
induces MCM-41 with different specific surface area and pore 
size using Na2SiO3 and TEOS as silica precursors respectively 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 

Figure 2.  (A) High-resolution transmission electron microscopy (HRTEM) 
duced with permission from ref. [18]. Copyright 1992, Nature Publishing G
template. Reproduced with permission from ref. [20]. Copyright 2006, Wil
size and structure via a co-condensation synthesis method. Reproduced w
with polyoxyethylene tert-octylphenyl ether (Triton X-100) and 
CTAB as co-surfactants.[28] When Na2SiO3 was used as pre-
cursor, the synthesized MCM-41 has larger pore and high spe-
cific surface area (1379 m2/g specific surface area and 3.3 nm 
pore size) than that with TEOS as precursor (848 m2/g specific 
surface area and 2.8 nm pore size). This is mainly because the 
existence of inorganic salt can increase the aggregate number 
of the surfactant micelles, which further enhances the pore dia
meters of the MCM-41. We also found that control of the molar 
ratios of Triton X-100 and CTAB can tailor the morphology of 
MCM-41.[28] In another research, by simply adjusting the con-
centration and the molar ratio of CTAB and NaOH, we precisely 
controlled the aspect ratio (AR) of MCM-41 from spherical to 
rod-like structure with constant diameter.[29] With the ability to 
tailor one of the parameters of diameter, aspect ratio, pore size 
and geometry while keeping other parameters constant, we can 
research the effect of a certain chemophysical property on bio-
compatibility and performance in drug delivery of MSNs.

As an important member of the M41S family, MCM-48 also 
has been paid attention in drug delivery. MCM-48 type MSNs 
have three-dimensional (3D) bicontinuous structure belonging 
to the cubic Ia3d space group.[30,31] Different from MCM-41 
with unidirectional channels, MCM-48 has unique penetrating 
GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1504–1534

showing MCM-41 with ordered arrangement of uniform mesopores. Repro-
roup. (B) Scheme of synthesis of MCM-41 with CTAB surfactant micelles as 
ey. (C) Transmission electron microscopy (TEM) of MCM-41 with different 
ith permission from ref. [26]. Copyright 2003, American Chemical Society.

www.wileyonlinelibrary.com


www.advmat.de
www.MaterialsViews.com

R
ev

iew
bicontinuous channels, which are considered to be useful for 
fast molecular transport and easy molecular accessibility. This 
property may influence the loading and release of guest mol-
ecules for drug delivery. At the early stage of its discovery, the 
synthesis of MCM-48 is complicated using cationic-anionic 
surfactants as templates under high temperature and with long 
reaction time. The synthesized particles are often large than  
1 μm and not suitable for drug delivery. Just recently, it has 
been reported that with a modified Stöber reaction at room tem-
perature using triblock copolymer pluronic F127 as surfactant, 
monodispersed spherical MCM-48 with particle sizes from  
70 to 500 nm can be synthesized.[32] It is important for further 
biomedical application of MCM-48.

Another widely researched type of MSNs for drug delivery 
is SBA-15. SBA-15, with 2D hexagonal p6mm structure, was 
firstly synthesized in highly acidic media using amphiphilic 
triblock copolymer of poly(ethylene oxide)–poly(propylene 
oxide)–poly(ethylene oxide) (EO20PO70EO20, P123) as template 
in 1998.[33] Generally, it has thicker pore walls and wider pore 
sizes (5 to 30 nm) than MCM-41.[33] In recent years, sphere and 
rod-like SBA-15 from micrometer to sub-micrometer range 
have been synthesized.[34,35] However, it is far away from satis-
factory requirements of discretional adjustment of particle size 
and morphology. Compared with MCM-41, it is still difficult to 
obtain SBA-15 with small size, especially smaller than 200 nm. 
Although SBA-15 has adjustable large pore sizes and sturdy silica 
walls, the large particle size embarrasses their in vivo applica-
tion. It is believed that if SBA-15 with smaller size could be syn-
thesized, there may have more chance for in vivo application.

In addition, other types of MSNs, such as IBN[36] and 
FDU-n[37] series mesoporous silica nanoparticles have also great 
potential in biomedical applications.
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1504–1534

Figure 3.  General scheme of methods for the synthesis of hollow/rattle-t
a-c) different soft templates, (B) selective etching strategy, and (C) self-temp
2.2. Hollow/Rattle-Type Mesoporous Silica Nanoparticles

With the rapid development of a variety of applications, new 
demands for mesoporous silica nanoparticles with special 
structure and performance gradually increase. Recently, hollow 
and rattle-type nanomaterials have been actively explored  
for enzyme immobilization, confined-space catalysis, acoustic, 
thermal and electrical insulation.[38,39] Hollow/rattle-type  
MSNs with interstitial hollow space and mesoporous shell 
have low density and high specific area, which are ideal as 
new-generation drug delivery systems with extraordinarily 
high loading capacity. For biomedical applications, multifun-
tionalization or co-delivery of several kinds of drugs are also 
expected with their special structures. Development of new 
methods to fabricate hollow/rattle-type MSNs has been one of 
the hottest topics in nanotechnology.

Conventionally, hollow-type mesoporous silica nanoparticles 
are fabricated using dual template method with a hard template 
or soft template to generate hollow interior and a soft template 
as pore forming agent to induce mesopores in the shell.[40,41] 
After sol–gel process around the pore template to generate 
silica matrix coating on the core template, the templates could 
be removed by thermal calcination or/and solvent extraction. 
For rattle-type particles, multi-step coating on the core parti-
cles is needed to generate a removable middle layer.[42] The fab-
rication is tedious, high-cost and difficult to fabricate NPs with 
small size and complicated structure. Now, more and more 
new methods are under investigation for developing simple, 
controllable, and scalable fabrication. Various methods such 
as soft templating, hard templating, layer-by-layer method,[43] 
Kirkendall effect,[44] Ostwald ripening,[45] and galvanic replace-
ment[46] have been developed for synthesizing a variety of 
1507wileyonlinelibrary.combH & Co. KGaA, Weinheim

ype mesoporous silica nanoparticles. (A) Soft templating method with  
lating method.
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 hollow/rattle-type NPs. Regarding hollow/rattle-type MSNs, 

herein, we divide the new synthesis methods into soft template 
method, selective etching strategy and self-template method 
(Figure 3).

2.2.1. Soft-Template Method

Synthesis of hollow/rattle-type MSNs using surfactants as a soft 
template relies on dual or multi-surfactants to form a complex 
template for simultaneously building a mesoporous shell and 
hollow interior (Figure 3Aa). For example, Xu and co-workers 
dispersed SiO2 or Au NPs into aqueous mixtures of a zwitteri-
onic surfactant, lauryl sulfonate betaine (LSB), and an anionic 
surfactant, sodium dodecyl benzenesulfonate (SDBS), to induce 
the formation of vesicles with movable NP cores.[47] Aminosi-
lane of 3-aminopropyltriethoxysilane (APTES), which acts as a 
co-structure-directing agent, was then attached to the surfaces 
of the vesicles. In the following process of sol–gel synthesis, 
aminosilane can act simultaneously as a vesicle-inducing agent 
and co-structure directing agent (CSDA). After the surfactants 
had been removed, the rattle-type silica nanoparticles could  
be formed. They also fabricated yolk/multishell particles by 
multiple coating.[48] Similarly, using fluorocarbon surfactant  
[C3F7O(CFCF3CF2O)2CFCF3CONH(CH2)3N+(C2H5)2CH3I−] 
(FC4) and CTAB as CSDA and 1,2-bis(trimethoxysilyl)ethane 
(BTME) as hybrid silica precursor, Lu and co-workers synthe-
sized mesoporous organosilica hollow spheres with tunable 
wall thickness.[49,50] They also used FC4, (EO)106(PO)70(EO)106 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

Figure 4.  Synthesis of mesoporous silica nanoparticles with hollow/rattle s
shell structures with a mesoporous shell using [C3F7O(CFCF3CF2O)2CFCF
surfactant. (B) a) SEM and b) TEM image of a yolk–shell mesoporous silica 
ref. [51]. Copyright 2010, Wiley. (C) Synthesis of hollow silica nanospheres
b) dye-modified hollow nanospheres, c) TEM and d) SEM image of dye-mo
from ref. [54]. Copyright 2009, Royal Society of Chemistry.
(F127) and core particles to form a core-vesicle complex as  
template to fabricate yolk-shell silica particles (Figure 4A,B).[51]

Other soft-template methods for generating a hollow inte-
rior with assistants of co-template,[52] oil-in-water (O/W) 
(Figure 3Ab)[53] and water-in-oil (W/O) (Figure 3Ac)[54] micro
emulsion, water/oil/water (W/O/W) emulsion,[55] and micelle/
polymer aggregate[56–61] have also been reported to synthesize 
porous silica nanomaterials with a hollow or rattle structure. 
Figure 4C shows the fabrication of porous silica nanoparti-
cles with a W/O microemulsion by Mou and co-workers.[54] 
They used cyclohexane, Triton X-100, hexanol, and water to 
form a W/O microemulsion, and aminopropyltrimethoxy 
silane (APTMS) with TEOS as the silica sources. By adjusting 
the order and the amount of APTMS addition, they could 
control the particle size and the interior filling extent. The 
microemulsion methods are generally preferred for synthesis 
of sub-100 nm nanoparticles.

Soft template methods are relatively simple and effective for 
the synthesis of hollow/rattle-type nanomaterials. However, 
they also have some disadvantages. In general, it is difficult to 
fabricate nanoparticles with good dispersity and to control the 
particle size and shell thickness over a broad range. Because a 
large amount of surfactants is needed in the synthesis process, 
fabrication of nanoparticles at a large scale is difficult. Another 
point that deserves mentioning is that it is difficult to remove 
the template completely while maintaining good dispersity of 
the nanoparticles. The residual surfactant may result in some 
undesirable side effects for biomedical applications.
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1504–1534

tructure via the soft template method. (A) Scheme for preparation of yolk–
3CONH(CH2)3N+(C2H5)2CH3I−] (FC4) and (EO)106(PO)70(EO)106 (F127) as 
nanoparticle synthesized from (A). (A-B) Reproduced with permission from 
 with a microemulsion as template. TEM of a) hollow silica nanospheres, 
dified hollow nanospheres with Fe3O4 cores. Reproduced with permission 

www.wileyonlinelibrary.com
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2.2.2. Selective Etching Strategy

The so-called selective etching strategy has been developed 
with the assist of a variety of silylated organic compounds or 
called organosilane precursors. A pure silica framework and 
hybrid organic–inorganic networks have different composition 
and structure, which would induce different stability with dif-
erent etching agents or under exceptional temperature or pH 
conditions (Figure 3B).[62] It provides a unique chance for selec-
tively etching the interior layer of a solid nanoparticle to form 
a hollow structure. In the structure-directed selective etching 
strategy, the multilayer core/shell solid nanoparticle should be 
elaborately designed to get hollow or rattle structure.[63,64]

For this purpose, we elaborately fabricated an organic-
inorganic hybrid solid silica sphere (HSSS) with a three-layer 
“sandwich” structure.[65] The core and the outer shell layer of 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 1504–1534

Figure 5.  Silica nanorattle with mesoporous and hollow structure synthesi
gold nanoparticle with controllable size in the hollow interior. (A) TEM ima
(core 330 nm, shell 50 nm), b) 330 nm (core 160 nm, shell 40 nm), c) 2
e) 95 nm (core 46 nm, shell 15 nm), and f) hollow silica spheres of 17
Copyright 2009, Wiley. (B) Schematic illustration of the preparation of gol
C) TEM images of a) 110 nm silica nanorattle, and silica nanorattle with b
(B-C) Reproduced with permission from ref. [66]. Copyright 2010, Wiley.
particle were pure silica frameworks hydrolyzed from TEOS, and 
the middle layer was organic–inorganic hybrid siloxane frame-
work co-condensated from TEOS and N-[3-(trimethoxysilyl) 
propyl]ethylenediamine (TSD). Because the middle layer in 
which Si–O–Si covalently crosslinks with organic groups hydro-
lyzed from TSD has less compact structure than the pure silica 
framework, hydrofluoric acid as etchant has a tendency to 
selectively etch the middle layer of HSSSs, forming silica yolk/
shell structures (silica nanorattle, SN). The selective etching 
synthesis process is facile, effective, scalable, controllable, and 
cost-effective. It is convenient to tune the particle size, core 
diameter and shell thickness in a broad range from sub-100 nm 
to micrometer length scale (Figure 5A). It can synthesize up 
to 10 g highly monodispersed silica nanorattles in one pot. It 
provides a sufficient amount of particle samples for researching 
long-term toxicity and the application in drug delivery. Based 
1509wileyonlinelibrary.commbH & Co. KGaA, Weinheim

zed by selective etching strategy. It was used as nanoreactor for synthesis of 
ges of silica nanorattles with different sizes and core/shell ratios: a) 645 nm  
60 nm (core 140 nm, shell 20 nm), d) 110 nm (core 53 nm, shell 13 nm),  
0 nm diameter (shell 25 nm). Reproduced with permission from ref. [65]. 
d core in silica nanorattle with the residual alkylamino groups as reductant.  
) 6.9 nm ± 1.3 nm, c) 15.1 nm ± 2.2 nm and d) 25.4 nm ± 3.9 nm gold core. 
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 on the slightly modified Stöber reaction, the selective etching 

strategy guarantees monodispersity of synthesized hollow/
rattle-type nanoparticles, as well large-scale fabrication.

With the functional groups in both internal and external 
surface of silica nanorattles, we have also developed multifunc-
tional silica nanorattles. Using the silica nanorattles as nano
reactors and the residual alkylamino groups as reductant, we 
synthesized gold nanoparticle with controllable size in the 
hollow interior of silica nanorattles by a very simple in situ 
reduction process without any extra reductant (Figure 5B,C).[66] 
Similarly, without any surface modification, gold nanoshell can 
be directly coated onto the surface of silica nanorattles with 
abundant amino groups.[67]

Similarly, Shi and co-workers synthesized solid silica core/
mesoporous silica shell nanospheres (sSiO2@mSiO2) with 
the core hydrolyzed from TEOS and the shell co-condensated 
from TEOS and octadecyltrimethoxysilane (C18TMS).[68] After 
treatment of the sSiO2@mSiO2 particles in Na2CO3 solution at  
80 °C or hydrothermal treatment in ammonia solution, hollow 
and rattle structure can be formed. They deduced that there 
exist hydrophobic cores in the particle shell formed by the long 
carbon chains of C18TMS, which is the pore-making area after 
burning out the organic carbon chains. The more open struc-
ture of the shell facilitates the penetration of the OH− ions to 
selectively etch the core part. With this method, they also fab-
ricated rattle-type multifunctional nanoparticles with Fe2O3 as 
core materials and mesoporous silica as shell.[69]

2.2.3. Self-Template Method

Recently, synthesis of hollow mesoporous silica nanoparti-
cles without extra “template” was developed. Here we call it 
“self-template method” (Figure 3C). In 2005, it was reported 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm

Figure 6.  Synthesis of mesoporous silica nanoparticles with hollow/rattle st
a spontaneous dissolution-regrowth process. a) Schematic illustration of the
SiO2 spheres. c-d) Hollow silica particles after reacting with different etching c
Copyright 2008, Wiley. (B) a) Schematic illustration of selectively etching the
TEM images showing the experimental conditions and typical nanostructure
room temperature (RT); (d, e) AuNP@silica, 4 h at RT; (f, g) AuNP@silica, 
50 nm. Reproduced with permission from ref. [75]. Copyright 2011, America
that alkaline treatment of cationic polyelectrolyte (poly-
(dimethyldiallylammonium chloride) (PDDA)) pre-coated mes-
oporous silica spheres can transfer the nanoparticles to hollow 
structure.[70] The mechanism was deduced that the hydroxyl 
ions permeate through the PDDA layer and attack the silica 
sphere to generate dissolved silicate oligomers under ammonia. 
The oligomers with negative charge tend to immigrate and 
deposit onto the positively charged PDDA layer, which then 
cross-link and finally form a continuous and compact silica-
PDDA complex shell. Thereby, PDDA acts as a protector to con-
fine the silica oligomers in the defined room. Similarly, using 
poly(vinylpyrrolidone) (PVP) as surface protector, Yin and co-
workers found that the solid silica sphere can be transferred to 
rattle-type structure and finally to hollow structure under the 
treatment of NaBH4 at relatively mild temperature (Figure 6A).[71]  
The mechanism was deduced to be a spontaneous dissolution-
regrowth process. They also used NaOH to selectively etch the 
interior of the silica spheres to form hollow/rattle[72] and multi-
shell rattle structures under PVP protection.[73] With surface pro-
tectors, these strategies are called “surface-protected etching”.

Without any surface protectors, selective etching of the inner 
space of solid silica nanoparticles to form hollow/rattle structure 
was also realized.[74–76] Wang and co-workers found the solid 
silica nanoparticles can transform to hollow/rattle structure after 
acid treatment under different pH and further hydrothermal 
treatment at 180 °C.[74] Similarly, Chen and co-workers observed  
similar phenomenon from solid silica to hollow structure by 
treating particles at 90 °C for 30 min (Figure 6B).[75] They deduced 
that the outmost layer of silica nanoparticle by Stöber reaction is 
“hardest” deriving from the condensation of silicic acid and its 
aggregates, whereas the innermost layer is “softest” with a porous 
structure from a lower degree of cross-linking and/or a higher 
degree of swelling. So the inner layer can be selectively etched by 
bH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1504–1534

ructure by self-template methods. (A) Formation of hollow silica through 
 spontaneous formation of hollow SiO2 spheres. b) TEM images of solid 
ondition. Scale bars = 200 nm. Reproduced with permission from ref. [71]. 
 inner space of solid silica nanoparticles to form hollow/rattle structure. 
s (b, d, f, h) before and (c, e, g, i) after etching. (b, c) silica NPs, 14 h at 
14 h at RT; (h, i) AuNP@silica, 4 h at RT and 10 h at 60 °C. Scale bars =  
n Chemical Society.
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hot water. It is intriguing to get hollow/rattle-type silica nanopar-
ticles from selectively etching Stöber silica particle without any 
surface protection. As known, Stöber method is the widest used 
reaction for synthesis of sub-micron silica particles. Previously, 
silica particles from Stöber method are perceived to be homoge-
neous in nature. Engineering them with different composition or 
stability is critically important for selective etching. Now, it has 
been proven that the Stöber silica particle is inhomogeneous. 
The new understandings are important for fabricating hollow/
rattle type nanostructures with self-template methods.

The advantage of the self-template methods is, the process 
is simple and the production cost is low. Challenge still exists 
for scaling up the reaction and synthesizing hollow/rattle-type 
nanoparticle with good stability and dispersibility.

3. Biocompatibility

Compared to conventional drug nanocarriers, MSNs have a 
special mesoporous structure and high surface area, which con-
tribute to their various applications in biocatalysis, biosensor, 
and disease diagnosis and therapy. For in vivo biomedical appli-
cations, the particles should fully perform the desired function 
and avoid non-specific and deleterious changes to the body. 
Although silica is generally accepted as having low toxicity, the 
biocompatibility of nano-scaled MSNs as a “new” kind of mate-
rial should be re-assessed. At a consensus conference of the 
European Society for Biomaterials in 1986, the word “biocom-
patibility” was defined as “the ability of a material to perform 
with an appropriate host response in a specific application”. 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 1504–1534

Figure 7.  Schematic illustration of biocompatibility and biotranslocation of
particle size, pore size and geometry, surface property, and particle shape h
and cytotoxicity, and in vivo biodistribution, biodegradation, excretion, and
With the rapid development of biomaterials, the scope of  
“biocompatibility” has been widely broadened. Herein, we use 
biocompatibility to include all deleterious and beneficial biolog-
ical effects caused by MSNs, covering cytotoxicity and in vivo 
toxicity, and changes of cells and bodies at molecular, cellular, 
and histological levels. The compatibility of nanoparticles is 
directly related to their biotranslocation. We also discuss the 
biotranslocation of nanoparticles themselves in cells and bodies 
including in vitro cellular uptake kinetics, mechanism, and 
intracellular trafficking and in vivo biodistribution, metabolism, 
biodegradation, and excretion. Recently, the chemophysical 
properties of nanomaterials including particle size, shape, sur-
face area and structure have been proven to play important roles 
in the particles’ biocompatibility and biotranslocation. Establish-
ment of the relationship between these chemophysical proper-
ties and the biocompatibility can help us design nanomaterials 
rationally (Figure 7). However, no definite conclusions can be 
made at this stage about the effects of a certain chemophysical 
parameter because of the complexity of nanotoxicity research. 
Some results still are controversial. In this section, we mainly 
focus on the current data about the effect of size, shape, surface 
property, and structure on the biocompatibility of MSNs, and 
try to analyze the possible reasons of the controversial results 
from different studies.

3.1. Effect of Size

Particle size is considered to be one of the most important 
properties of nanomaterials. With our increased understanding, 
1511wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 two distinct beliefs have been developed about the size effect 

on biocompatibility. One belief considers that particle size is 
one of the most important parameters for the mediation of 
biocompatibility of nanomaterials, and the other puts forward  
the opposite conclusion that particle size has an insignificant 
influence. It is still uncertain what the exact relationship is 
between particle size and potential toxicological effects of nano-
materials including MSNs.[77]

For the biotranslocation of MSNs, Mou and co-workers 
investigated the influence of particle size on the cellular uptake 
of MSNs by Hela cells.[78] The cellular uptake amount is size-
dependent in the order 50 nm > 30 nm > 110 nm > 280 nm 
> 170 nm. The cellular uptake amount of 50-nm nanoparticles 
was about 2.5 times higher than that of 30-nm particles. This 
result is consistent with the trend of other nanoparticles that 
50-nm particles showed maximum cellular uptake.[79,80] It sug-
gests that 50-nm MSN may be most effective in drug delivery 
from the aspect of cellular uptake. Another study by Shi and co-
workers examined the in vivo biodistribution and urinary excre-
tion of spherical MSNs with a size of 80, 120, 200, and 360 nm 
by intravenous administration (Figure 8).[81] In the research, the 
particle size is one of the determining factors for in vivo dis-
tribution, blood-circulation lifetime and excretion. After intra-
venous injection, MSNs of all sizes were mainly distributed in 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag

Figure 8.  ICP analysis of in vivo biodistribution and urinary excretion of M
and PEG–MSNs of different particle sizes (80, 120, 200, and 360 nm) in 
(C) Size-dependent mean residence time of MSNs and PEG–MSNs in bloo
of mice after intravenous injection. Reproduced with permission from ref.
the liver and spleen, a minority of them in the lung, and a few 
in the kidney and heart. The distribution in the liver and spleen 
increased with the increase of particle sizes from 80, 120, to 
200 nm at 30 min post-injection, but the particle with size of 
360 nm exhibited different trend of distribution in spleen 
(Figure 8A,B). Importantly, particles of smaller size had longer 
blood-circulation lifetime (Figure 8C). The excretion from urine 
remarkably increased with the increase of particle size, which 
may reflect the in vivo degradation rates and the excretion 
amount of degradation products (Figure 8D).

A research on cytotoxicity of spherical MSNs with particle 
sizes of 190, 420, and 1220 nm found that the cytotoxicity is 
highly correlated with particle sizes.[82] 190-nm and 420-nm 
MSNs showed significant cytotoxicity at concentrations above 
25 mg/mL, while microscale particles of 1220 nm showed slight 
cytotoxicity due to decreased endocytosis. Another study found 
that porous silica particles (25, 42, 93, 155, and 225 nm) caused 
a concentration- and size-dependent hemolytic activity.[83] The 
smaller particles have higher hemolytic activity than the larger 
ones. However, these in vitro results have not been validated  
by in vivo studies. It has been found that MSNs with sizes of 
150 nm, 800 nm, and 4 μm showed a size-independent toxicity 
in vivo instead with a significant dependence on route of admin-
istration.[84] When intraperitoneal and intravenous injection of 
 GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1504–1534

SNs with effect of of particle size and PEGylation. Biodistribution of MSNs 
(A) liver and (B) spleen of ICR mice at 30 min after intravenous injection.  
d of Sprague–Dawley rats. (D) Excretion of MSNs and PEG–MSNs in urine 

 [81]. Copyright 2010, Wiley.
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1200 mg/kg MSNs in mice resulted in death, no obvious toxicity 
was observed with subcutaneous administration of the same 
particles in the same dose. Our recent studies on the single and 
repeated toxicity in mice of silica nanorattles (SNs) with sizes of 
70, 110, and 260 nm found that the single dose toxicity exhibits 
a size-dependent relationship. However, the effect of size on 
subacute toxicity is insignificant instead with a dose-dependent 
hepatotoxicity (unpublished data). The underlying mechanism 
that results in differential single and repeated toxicity related to 
particle size is still being investigated.

3.2. Effect of Surface Properties

Besides size, the surface properties are considered to be the 
most important aspect that influences the biocompatibility of 
nanoparticles. Different from other chemophysical parameters, 
the effects of surface properties have received recognition from 
the scientific community. It is commonly accepted that nano-
particles with a cationic charge would induce more immune 
response and cytotoxicity than the neutral and anion coun-
terparts but are advantageous for transvascular transport in 
tumors, whereas particles with a neutral charge show favorablly 
long circulation times and interstitial transport in tumors.[85,86]

Although it is estimated that the surface silanol groups 
exposed toward the external environment is only less than 
6% of the total of the particles, the exposed silanol group can 
interact with biological molecules, such as cellular membrane 
lipids and proteins, and destroy the structure of these mole
cules.[87] Without surface modification, the bared MSNs with 
negative zeta potential would rapidly associate with serum 
opsonin, and then be cleared from circulation by macrophages 
in reticuloendothelial system (RES) after entering into the 
blood stream. Surface modification of MSNs plays pivotal role 
in altering the surface reactivity, improving the biocompatibility 
and increasing in vivo circulation time.

The most efficient surface modification strategy is PEGyla-
tion. Polyethylene glycols (PEGs), approved by FDA, can form a 
hydrophilic layer around particles with increased dispersity, and 
can greatly increase the half-life by delaying opsononization.[88] 
It acts as a protecting layer to mask the reactive surface silanol 
groups and prevent the access of additional silanol groups from 
collapsed pores.[83] It was reported that mesoporous nanoparti-
cles after PEGylation have decreased distribution in RES related 
tissue of liver and spleen after intravenous administration. 
Meanwhile, the blood-circulation lifetime is prolonged and 
excretion rate is decreased.[81,89] PEGylation also can ameliorate 
the hemolytic activity and cytotoxicity, and decrease the endocy-
tosis of mesoporous silica nanoparticles.[90,91]

Nevertheless, PEGylation is not the gold standard for escape 
of RES. It has some limitations.[92] Although the common belief 
is that PEGylation can prevent immune recognition, recent 
studies have suggested that the PEGylated nanoparticles would 
induce production of specific anti-PEG IgM that is responsible 
for accelerated blood clearance (ABC) of nanoparticles after 
repeated injection.[93] It also results in hypersensitivity reaction 
by complement cascade activation in blood.[94]

Other surface modifications of MSNs have also been 
researched. Because of existence of abundant silanol groups, 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1504–1534
modification of the particles surface is relatively facile. It has 
been suggested that the in vitro cellular uptake and cytotox-
icity,[95–98] and the in vivo biodistribution and excretion[99] of 
MSNs can be regulated by different surface functionalization 
via amino (-NH2), carboxyl (-COOH), phenyl (-Ph), and methyl 
phosphonate (-PO3

−) groups with negative, neutral, and posi-
tive zeta potentials. In one example, surface-modification of 
MSNs (fluorescein isothiocyanate (FITC) functionalized) with 
functional groups, 3-amino-propyl (AP), guanidinopropyl (GP), 
N-(2-aminoethyl)-3-aminopropyl (AEAP), and N-folate-3-amino-
propyl (FAP) could manipulate the particle endocytosis by Hela 
cells (Figure 9A).[95] The plots of the logarithms of the concen-
trations of MSNs versus the percentages of cells that took up 
the MSNs showed a sigmoidal behavior with dose-response 
endocytosis (Figure 9B). MSNs with different surface modifi-
cation were endocytosed by Hela cells via different endocytosis 
pathway: FITC- and FAP- MSNs were endocytosed via clathrin-
pitted mechanism, FAP-MSNs were endocytosed by folic  
acid receptors, and AP- and GP-MSNs were endocytosed via 
caveolae-mediated mechanism (Figure 9C).

Coating MSNs with lipid layer was utilized to improve the 
biocompatibility and performance.[100–104] PEG-LipoMSNs, 
assembled from PEG-derived phospholipids on the particle 
surface of 200 nm MSNs, exhibited superior suspensibility 
and much lower nonspecific binding in vitro compared to the 
bare MSNs.[101] In another study, 34.3 nm silica nanoparticles 
coated with lipid have increased bioapplicability with more than  
10 times prolonged half-lives, and decreased distribution in 
RES-related organ.[102]

3.3. Effect of Shape

In the past several years, particle shape has gained more and 
more attention[105–108] since it was found that nonspherical par-
ticles have reduced phagocytosis by macrophages and longer in 
vivo circulation time.[106,109] However, it is difficult to take shape 
as a single variable and establish the relationship between par-
ticle shape and biocompatibility because fabrication techniques 
to produce particles with different shapes using biocompat-
ible materials are limited.[110] The possibility of fabricating 
MSNs with different shape and similar composition, structure,  
diameter, and dispersity enables us to research the shape effect 
on nanotoxicity, biodistribution, and performance for drug 
delivery.

About the effect of particle shape on cellular endocytosis, 
a theoretical model was proposed in 2005 to compare the cell 
membranes containing diffusive mobile receptors that wrap 
around a ligand-coated cylindrical or spherical particle.[111] In 
this model, the concept of “wrapping time” was introduced to 
explain the faster endocytosis of spherical particles than the 
cylindrical ones. Another simulation deduced that the shape 
anisotropy and initial orientation of particles are crucial for the 
interaction between the particles and the lipid bilayer of cellular 
membrane using dissipative particle dynamics (DPD).[112] To 
some extent, these models provide useful guidance for shape 
consideration in designing drug delivery systems. However, 
what is not included in these theoretical models is the cell-type 
specific variation, which would result in different endocytosis 
1513wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 9.  Effect of surface functionalization of MSNs on endocytosis by Hela cells. (A) Schematic representation of the endocytosis of organically 
functionalized MSNs with 3-amino- propyl (AP), guanidinopropyl (GP), N-(2-aminoethyl)-3-aminopropyl (AEAP), and N-folate- 3-aminopropyl (FAP). 
(B) Uptake of the synthesized MSNs as a function of their concentration: () FITC-, () AP-, () GP-, (•) GEGP-, and () FAP-MSNs. (C) Uptake of the 
materials in absence (blue bars) and presence of a series of inhibitors: 450 mM sucrose (prune); 1 mM folic acid (gray); 200 mM genistein (cream). 
Reproduced with permission from ref. [95]. Copyright 2006, American Chemical Society.
pathway of nanoparticles due to differential receptor expression 
among various cell lines, and further determine the different 
endocytotic rate, intracellular trafficking and final fate. Thus, it 
is explicable that the experimental results sometimes are not 
consistent with that from theoretical models.

Until now, research on the shape effect of MSNs have 
mainly focused on in vitro cellular uptake. As reported, cellular 
uptake of spherical (size distribution from 80 to 150 nm) and 
tube-shaped (600 nm in length and 100 nm in width) MSNs 
by Chinese hamster ovarian (CHO) cells and human fibroblast 
cells was both morphology- and cell line-dependent.[113] For 
CHO cells, the endocytosis rates for both MSNs were similar 
and rapid, whereas endocytotic rate of sphere MSNs was sig-
nificantly faster than that of rod-like MSNs by fibroblast cells. 
However, the two kinds of particles in high concentration were 
aggregated, which would definitely influence the final readout 
of the shape effect. Another study used MCM-41 (500–900 nm 
14 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
with spherical or oval shape) and SBA-15 (irregularly shaped and 
micrometer sized) type MSNs for delivery of platinum drugs.[114] 
The uptake of MCM-41 and SBA-15 by Jurkat cells (leukemia 
cell) was via phagocytosis and receptor-mediated endocytotic 
pathway, respectively. Recently, Nel and co-workers compared 
the cellular uptake of different shaped MSNs including MSNP0 
(AR = 1∼1.2), MSNP1 (AR = 1.5∼1.7), MSNP2 (AR = 2.1∼2.5), 
and MSNP3 (AR = 4∼4.5). MSNP2 with an AR of 2.1–2.5 were 
taken up by Hela cells via small GTPase-dependent macropino-
cytosis with larger quantities over the shorter or longer length 
rods, which subsequently induced more efficient drug delivery 
of paclitaxel.[115] Another study by Ghandehari and co-workers 
on the cytotoxicity of MSNs with diameter of 80∼150 nm and 
aspect ratio of 1, 2, 4, and 8 showed that aspect ratio had no sig-
nificant effect on the particles’ acute cytotoxicity, proliferation 
inhibition, plasma membrane integrity, and cellular uptake to 
murine macrophage, human lung carcinoma cells and human 
GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1504–1534
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erythrocytes.[116] However, the hemolytic activity was shape-
dependent MSNs with higher aspect ratio showed lower hemo-
lytic toxicity. The different cellular uptake behavior of MSNs 
with similar aspect ratios in these respective studies is likely 
due to the difference in other parameters including diameter of 
MSNs, selection of cell line, and existence of serum protein in 
the research systems.

With controllable synthesis of MSNs and fluorescent coun-
terparts with aspect ratios from 1 to 10 (Figure 10A), we inves-
tigated the interaction between A375 human melanoma cells 
and MSNs with dimmer of about 100 nm and aspect ratio of 
1, 2, and 4.[107] Overall, particles had a greater impact on dif-
ferent aspects of cellular functions including cell proliferation, 
apoptosis, cytoskeleton formation, adhesion and migration with 
the increase of the aspect ratio (Figure 10B), which may result 
from the accelerated cellular internalization rate and increased 
uptake amount (Figure 10C). In addition to cellular behavior, 
we also examined the protein expression related to cell adhe-
sion, cell adhesion molecule-1 (ICAM-1) and melanoma cell 
adhesion molecule (MCAM) at protein and mRNA expression 
level.[107] The influence of protein expression by the aspect ratio 
of a particle followed the same trend as the cellular behavior. 
Our recent research on cellular uptake mechanism of differ-
ently shaped MSN found that spherical particles preferred to be 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1504–1534

Figure 10.  Controlled fabrication of MSNs with different aspect ratios and t
cation of MSN-FITC with aspect ratio from 1 to 5 and the TEM images of n
with different aspect ratios. a) Negative control, b) sphere MSN, c) short-
Copyright 2010, Elsevier. (C) A375 cellular uptake simultaneously incubated 
(RITC-labeled, red), short-rod MSN (aspect ratio = 2; FITC-labeled, green), a
(aspect ratio = 4; RITC-labeled, red) and merge fluorescent image; c) long
ratio = 2; RITC-labeled, red) and merge fluorescent image. FITC: fluorescein
mission from ref. [107]. Copyright 2010, Elsevier. (D) Relative silica content
MSN (aspect ratio = 1.5) and long-rod MSN (aspect ratio = 5). Reproduced 
(E) Si content in urine at 24 h post intravenous injection of short-rod MSN 
permission from ref. [29]. Copyright 2011, American Chemical Society.
internalized via a clathrin-mediated pathway in Hela cells while 
MSN with large ARs favored to be internalized via caveolae-
mediated pathway (Unpublished Data). The different cellular 
uptake pathways would finally determine the intracellular fate 
of the nanoparticles as drug delivery systems.

Up to now, little attention has been paid to in vivo behavior 
of MSNs related to shape. We recently found that the in vivo 
biodistribution, clearance, and biocompatibility of MSNs and 
PEGylated counterparts with aspect ratios of 1.5 and 5 and 
diameters of 110∼150 nm were dependent on the shape and 
surface modification.[29] At 2 h post-intravenous injection, 
short-rod MSNs (NSR) were easily trapped in the liver, while 
more amount of long-rod MSN (NLR) distributed in the spleen 
(Figure 10D). PEGylation can decrease the RES sequestration 
by the liver and spleen for both shaped MSNs. In terms of the 
circulation time of particles in blood, the NLR and NSR did not 
show detectable concentration differences in blood at 2 h after 
administration. At 24 h, the Si content of NSR in blood signifi-
cantly deceased, whereas that of NLR maintained at a similar 
level as that of 2 h, indicating that NLR has a longer blood cir-
culation time than NSR, consistent with previous reports for 
other materials.[106,117] We also found that short-rod MSNs had a 
more rapid clearance from urine and feces than long-rod MSNs 
in both excretion routes (Figure 10E). All these findings may 
1515wileyonlinelibrary.combH & Co. KGaA, Weinheim

heir effect on the in vitro and in vivo behaviors. (A) Illustration of the fabri-
anoparticles.[29] (B) A375 cellular adhesion was influenced by nanoparticle 
rod MSN (aspect ratio = 2), and d) long-rod MSN (aspect ratio = 4).[107] 
with two kinds of MSN labeled with different fluorescence. a) Sphere MSN 
nd merge fluorescent image; b) sphere MSN (FITC, green), long-rod MSN 
-rod MSN (aspect ratio = 4; FITC-labeled, green), short-rod MSN (aspect 
 isothiocyanate; RITC: rhodamine B isothiocyanate. Reproduced with per-

s in liver, spleen and kidney at 24 h post intravenous injection of short-rod 
with permission from ref. [29]. Copyright 2011, American Chemical Society.  
(aspect ratio = 1.5) and long-rod MSN (aspect ratio = 5). Reproduced with 
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 provide useful information for the rational design of efficient 

drug delivery nanocarriers and therapeutic systems and provide 
insights into nanotoxicity.

To confirm the influence of shape of MSNs more precisely, 
more rigorous research is needed. Currently, evidence clearly 
shows that the shape does have an important influence on the 
cell–nanoparticle interaction and in vivo particle biotransloca-
tion. In a recent study,[118] it was found that a rod of 15 nm 
diameter and 54 nm length (CdSe/CdS quantum dot (QD) 
coated with silica shell) penetrated tumors 4.1 times faster 
than 35-nm diameter spheres (CdSe QD). This result reminds 
us that MSNs with large aspect ratio and suitable diameter 
may have longer circulation time and more efficient tumor 
accumulation than the spherical ones, which may signifi-
cant enhance the therapeutic efficacy of nanoparticulate drug 
delivery systems.[119]

3.4. Effect of Structure

In recent years, the development of MSNs with novel struc-
tures has attracted great interest for biomedical applications. 
Structure as one of the greatest contributors to the properties 
of MSNs has been given little attention with respect to bio-
compatibility. Would the pore size and geometry, surface area, 
existence of the void space of hollow structure, matrix with or 
without porosity influence the biocompatibility and biotrans-
location of MSNs? It remains to be answered. Because of the 
diversity of engineered MSNs, it is rather difficult to extract a 
certain chemophysical parameter independently for accurately 
discerning its influence.

Sharing the same composition with non-porous colloidal 
silica, MSNs have porous structure, low density, and large sur-
face area. The high specific surface area may be advantageous 
for encapsulating guest molecules, but meanwhile may pose 
an increased risk and hazards with higher reactive and oxida-
tive activity.[120] It has been generally accepted that the specific 
surface area is positively correlated with the toxicity of nano-
particles. Nanoparticles with large surface areas and abundant 
silanol groups have the ability to generate reactive oxygen spe-
cies (ROS), which play significant role in nanomaterial-caused 
injury.[120] It has been demonstrated that MSNs can inhibit 
cellular and mitochondrial respiration[121] and cause oxidative 
stress.[122] However, comparison of the toxicity of porous and 
non-porous silica nanoparticles results in opposite experi-
mental results. Recently, it was found that spherical MSNs with 
a diameter of 100 nm showed less cytotoxicity, inflammatory 
response, and contact hypersensitivity than the colloidal solid 
counterparts (Figure 11).[123] Similarly, two other studies found 
MSNs had lower hemolytic activity[83] and cytotoxicity[124] than 
the nonporous counterparts. The reason is deduced as follows: 
the “cell-contactable surface area” of nanoparticles decides the 
nanoparticle-organism interaction. Although the surface area 
is higher for porous silica than the nonporous counterpart, 
the “cell-contactable surface area” that the area with which cell 
membrane, cell-bound proteins, and cell-associated molecules 
can interact, is less for porous silica nanoparticles instead.

An important point that deserves to be mentioned is the 
influence of structure on biodegradation. The possible toxicity 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
risk caused by inorganic nanomaterials has greatly retarded 
the translation of preclinical research into clinical trials. It has 
been demonstrated that the intracellular lysosomal environ-
ment is not sufficient for biodegradation of silica nanoparticles. 
Could MSNs be degraded into excretable nontoxic monomers 
and finally be excreted from body? It has been found that sur-
factant-extracted MSNs have a remarkably faster degradation 
rate in simulated body fluid than the calcined MSNs and the 
amorphous solid silica.[125] As mentioned above, the in vivo 
degradation rate of MSNs is also influenced by particle size and 
surface modification.[9,81] The biodegradability of MSNs with a 
controllable degradation rate makes it suitable for biomedical 
applications.

Mesoporous particles with a hollow structure have huge voids 
to accommodate therapeutic agents. However, we currently 
have little understanding about the effect of hollow structure 
on the biocompatibility and particle biotranslocation. Would 
the low density and hollow structure influence the in vivo  
dispersity, biodegradation, flow and adhesion in blood vessels, 
and subsequently control the distribution, clearance, and pas-
sive tumor accumulation of MSNs?[126] We studied the in vivo 
toxicity and biodistribution of silica nanorattles with mesopo-
rous and hollow structure. The lethal dose 50 (LD50) of 110 nm  
SNs was higher than 1000 mg/kg.[127] No death was observed 
when mice were exposed to SNs at 20, 40, and 80 mg/kg by 
continuous intravenous administration for 14 days. After intra-
venous administration, the silica nanorattles would be captured 
by the mononuclear phagocytic cells in liver and spleen. The 
particles can be excreted from mice with an entire clearance 
time over 4 weeks. These results suggest low toxicity of silica 
nanorattles when intravenous injection at single dose and 
repeated administrations. Notwithstanding the undetermined 
influence of hollow structure on the interaction of nanoparti-
cles with body, it provides necessary prerequisites for further 
development of the silica nanorattle as effective drug delivery 
system.

Summarily, MSNs should no longer be considered as simple 
drug carriers for biomedical applications. They can also play an 
active role in mediating biological effects. The chemophysical 
properties of MSNs including particle size, surface proper-
ties, shape and structure and so on have been proven to have 
remarkable influence on the biocompatibility of MSNs. The 
inconsistent results of separate studies may attribute to several 
reasons. First, it is important to fix the physicochemical para
meters other than the object parameter to make a valid conclu-
sion. In some studies, it was not fully considered. Second, the 
nanoparticles after entering into body may be aggregated by 
absorption of blood serum protein. Removal of the surfactant 
template by thermal calcination or solvent extraction also may 
result in agglomeration of the nanoparticles. Thus, the primary 
particle size and shape may no longer be effective parameters in 
tuning the biocompatibility of nanoparticle. Third, the range of 
particle size, shape, and dose selected for evaluation may be not 
overlapped in different studies. There may be different trends 
of biodistribution and toxicity in different ranges. Fourth, the in 
vivo biotranslocation process of nanoparticles is so complicated  
that the current evaluation level and methodology are still lim-
ited to thoroughly detecting all the changes caused by nano
materials. With the explosive increase in research on biomedical 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1504–1534
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Figure 11.  SEM and TEM of (A) colloidal silica, and (B) mesoporous silica nanoparticle. Effects of nanomaterials on expression of pro-inflammatory 
cytokines. mRNA level of TNF-a, IL-1b, and IL-6 cytokines by RT-PCR and real-time PCR in (C-D) J774A.1 cells or in (E-F) primary peritoneal macro-
phages. Col: colloidal silica nanoparticles; MPS: mesoporous silica nanoparticles; LPS: lipopolysaccharide used as positive control. Reproduced with 
permission from ref. [123]. Copyright 2011, Elsevier.
applications, more attention needs to be paid to the biocompat-
ibility of MSNs concurrently. Establishment of the nanoparticles– 
organism relationship is needed for choosing nanocarriers 
with low or without toxicity. Otherwise, new methodologies 
such as computational nanotoxicology[128] and high throughput 
screening[77] are expected to help us select and design safer and 
more effective MSNs.
© 2012 WILEY-VCH Verlag Adv. Mater. 2012, 24, 1504–1534
4. Drug Delivery

4.1. MSN-Based Drug Delivery System

In 2001, Vallet-Regí firstly reported the application of MSNs 
as a drug delivery system.[1] They loaded ibuprofen, an anti-
inflammatory drug, into the mesopores of MCM-41 type MSNs, 
1517wileyonlinelibrary.comGmbH & Co. KGaA, Weinheim
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 which exhibited high drug loading capacity and sustained drug 

release. With the gradually increased research, MSNs have been 
proved to be advantageous in loading a wide range of thera-
peutic agents including pharmaceutical drugs, therapeutic pro-
teins, and genes. They are more flexible, versatile, and robust 
than conventional drug delivery systems such as polymer nano-
particles, liposomes, and so on. The limitations of conventional 
organic nanocarriers are considered to be heterogeneous distri-
bution of drug through the matrix, low drug loading capacity, 
low yield and high-cost of production. With the special mes-
oporous structure and high specific surface area, MSNs as res-
ervoirs have a high capacity to accommodate guest molecules, 
and can release the loaded molecules in physiological condi-
tions. Their long-range ordered pore structure with tailorable 
pore size and geometry facilitates a homogenous incorporation 
of guest molecules with different sizes and properties. Another 
important advantage of MSNs is the well monodispersity and 
dispersity, and tailored size and structure, ensuring coincident 
and controllable in vivo pharmacokinetics and predictable out-
come. Furthermore, large-scale production ability is an easy to 
be ignored advantage of MSNs over the polymer and liposomal 
drug carriers in pharmaceutics. The manufacture process 
is relatively simple and the cost is significantly low, which is 
very important to fulfill the future clinical demand and the 
commercialization.

4.1.1. Effect of Chemophysical Property on Drug Delivery

The essential function of drug delivery systems includes their 
ability to increase drug solubility, and change the drug metab-
olism and pharmacokinetics (DMPK) for increasing the drug 
accumulation in targeting location and decreasing the off-target 
distribution and unwanted toxicities. The drug loading capacity 
and drug release profile are the most important performance 
indicators of a drug delivery system.

MSNs have an open entrance for drugs to enter in, and well-
ordered channels for homogeneous distribution of drug mole-
cules. Drug loading and release are very different to that from a 
polymer matrix.[129] The pore diameter,[1] pore topology and heli-
city,[130,131] surface properties,[132] and so on would significantly 
influence the drug loading capacity, the host-guest interaction, 
and the final drug release behavior. Thus, for a given drug 
molecule, MSNs should be carefully designed and corporately 
tailored for desired drug loading and release properties. The 
pore diameter of MSNs is considered as size-selective adsorp-
tion parameter of drugs. Drug molecules larger than the pores 
of MSNs could not be effectively absorbed into the mesopores. 
Thus, biomacromolecules with large molecular weight and 
large-volume such as proteins and genes correspondingly need 
large pores for commendation.[133,134] For instance, Vallet-Regí 
and co-workers found that the pore size of MCM-41 can con-
trol the amount of absorbed ibuprofen and the drug releasing 
kinetics due to different packing geometry of drug molecules 
in the pore of different size.[135] The surface property is another 
important factor.[136,137] The host-guest interaction is mainly 
a chemical interaction between free silanol groups and func-
tional groups of the guest molecules. For controlling the inter-
action with guest molecules, MSNs can be modified with dif-
ferent functional groups at the surface and the mesopore walls, 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
resulting in a different surface potential, functional groups, 
and hydrophobic/hydrophilic property of the matrix surface. 
Vallet-Regí and co-workers reported that modification of MSNs 
with quaternary organic amines of different alkyl lengths could 
increase the loading capacity of L-tryptophan (L-Trp), a hydro-
phobic model amino acid, for more than 10 times.[132] Shi 
and co-workers grafted high-density carboxyl groups onto the 
pore surface of MSNs, which served to complex with platinum 
atoms, leading to much increased drug loading efficiency of cis-
platin.[138] Indeed, tuning the host-guest interaction is essential 
for both drug loading and release. Researches on the interaction 
mechanism between the nanomaterials and guest molecules is 
extraordinarily important. Recently, using single-molecule fluo-
rescence microscopy, Brauchle and co-workers directly observed 
the diffusion of single molecule of doxorubicin (DOX) inside 
the mesoporous silica with different pore size and structure.[130] 
It was shown that pore diameter control and pore functionali-
zation offered possibilities to fine-tune host-guest interactions 
and control the dynamics of drug release.

4.1.2. Drug, Protein and Gene Delivery

With the versatile and tunable structures, MSNs have been 
proven to be capable of loading a variety of guest molecules 
including pharmaceutical drugs, therapeutic peptides and pro-
teins and genes. MSNs have been used as drug delivery systems 
of kinds of pharmaceutical drugs of different hydrophobic/
hydrophilic properties, molecule weights, and biomedical 
effects such as ibuprofen,[1] doxorubicin,[139] camptothecin,[140] 
cisplatin,[138] and alendronate arming at their essential require-
ments (Figure 12).[141] For example, the main obstacle of a lot of 
oral drugs is their poor intestinal adsorption with poor bioavail-
ability. Augustijns and co-workers used MSNs as drug carrier 
of poor water-soluble oral drug of itaconazole for a significantly 
enhanced oral bioavailability with AUC0∼24 of 1069 ± 278 nM 
h compared with free drug (the marketed formulation of Spo-
ranox) with a AUC0∼24 of 521 ± 159 nM h in rabbits.[142]

Peptide and protein drugs have been developed as potent ther-
apeutic agents in many medical applications including cancer 
therapy, vaccination, and regenerative medicine. However, due 
to their intrinsic properties of large molecular weight and fragile 
structure, protein delivery is rather difficult.[143,144] Attributed 
to the porous and stable nature, MSNs as drug delivery system 
can protect the biomacromolecules from premature degrada-
tion. For most native proteins that are membrane impermeable, 
MSNs can escort them to cytosol.[145–147] In a example, Lin and 
co-workers used MSNs with 5.4 nm pore to load cytochrome C 
and deliver the membrane-impermeable protein into Hela cells 
via cellular uptake.[148] The enzymes released from MSNs were 
still highly active in catalyzing its substrate.

Therapeutic genes mainly include short-interfering RNA 
(siRNA), plasmid DNA and antisense oligomucleotides (ASOs). 
Compared with viral carriers, non-viral gene delivery systems 
are much safer and low-immunogenic. The main roadblock 
of current non-viral carriers is their low gene transfection 
efficiency. MSNs are considered to be promising candidates 
for gene delivery with high efficiency. The mesoporous struc-
ture and tailorable pore provide room to accommodate gene 
molecules, which deeply hidden in the mesopores can escape 
GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1504–1534
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Figure 12.  Mesoporous silica nanoparticles as versatile drug delivery systems for a variety of therapeutic agents including pharmaceutical drugs  
(ibuprofen, doxorubicin, and docetaxel), therapeutic genes (plasmid DNA, antisense oligonucleotides, and siRNA), and therapeutic proteins and 
peptide (cytochrome C and peptide).
from nuclease degradation during delivery.[149] For increasing 
the loading capacity of electronegative nuclei acid, the well-
established surface chemistry allows easy surface modifica-
tion of MSNs with polycation. Polycation polymers including 
polyamidoamine (PAMAM),[150] polyethylenimine(PEI),[151] 
and mannosylated polyethylenimine(MP)[152] have been used 
to assemble with MSNs for gene delivery. The positive sur-
face can not only increase the electrostatic interaction between 
MSNs and negatively charged genes, but also facilitate escape 
from intracellular endosome by “proton sponge effect”. Nel 
and co-workers found that noncovalent attachment of PEI to 
the surface of MSNs could not only generate a cationic surface 
for DNA/siRNA constructs attachment, but also increase MSN 
cellular uptake.[153] Recently, Gu and co-workers have directly 
packaged siRNA or DNA within the mesoporous structure of 
MSNs without any surface modification.[154,155] In this case, the 
main driving forces for siRNA/DNA adsorption into mesopores 
were the intermolecular hydrogen bonds instead of electrostatic 
interaction. Similar to delivery of small pharmaceutical drugs, 
the loading of genes in MSNs also could be controlled by pore 
size.[156,157] Min and co-workers synthesized MSNs with very 
large pores (23 nm) functionalized with amino group for deliv-
ering plasmid DNA to human cells.[157] The large pores could 
protect the plasmid in an intact supercoiled form against deg-
radation by nucleases, whereas plasmid loaded in MSNs with 
2 nm pores was completely released or degraded because DNA 
was mostly on the outer surface of the particles.[157]

Combination therapy with two or more therapeutic agents 
with complementary or synergistic effect has been used in 
a variety of disease especially in cancer therapy. It has been 
one of the hottest areas in nanomedicine to develop efficient 
drug delivery systems that could simultaneously deliver two or 
more kinds of therapeutic molecules in a coordinated manner. 
Because small-molecule drugs and macromolecular drugs differ 
greatly, conventional drug delivery systems have difficulty in 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1504–1534
co-delivery. With tunable pore size, MSNs have been proved to 
be promising drug co-delivery systems.[7,104,139,158,159] They offer 
both interior pore and exterior particle surface for loading dif-
ferent guest molecules, which is particularly useful for control-
ling the release sequence of different cargos. Lin and co-workers 
designed glucose-responsive double delivery system for both 
modified insulin and cAMP.[7] These two kinds of molecules 
have precise releasing sequence realizing from immobilizing 
Gluconic acid-modified insulin (G-Ins) proteins on the exterior 
surface of MSNs as caps to encapsulate cAMP molecules inside 
the mesopores. The release of both G-Ins and cAMP from 
MSNs can be triggered by introduction of saccharides, such as 
glucose. He and co-workers utilized MSNs to co-deliver doxo-
rubicin and Bcl-2 siRNA into multidrug-resistant cancer cells 
to reverse the drug resistance.[139] Hanagata and co-workers 
designed enzyme-triggered drug and gene co-delivery system  
by combining hollow mesoporous silica with enzyme degra-
dable poly(L-lysine) (PLL) polymer.[159,160] More recently, Brinker 
and co-workers fused supported lipid bilayer onto MSNs to 
construct a “protocell” (Figure 13A).[104] The organic-inorganic 
nanocomposites can synergistically combine the advantage of 
MSNs with extraordinarily high drug loading capacity, and lipo-
some with enhanced lateral bilayer fluidity. They enable targeted 
delivery and controlled release of high concentrations of multi-
component cargos within the cytosol of cancer cells. The hybrid 
nanocomposites were used to deliver drugs and drug cocktails, 
siRNA cocktails and protein toxins (Figure 13B). When deliv-
ering a cocktail of DOX, 5-fluorouracil and cisplatin, the pro-
tocells have 106 times higher kill effect on multidrug resistant 
cells over comparable liposomes (Figure 13C,D).[104]

4.1.3. Stimuli-Responsive Drug Delivery System (SRDDS)

Most of the pharmaceutical drugs, especially anti-tumoral cyto-
toxic drugs, have severe toxicity to normal cells. It is not desired 
1519wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 13.  MSN coated with lipid bilayer (called protocell) for multicomponent cargos. (A) Cryogenic TEM image of the protocell. (B) Targeted delivery 
of multicomponent cargos to the cytosol and nuclei of HCC cells. Alexa Fluor 532-labelled nanoporous silica cores (yellow) were loaded with a multi-
component mixture of four surrogate cargos: calcein (green), Alexa Fluor 647-labelled dsDNA oligonucleotide (magenta), RFP (orange) and CdSe/ZnS 
quantum dots (teal). Scale bar = 20 μm. (C) Concentration-dependent cytotoxicity of targeting peptide SP94-targeted protocells and liposomes encap-
sulating DOX. Left axis: the number of MDR1+ Hep3B and hepatocytes that remain viable after exposure to 9.6 μM free DOX, protocell-encapsulated 
DOX or liposomal DOX for 24 h. Right axis: the number of MDR1+ Hep3B that remain viable after exposure to 2.4 μM free DOX, protocell-encapsulated 
DOX or liposomal DOX for 24 h. Reproduced with permission from ref. [104]. Copyright 2011, Nature Publishing Group.
that the delivered drugs would be released from drug delivery 
systems before reaching the disease foci. The so-called “zero 
premature release” can decrease the drug distribution in off-
target sites for decreasing the toxicity and increasing the effec-
tive drug accumulation. It also facilitates safe dose-escalation. 
The stimuli-responsive drug delivery system (SRDDS) can 
realize a zero premature release in response to external stimuli 
or internal local microenvironment difference and release the 
encapsulated drugs into designed locations. MSNs have par-
ticular advantages to realize spatio-temporal stimuli-responsive 
and zero premature release due to their unique drug release 
mechanism.
20 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
In 2003, Tanaka and co-workers first designed a 
photo-controlled reversible drug release system based on MCM-
41.[161] Thy attached a coumarin substituent to the silanol groups 
of MCM-41, which would yield cyclobutane coumarin dimmers 
under UV irradiation of 310 nm and obstruct the entrances to 
the pore of MCM-41. The doors can be reversibly opened when 
the wavelength of UV irradiation was changed to 250 nm. 
Afterwards, various photo-stimuli-responsive drug delivery sys-
tems have been developed based on the photo-responsive linker 
including coumarin,[162] thioundecyl-tetraethyleneglycolester-
onitrobenzylethyldimethyl ammonium bromide (TUNA),[163] 
azobenzene derivatives,[164,165] and others.[166] Also in 2003, Lin 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1504–1534
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Figure 14.  (A) Schematic representation of CdS nanoparticle-capped MSN-based drug delivery system. The controlled release mechanism of the 
system is based on chemical reduction of the disulfide linkage between the CdS caps and the MSN hosts. (B) the DTT-induced release profiles of 
Vancomycin (—•—) and ATP (––) from the CdS-capped MSN system. DTT: dithiothreitol. Reproduced with permission from ref. [167]. Copyright 
2003, American Chemical Society.
and co-workers used surface-derivatized cadmium sulfide (CdS) 
nanocrystals as chemically removable caps to encapsulate the 
drug molecules in the mesopore of MSNs via disulfide linkages 
between nanocrystals and MSNs (Figure 14A).[167] With stimuli 
molecules of disulfide bond-reducing molecules as trigger, the 
encapsulated drug molecules can be released from the mes-
opores (Figure 14B). They also used gold nanoparticles[163] and 
magnetic nanoparticles[168] as caps. In their other investigations, 
some other chemical SRDDSs were developed in response to 
glutathione,[169] disulfide linker cleavage,[168] oligonucleotide,[170] 
and ATP.[171]

SRDDSs in response to pH,[172–177] ultrasound,[6] tempera-
ture,[173,174] redox,[180–183] magnetic field,[184] electric-field,[185] 
enzymes[186–190] and multi-responsive DDS[191–193] have also 
been developed. Most of these SRDDSs are based on the revers-
ible opening and closing of mesoporous entrance by particle 
surface modification and decoration. Because the extracellular 
pH of tumor tissue is significantly lower than that of normal 
tissues and there exist some unique enzymes and chemicals, it 
is beneficial for cancer therapy with the well-designed SRDDSs 
in response to specific local biological conditions including pH, 
ionic strength, and enzyme presents.

Up to now, most of these researches are focused on in vitro 
studies. In recent two years, several works have used the devel-
oped SRDDSs for cellular imaging and therapy.[162,169,182,188,194,195]  
Very few studies have used the SRDDSs for in vivo application.[196] 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1504–1534
There still have great challenge to remotely manipulate the 
SRDDS in vivo by photo, magnetic field, or electric field. It is 
also difficult for SRDDSs to sense the local microenvironment 
of disease foci, which may have very little difference with periph-
eral normal tissues in temperature, pH, chemicals, and enzyme 
catalogue or concentration. Of note, the precondition of devel-
oping a clinically applicable SRDDS is all the molecules used 
to decorate MSN should be biocompatible, and the modification 
would not result in aggregation of nanoparticles.

4.1.4. Hollow/Rattle-Type Drug Delivery System

Mesoporous silica nanoparticles with a hollow or rattle struc-
ture have vast empty spaces to accommodate large quantities 
of guest molecules, which provides opportunities for a high 
drug loading capacity. They have both a shell and interior core 
that can easily be functionalized with desired organic groups, 
which are favorable for drug loading and targeting delivery. 
Furthermore, the shell can act as a protective layer to prevent 
degradation of drugs, especially fragile biomacromolecules. 
Dependent on the fabrication method, hollow/rattle-type MSNs 
can be divided into ordered pore particles and disordered,  
non-oriented counterparts. Ordered straight channels are 
believed to be favorable for diffusion of absorbed molecules, 
whereas disordered pore in the shell are considered to be advan-
tageous for controlled and multi-stage drug release.
1521wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 In 2004, Chen and co-workers first used hollow MSNs to 

load Brilliant Blue F and cefradine.[197,198] Shi and co-workers 
proved that the hollow MSNs stored twice as much ibuprofen 
(744.5 mg/g particle) than conventional MCM-41 type MSNs 
(358.6 mg/g particle).[199] In the following several years, hollow/
rattle-type MSNs have been used as drug delivery systems of 
fluorescent dye Eosin B Spirit Soluble (ES),[200] ibuprofen,[201] 
tetracycline,[202] doxorubicin,[177,203–205] L-methionine,[206,207] 
etc. Hollow mesoporous silica nanoparticles with a composite 
multilayer structure were also fabricated for drug delivery.[69,208]

Recently, we used the PEGylated silica nanorattle (SN-PEG) to 
load a water-insoluble antitumoral drug of docetaxel (Dtxl).[209] 
The drug loading amount was as high as 32% (48 g Dtxl/ 
100 g SN-PEG). It exhibited a low initial burst release (within 
10% of the loaded amount) within 60 min and a two-phase 
drug release behavior. About 80% of the drugs were released 
within 5 days. We also proved that the silica nanorattle can 
efficiently load water-soluble drug of doxorubicin with a high 
loading amount of 18.2%.[210] The doxorubicin showed a  
pH-sensitive and sustained drug release from the silica nano-
rattle up to 3 days, with a more rapid drug release rate at pH 4 
(close to pH in lysosomes) than at pH 7.4 (pH of blood plasma). 
The high drug loading amount is beneficial for increasing the 
drug concentration delivered to cancer cells. The pH-sensitive 
and sustained drug release behaviors are favorable for drug 
release from nanoparticles into the cytoplasm of cancer cells 
following endocytosis.

SRDDSs based on hollow/rattle-type MSNs have been 
designed in response to pH.[177,211–213] Compared with con-
ventional ordered MSNs, hollow/rattle-type particles present 
an additional challenge: all of the pores connected to the 
hollow interior must be controlled. In hollow particles with 
multiple pore connectivity to the hollow center, absence of 
control would result in the loss of all of the contents of the 
particles.[212] Compared with ordered MSNs, development of 
hollow/rattle-type MSNs is still in its very early stage in terms 
of both synthesis and applications. Deeper studies are under-
going to make best advantage of hollow structure in biomed-
ical applications.

4.2. Cancer Targeted Therapy

Based on the GLOBOCAN 2008,[214] about 12.7 million cancer 
cases and 7.6 million cancer deaths are estimated to have 
occurred in 2008. Cancer has been the leading cause of death in 
economically developed countries and the second leading cause 
of death in developing countries. There exists an enormous 
challenge for preventing and curing cancer at present. Recent 
advances in nanotechnology have offered new opportunities 
for cancer prevention, detection and treatment.[11,215] For nano-
based cancer targeted therapy, one of the biggest challenges 
is to achieve sufficiently high local drug concentrations in the 
tumors, while sparing healthy tissue. The final therapeutic index 
is determined by biodistribution, metabolism, and clearance of 
nanoparticulate drug delivery systems. It is also governed by 
their ability to negotiate biological barriers, penetrate into and 
accumulate in the tumor tissues. In this part, we discuss the 
strategies developed for overcoming the in vivo barriers of solid 
wileyonlinelibrary.com © 2012 WILEY-VCH Verla
tumor targeted therapy and review recent progresses in MSN-
based cancer targeted therapy.

4.2.1. In Vivo Barriers for Cancer Targeting Therapy

Systematically administered nanoparticles would encounter 
different compartmental barriers before reaching the desired 
location (Figure 15). These barriers are highly efficient for 
removing foreign materials including nanoparticles from the 
body. Understanding of these biological barriers is necessary 
for designing nanoparticles with ability to bypass these barriers 
and reach cancer cells.

Sequestration of the nanoparticles from the circulation by the 
reticuloendothelial system (RES) is the most important obstacle. 
Upon being systematically administered in the body, the nano-
particles would be adsorbed with opsonin proteins in the blood, 
including complement proteins, laminin, fibronectin, apolipo-
protein, thrombospondin, etc., by van der Waals, electrostatic, 
ionic and other interactions.[216] Subsequently, the absorbed pro-
teins can interact with specific plasma membrane receptors on 
phaocytic cells and the opsonized nanoparticles would be rapidly 
removed from the circulation by phagocytic cells especially Kupffer 
cells in liver and splenic red pulp macrophage (Figure 15A).  
This is the main clearance pathway for nanoparticles larger than 
the renal threshold limit of about 10 nm.[217] Macrophage-evading 
nanoparticles, or so called “stealth nanoparticles” can escape 
opsonization with a prolonged circulation time. The most effi-
cient method to get stealth nanoparticles is to graft PEG or its 
derivatives onto the surface of nanoparticles. PEG dynamic chains 
on the particle surface can not only sterically stabilize particles, 
but can create a hydrophilic barrier layer to repel protein adsorp-
tion. So that the stealth nanoparticles can escape the recognition 
by phagocytic cells and remain in blood circulation. This is the 
precondition for the nanoparticulate drug delivery system to be 
targeted delivered to the tumor along with the blood stream.

After circulating to the desired location, nanoparticles need 
extravasate from the vasculature into the interstitial space of 
solid tumor tissue. The abnormal vascular structure of tumor 
endows substantial advantages for nanoparticulate drug delivery 
systems with sizes ranging from around 30 to 400 nm for pas-
sive tumor targeting.[218] That is, the tumor tissue has exten-
sive tumor angiogenesis with abnormal vascular architecture, 
which contains a discontinuous or absent basement membrane 
and impaired lymphatic drainage (Figure 15B). It allows for 
large macromolecules and small nanoparticles to extravasate 
and accumulate in the interstitial tumor space. The so-called 
enhanced permeability and retention (EPR) effect has been con-
sidered as the key rationale for passive targeting of nanoparti-
cles. Particle size, hydrophobicity/hydrophilicity, and surface 
chemistry of nanoparticles would greatly influence the vascular 
permeability of the transported nanoparticles.[12,219] However, 
nanoparticles could also be leaked into inflammation locations 
with increased vessel permeability. Moreover, the leaky proper-
ties of tumor vasculature are not always existent. It is related 
to tumor type and development stage, which is quite different 
from patient to patient. Even though with EPR effect, difficul-
ties still exist for uniform delivery of the nanoparticles to all 
regions of tumor tissue. Homogenous distribution of nanopar-
ticles and therapeutic agents in tumor tissues is impeded by 
g GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1504–1534
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Figure 15.  In vivo barriers encountered by nano-based drug delivery system after systematic administration for cancer therapy and the nano-based 
strategies developed for cancer targeted therapy.
elevated intratumoral interstitial fluid pressure, dense extracel-
lular matrix, lack of convection and existence of poorly perfused 
hypoxic regions.

The potential limitations of passive targeting promote the 
development of more advanced active targeting. Because of the 
high metabolic demands for rapid proliferation, cancer cells 
generally overexpress folate and transferrin receptors. Biocon-
jugation of folate and transferrin (Tf) or antibodies of these 
receptors to the surface of nanoparticles can actively deliver the 
nanoparticles to cancer cells. However, folate and transferrin 
receptors are also ubiquitously expressed on normal cells.[220] 
For example, transferrin receptors (TfR) is overexpressed on 
normal cells with high proliferation rate and those requiring 
large amounts of iron. It is also highly concentrated in brain 
capillary endothelium for mediating the iron transport across 
the blood-brain barrier (BBB). For more active targeting, nano-
particles are bioconjugated with specific antibodies, peptides, 
ligands, aptamers, and oligonucleotides that can specifically and 
selectively bind with receptors expressed or overexpressed on 
certain cancer cells (Figure 15C). Another strategy is to attach 
specific ligands that can specifically associate with receptor on 
tumor vascular endothelial cells. Arginine-glycine-aspartate 
(RGD) containing peptides, which bind to αvβ3-integrin over-
expressed on angiogenic endothelial cells, are widely used for 
selectively targeting angiogenesis. However, the considerable 
development could not circumvent the problem of limited pen-
etration of the nanoparticles into the deeper region of cancer 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1504–1534
tissues.[12] More efficient targeting strategies are expected for 
higher targeting efficiency and deeper penetration into tumor 
tissues.

After delivered into tumor interstitium, the nanoparti-
cles should enter into cancer cells and release the payloads to 
desired subcellular organelles, or cytosol. The cellular barriers 
that should be conquered include penetration of cell membrane, 
escape from endosome, and penetration of nuclear membrane, 
etc. Small and hydrophobic drug molecules can enter cells by 
passive permeation across the lipid bilayers, whereas other 
drugs are difficult to cross the cellular membranes by them-
selves. Nanoparticles facilitate the drugs enter into cells by 
endocytosis, which is an energy dependent process including 
phagocytosis, macropinocytosis, clathrin-mediated endocytosis 
and caveolae-mediated endocytosis. The endocytic rate, amount 
and pathway depend on cell type and particle size, shape and 
surface chemistry. Although some studies have reported that 
the active targeting nanoparticles did not show increased accu-
mulation in tumor tissues, it is definite that bioconjugation of 
targeting ligands onto particles can help increase the cancer 
cellular uptake and enhance the cellular killing effect with 
increased intracellular drug concentration.[221] After endocy-
tosed, the nanoparticles would enter into different subcellular 
organelles such as caveosomes and endosome/lysosome. In the 
acidic organelles, the nanocarriers act as protector for drugs 
especially therapeutic molecules with low inherent stability. 
Most of the nanoparticles would end up in lysosomes. To enter 
1523wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 16.  (A) Graphical representation and TEM image of modifica-
tion of mesoporous silica particle. NP1: phosphonate-coated MSN 
with a primary particle size of 100 nm. NP2: PEGylated mesoporous 
silica with core size of 50 nm. NP3: 50 nm MSNs coated with PEI-PEG.  
(B) Comparison of the tumor inhibition effect of doxorubicin-loaded NP3 
(Dox-NP3) versus free drug (free Dox), empty particles, and saline in the 
KB-31 xenograft model and (C) corresponding photograph of the tumor 
tissue at the end of therapy. Reproduced with permission from ref. [224]. 
Copyright 2011, American Chemical Society.
into cytosol or nucleus, the uptaken nanoparticles must escape 
from the lysosomes. Nanoparticles designed with buffer capaci-
ties in response to the acidification of endosomes/lysosomes 
could escape from the endosomes/lysosomes and deliver drugs 
to cytosol via “proton sponge” effect.[222]

4.2.2. Targeting Therapy Using MSN-Based Drug Delivery System

Tremendous efforts have been made using MSNs as drug 
delivery systems for cancer-targeted therapy. Although it was 
reported that 50 and 250 nm silica nanoparticles had higher 
blood distribution and higher blood/liver ratio than PEGylated 
solid lipid nanoparticles and polycyanoacrylate nanoparticles,[223] 
more results with the opposite outcome were reported.[101,102] To 
decrease RES uptake and maximize the EPR effect, Nel, Zink 
and co-workers coated 50-nm MSNs with PEI-PEG copolymer 
to reach a high passive accumulation of about 12% at the tumor 
site, compared with 1% of 100 nm phosphonate-coated MSN 
and 3% of 50 nm PEGylated MSNs (Figure 16A). The increased 
tumor accumulation further brought an enhanced tumor inhi-
bition rate (Figure 16B-C).[224] The additional cationic polymer 
coated on the MSNs increased the steric hindrance between 
nanoparticles for improved particle stability. Currently, the 
tumor passive targeting efficiency in mice is lower than 10% 
in most reported results.[225,226] It is still a challenge to further 
increase the in vivo circulation time and the passive targeting 
efficiency for MSN-based drug delivery systems.

We designed PEGylated silica nanorattles with a diameter 
of 125 nm as nanocarriers of docetaxel (Dtxl) for liver cancer 
therapy (Figure 17A).[65] With high loading capacity, passive 
targeting ability and decreased off-target distribution, the silica 
nanorattle encapsulated Dtxl showed 15% increased tumor 
inhibition rate (Figure 17B) compared with Taxotere, the clinical 
formulation of docetaxel. Meanwhile, silica nanorattle encapsu-
lated Dtxl had significantly decreased liver toxicity and hemato-
logical toxicity (Figure 17C,D).

By bioconjugating MSNs with specific targeting ligands, 
active targeting to cancer cells or angiogenic endothelial cells 
has been realized. The targeting ligands now used for active 
targeting of MSN-based DDS include folate for targeting 
folate receptor,[9,227–230] transferrin for targeting transferrin 
receptor,[231] aptemer sgc8 for targeting PTK7 (human protein 
tyrosine kinase-7) overexpressed in colon carcinomas,[232] anti-
body for targeting Her-2 receptor overexpressed in breast or 
lung cancer,[233] and cyclic-RGD for targeting ανβ3 integrin. Sim-
ilar to the importance of molecule weight and grafting density 
of PEG for passive targeting, the property and grafting density 
of targeting ligands on particle surface are significant for active 
targeting, which have now been paid little attention for MSN-
based drug delivery systems and should be critically researched. 
First, it should select the active targeting ligands with high  
specificity but suitable affinity to their receptors for a given 
tumor type.[221] Low affinity would result in suboptimal tar-
geting efficiency, whereas extraordinarily high affinity would 
induce low tumor penetration ability because of the strong 
tendency of ligands to be sequestered by the tumor cells near 
blood vessels. Second, the grafting density of ligands onto 
nanoparticles should be carefully designed. Multivalent binding 
can increase the avidity between ligands and receptors for 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag
multiple interactions, but multivalent ligands presentation may 
increase the immunogenicity and recognition of nanoparticles 
by RES.[14] Third, the bioconjugation of ligands should not 
influence the dispersity of the nanoparticles. Forth, interaction 
between nanoparticles and ligands should be stable before the 
nanoparticles reach tumor site.

After targeted to tumor tissues, MSNs can enter into cancer 
cells via energy-dependent cellular uptake.[234] The cellular 
uptake capacity of nanoparticles can be tuned by changing 
 GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1504–1534
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Figure 17.  Silica nanorattles as drug delivery system of docetaxel for liver cancer therapy with low toxicity and high efficacy. (A) Schematic diagram of 
the drug delivery system based on silica nanorattles for docetaxel. (B) In vivo antitumor activities of SN-PEG-Dtxl and Taxotere (clinical formulation of 
docetaxel) on H22 liver cancer subcutaneous model. Photographs of tumors after therapy from a) SN-PEG-Dtxl group, b) Taxotere group, and c) control 
group. Systematic toxicity of Taxotere and SN-PEG-Dtxl on healthy ICR mice. Histological section stained with H&E of liver samples of (C) SN-PEG-Dtxl 
and (D) Taxotere group. H&E: hematoxylin and eosin. Reproduced with permission from ref. [65]. Copyright 2010, American Chemical Society.
particle size,[78] surface properties,[95,153] and surface bioconjuga-
tion with ligands specifically binding with cellular receptor.[233] 
After entering into cells, the nanoparticles would release the 
loaded chemotherapeutic drugs or therapeutic macromole-
cules, which have different mechanisms to kill cancer cells and 
need be delivered into corresponding subcellular organelles. 
For instance, our results showed that the PEGylated silica nano
rattles have a high efficiency to escape from the lysosomes to 
the cytosol for releasing loaded Dtxl into cytosol. Dtxl can bind 
with β-tubulin and stabilize microtubules to induce cell-cycle 
arrest and apoptosis.[65] For doxorubicin, it would associate with 
DNA for desired tumor cell apoptosis.[235]

Although the passive and active targeting have been 
designed, targeting efficiency is not as ideal as expected. 
Recently, an efficient approach for tumor-targeted drug 
delivery with mesenchymal stem cells as targeting vehicle and 
silica nanorattle as drug carrier has been developed.[235] With 
the tumor-tropic property of mesenchymal stem cells (MSCs) 
towards malignant cells,[236] it is hypothesized that attachment 
of nanoparticles to MSCs may be a promising strategy for 
actively directing the drug-loaded nanoparticles into tumor. 
A silica nanorattle-doxorubicin drug delivery system was effi-
ciently anchored to MSCs by specific antibody-antigen recog-
nition at the cytomembrane interface (Figure 18A). Up to 1500 
nanoparticles can be uploaded to each MSC with high cell via-
bility and tumor-tropic ability. The burdened MSCs can track 
down U251 glioma tumor cells more efficiently and deliver 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1504–1534
doxorubicin with wider distribution and longer retention 
lifetime in tumor tissues compared with free DOX and silica 
nanorattle-encapsulated DOX (Figure 18B). The increased and 
prolonged DOX intratumoral distribution further significantly 
enhanced tumor-cell apoptosis (Figure 18C). The results pro-
vide us a robust and generalizable strategy for cancer targeted 
therapy with high efficiency and low systematic toxicity.

No matter which targeting strategy to use, the particle size, 
shape and surface property of MSNs have a profound impact 
on the ability of particles to overcome the in vivo biological bar-
riers, reach tumor tissue, enter into tumor cells, and release 
loaded therapeutic agents for therapy. The relationship between 
these physiochemical properties of nanocarriers and the tumor 
targeting efficiency should be further studied. Improvement 
of the knowledge of cancer physiopathology, discovery of new 
targets and development of new targeting ligands are most sig-
nificant challenges for improving nano-based cancer targeted 
therapy from the aspect of cancer biology.

4.2.3. Overcome the Multidrug Resistance

Multidrug resistance (MDR) is the most important impediment 
for successful chemotherapy even with targeted drugs or/and 
combination chemotherapy. In cancer chemotherapy, often 
drug-sensitive cells are killed, but a proportion of drug-resistant 
cells are left. The remaining cancer cells would grow again and 
result in tumor relapse and metastases. Generally, the multidrug 
1525wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 18.  (A) Schematic illustration of silica nanorattle-doxorubicin-anchored mesenchymal stem cells (MSC-SN-Ab(CD90)-DOX) for tumor-tropic 
therapy. (B) Fluorescent microscopy images of tissue sections 7 days after intratumoral injection of a) DOX, b) SN-DOX, and c) MSC-SN-Ab(CD90)-
DOX. Blue fluorescence shows nuclear staining with DAPI and red fluorescence shows the location of doxorubicin. C) TUNEL staining assay showing 
cell apoptosis by a) control, b) DOX, c) SN-DOX, and d) MSC-SN-Ab(CD90)-DOX at 7 days after intratumoral injection. Reproduced with permission 
from ref. [235]. Copyright 2011, American Chemical Society.
resistance mechanism can be grouped into at least five  
categories: increased drug efflux, decreased drug influx, activa-
tion of DNA repair, activation of anti-apoptotic pathways and 
activation of detoxifying systems (Figure 19). As the predomi-
nant mechanism of multidrug resistance, increased drug efflux 
is mediated by ATP-dependent efflux pumps, typically of the 
ATP-binding cassette (ABC) superfamily. The ATP-dependent 
transporters can expel delivery of antitumor drugs into tumor 
cells and significantly decrease the intracellular drug accumu-
lation.[237] Non-pump resistance by activation of anti-apoptotic 
pathways can suppress the cell apoptosis and improve cell sur-
vival. It often involves the genetic and epigenetic alterations of 
cancer cells including overexpression of Bcl-2 (B-cell lymphoma 
2, an anti-apoptosis regulator protein) and mutations in tumor 
suppressor p53 gene. For recent years, it has been recognized 
that cancer could not be simply viewed as the traits of the 
cancer cells.[238] The existence of cancer stem cells (CSCs) or 
called tumor initiating cells and the tumor microenvironment 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
or named tumor niche also play significant roles in mainte-
nance and development of drug resistance.[239]

Nanoparticulate drug delivery systems can facilitate cellular 
uptake, increase intracellular accumulation and decrease cel-
lular efflux in drug-resistant cancer cells. The process is real-
ized by energy-dependent active cellular uptake of nanocarriers 
for bypassing drug efflux pumps. However, it is not sufficient 
for overcoming the drug resistance. Considering the mecha-
nism of drug resistance, the drug resistance can be reversed by 
decreasing the expression or suppressing the activity of ATP-
dependent transporters via gene knockdown or pharmaceutical 
inhibitors respectively. Nano-based drug co-delivery systems 
have been designed for targeting the ATP-dependent trans-
porters concurrently delivering chemo-drugs for increasing 
intracellular drug concentration.[240] It is also possible to co-
deliver cytotoxic drugs and genes targeting non-pump resistant 
related molecules including Bcl-2,[139] transcription factor 
NF-κB and hypoxia-inducible factor alpha (HIF-1α).[241]
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1504–1534
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Figure 19.  Schematic illustration of cancerous multidrug resistance and strategies for overcoming MDR. Drug-resistant cancer cells have several path-
ways to evade the cytotoxic drugs including deceased drug influx, increased drug efflux by overexpressed ABC transporters, activation of DNA repair, 
and inhibition of drug-induced apoptosis. The anti-apoptotic signaling pathways always involve overexpression of Bcl-2, activation of MDR1, NF-κB, 
and HIF-1α, and mutation of tumor suppressor p53 gene. MSNs can be internalized into the drug-resistant cancer cells for bypassing the multidrug 
resistance. Upon endocytosis, the loaded cytotoxic drugs could be sustainedly released into cells, and the loaded siRNA targeting related gene could 
reduces drug resistance.
One of the advantages of MSNs over other nanocarriers for 
killing drug-resistant cancer cells is their extraordinarily high 
drug loading capacity, which can significantly increase the intra-
cellular drug concentration under a situation of limited cellular 
uptake of nanoparticles. It was reported that with a 1000 times 
higher drug loading capacity over liposomes, doxorubicin loaded 
protocells (lipid bilayer coated MSNs) showed comparable 
toxicity to drug resistant hepatocellular carcinoma cells than 
105 time amount of liposomal doxorubicin.[104] Another intriguing  
advantage of MSNs is the co-delivery ability of several different 
kinds of therapeutic agents with complementary or synergistic 
effect. MSNs as drug co-delivery systems have been designed 
for co-delivery of chemotherapeutic drug and siRNA silencing 
ABC transporters gene MDR1,[242] chemotherapeutic drug and 
siRNA silencing Bcl-2 gene,[139] and chemotherapeutic drug 
and surfactant chemosensitizer.[243] With the synergistic effect, 
the intracellular drug accumulation can be greatly increased 
and subsequently induce increased therapy efficacy. In one 
instance, by co-delivering Bcl-2 siRNA and DOX, it can increase 
the anticancer efficiency for 132 times to drug resistant human 
ovarian cancer cells compared with free DOX.[139] Notch sign-
aling plays significant role in tumor angiogenesis, maintenance 
and progression, and is a specific cancer stem cell signaling for 
maintaining stem cell characteristics.[244] Lindén and co-workers 
have delivered γ-secretase inhibitors (GSIs) encapsulated into 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 1504–1534
folate bioconjugated PEI coated MSNs to inhibit the Notch 
signaling, which showed effective Notch inhibition and signifi-
cantly enhanced breast tumor therapy efficacy.[245]

Of note, despite significant achievements have been made, 
the mutability and heterogeneity of cancer cells will always 
provide them with versatile ways to evade the drugs, no matter 
how new the anticancer drugs. It still relies on further thor-
ough understanding of the physiological mechanisms of drug 
resistance for increasing the nano-based cancer therapy. It is 
expected that an “Achilles heel” could be found against drug-
resistant cancer cells.

4.3. Multifunctional Nanocomposites Based on MSNs

With its abundant surface silanol groups, a mesoporous struc-
ture, and the facile sol–gel synthetic method, silica provides a 
matrix for integrating other nanoparticles/chemicals to form 
nanocomposites, which has been widely used as coating mate-
rials to increase the stability and biocompatibility of nanopar-
ticles.[246] More importantly, nanocomposites that integrate 
semiconductor, metal, and metal oxide nanoparticles with spe-
cial optical, magnetic, and electronic properties hold promise 
for cancer diagnosis and theranostics. Fabrication methods 
including microemulsion methods,[247] coating methods,[248–251] 
1527wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 and post-synthetic treatment,[252,253] etc. have been designed 

to synthesize multifunctional MSN including Fe3O4@
MSN,[247,250,252,254,255] Gd-Dye@MSN,[248] Fe3O4-Dye@MSN,[251] 
and Fe3O4/QD@MSN.[249] In the synthesis of multifunctional 
nanocomposites several factors must be taken into considera-
tion: the fabrication process should not be too complex, the par-
ticle formation should not be too expensive, and the prepared 
nanocomposites should be stable and well dispersed.

The nanocomposites have multifunctions for simultaneous 
therapy and diagnosis with Fe3O4 nanoparticles as T2 magnetic 
resonance imaging (MRI) contrast agents, paramagnetic com-
plexes of Gd compound as T1 MRI contrast agents, semicon-
ductor quantum dots/fluorescent dyes for fluorescent imaging 
(FI), and plasmonic nanomaterials for photothermal therapy. 
MRI has been widely used in clinics for its high spatial resolu-
tion and capacity to obtain physiological and anatomical infor-
mation simultaneously, while more and more attention has been 
paid to FI due to its high sensitivity and rapid screening capacity. 
Integration of these two imaging modalities into one mesopo-
rous silica nanoparticle as a dual-modality contrast agent could 
be used in a single clinical procedure for pre- and post-operative  
MRI and intraoperative FI, providing enhanced imaging before, 
during, and after the procedures (Figure 20).[251,256,257] Inte-
grated theranostics by integrating multiple imaging agents 
into one single mesoporous silica nanoparticle with concurrent 
drug delivery can monitor the treatment process in real-time, 
detect the biodistribution of nanoparticles, and confirm the foci 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 

Figure 20.  Tumblerlike mesoporous silica nanocomposites (Mag-Dye@M
and fourier transform pattern of Mag-Dye@MSN. (B) Fluorescent imagin
stained with rhodamine phalloidin; Blue: cell nucleus stained with DAPI. (
taken at 4.7 T on a Biospec spectrometer; (b) T2 relaxivity plot of an aqueo
trometer. Reproduced with permission from ref. [256]. Copyright 2006, Am
area and margin, which offer great promise for personalized 
therapy.[13,68,258–260] Especially when bioconjugating targeting lig-
ands onto MSNs[250,261] or manipulating the magnetic nanocom-
posites under external magnetic field,[262] the nanoparticles can 
specifically find the tumor tissue for targeted theranostics.

Plasmonic nanomaterials as strong near-infrared (NIR) 
light absorbing agents have provided new opportunities for 
localized hyperthermia therapy. We have synthesized multi-
functional gold nanoshell on silica nanorattles (pGSNs) for 
therapy of hepatocellular carcinomas by combining photo-
thermal therapy with chemotherapy.[67] Silica nanorattles 
with positive changed surface greatly simplified the gold 
nanoshell coating process without using any silane coupling 
agents (e.g., APTMS) modification.[263] The combination of 
hyperthermia and chemotherapy is an encouraging approach 
which induces synergistic effect that is greater than the two 
treatments alone (Figure 21B). Most recently, we engineered 
transferrin and PEG functionalized gold nanoshell on silica 
nanorattle (pGSN-Tf) loaded with docetaxel (pGSNs-Dtxl-Tf) 
for targeted ablation of breast carcinoma (Figure 21C).[264] 
Via a single NIR light irradiation, the in vivo breast tumors 
showed complete regression by combination of selectively tar-
geting, photothermal therapy and chemotherapy (Figure 21D).  
We believe this kind of multifunctional nanoformulation can 
be regarded as a ‘magic bullet’, providing a highly efficient, 
lowly toxic and minimally invasive treatment via single-dose 
treatment.
GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1504–1534

SN) with magnetic, luminescent, and mesoporous properties. (A) HR-TEM 
g of Mag-Dye@MSN uptaken by NIH 3T3 cells (green). Red: cell skeleton 
C) T2-weighted MR images of an aqueous suspension of Mag-Dye@MSN 
us suspension of Mag-Dye@MSN measured at 0.47 T on a Minispec spec-
erican Chemical Society.
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Figure 21.  Gold nanoshell on silica nanorattle (GSN) for synergistic therapy of hepatocellular carcinomas by combination of photothermal therapy and 
chemotherapy. (A) Synthesis of gold nanoshell on silica nanorattle. a) Structure of the silica nanorattle with positively charged surface, b) X-ray photo-
electron spectroscopy (XPS) of silica nanorattle proving the existence of free amino groups on particle surface, and c) PEGylated gold nanoshell on silica 
nanorattle(pGSN) as drug delivery system. (B) In vivo antitumor activities of pGSN-Dtxl on H22 liver cancer subcutaneous model. (A-B) Reproduced 
with permission from ref. [263] Copyright 2010, Wiley. (C) a) Synthesis of transferrin tethered pGSN-Dtxl for targeted therapy of breast cancer, b) TEM 
image of silica nanorattles, c) TEM image of GSNs, and d) extinction spectra of pGSNs and pGSNs-Tf. The inset is the TEM image of pGSNs-Tf.[264]  
(D) In vivo targeting therapy of MCF-7 bearing nude BALB/c mice. Photographs at day 17 of representative mice from groups of a) control, b) pGSNs-
NIR, c) Texotere, d) pGSNs-Dtxl-NIR, e) pGSNs-Dtxl-Tf-NIR. (C-D) Reproduced with permission from ref. [264]. Copyright 2012, Wiley.
5. Conclusion and Outlook

In conclusion, we have reviewed the ten-year progress in syn-
thesis, biocompatibility research, and drug delivery application 
of mesoporous silica nanoparticles. As summarized, MSNs 
with their versatile mesoporous structure have unique advan-
tages that may allow clinically applicable nanoformulations for 
disease diagnosis and therapy. First, MSNs can be tailored in 
size, surface chemistry, shape, and mesoporous or hollow struc-
ture. As drug delivery systems, they have an extraordinarily 
high drug loading capacity and stimuli-responsive drug release 
profiles. Second, MSNs have relatively high in vitro and in vivo 
biocompatibility and could eventually be excreted from the 
body. Third, the ease of multifunctionalization with magnetic, 
fluorescent, and photothermal properties allows simultaneous 
bioimaging and drug delivery for nanotheranostics. Fourth, the 
flexible, scalable, and cost-effective fabrication of MSNs pro-
vides unique opportunities for future industrial production and 
clinical translocation. Overall, MSNs are excellent candidates for 
use in drug delivery systems. Nonetheless, as a relatively new 
and burgeoning application in nanomedicine, a lot of questions 
still need to be addressed before clinical application.
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 1504–1534
First, biomedical application in drug delivery depends on the 
well-controlled fabrication of nanomaterials. It is important to 
synthesize well-defined MSNs and drug loaded counterparts 
with tailorable size, shape, structure, pore geometry, and sur-
face properties. The synthesis method should be simple, stable, 
cost-effective, and scalable for facilitating future industrial pro-
duction and clinical translocation. Second, establishment of the 
host-guest interaction of MSNs with therapeutic agents could 
help to fully utilize the mesoporous and/or hollow structure for 
drug encapsulation with high drug payloads and rational release 
profile. Third, prior to be implemented in clinical practice, we 
need extensive preclinical studies including more complicated 
chemophysical characterizations of the synthesized MSNs and 
their related effects on biotranslocation and biocompatibility. In 
addition to acute toxicity, research on subchronic and chronic 
toxicity, as well as the change in molecular level (such as genoto-
xicity) caused by systematically administered MSNs should not 
be neglected. A recent report has shown that 35-nm and 70-nm 
non-porous silica nanoparticles could cause pregnancy com-
plications when injected intravenously into pregnant mice.[265] 
Would MSNs with similar diameter cause similar toxicity? It 
alarms us to perform a more cautious and thoughtful toxicity 
1529wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 evaluation of the intentionally exposed MSNs. Better under-

standing of the toxicity aspect not only allows a better estima-
tion of the potential risk, but could also balance the efficacy and 
safety by selecting a suitable dosage with maximal therapeutic 
benefit and minimal toxic effect.

For cancer therapy, MSNs show obvious advantages over 
other nanoparticulate drug delivery systems because of their 
extraordinarily high drug loading, controlled drug release 
behavior, and co-delivering ability. However, great challenges 
still exist. To overcome the in vivo physiological barriers and 
achieve efficient delivery of nanoparticles to cancer cells, MSNs 
as nanocarriers should integrate the properties of long cir-
culation time, low RES sequestration, ability to extravasation  
into tumor tissue, and specific cancer cell internalization. The  
properties of nanoparticulate drug delivery systems and the 
physiological microenvironment in bodies co-determine the final 
therapeutic benefits. Even if with efficient delivery to tumor 
site, the physiological nature of cancer brings tremendous dif-
ficulties in efficient therapy. Cancer multidrug resistance is a 
dynamic systemic result including multiple molecular, cellular 
and microenvironmental aspects. It may hold promise for con-
quering MDR by targeting DDS to the molecular foundation 
responsible for MDR development, to the population of cancer 
stem cells, and to the tumor niche. On the other hand, tumor is 
highly dynamic and heterogeneous, which can adapt readily to 
imposed stress. Thus, it is impossible that a single formulation 
could be effective to every population of patients at any time. 
With the diversity and multifunctionality of MSN-based nano-
composites, it is promising way to develop cooperative therapies 
such as utility of the synergistic effect of photothermal/mag-
netohyperthermal therapy and chemotherapy, or simultaneous 
utility of several nano-based formulations targeting different 
population of cancer cells with different phenotype. Certainly, 
more knowledge about cancer biology and physiology from biol-
ogist is essential for more specific targeting options.

In conclusion, the research on MSNs for biomedical appli-
cations is taking off. Tremendously positive research results 
encourage further exploration. It is encouraging that a kind of 
ultrasmall multimodal silica nanoparticles (Cornell dots, C dots) 
has recently been approved by the FDA for the first-in-human 
clinical trial for targeted diagnostics of advanced melanoma.[266,267] 
Nevertheless, it is still a long way to translate the formulations 
of MSN-based drug delivery systems into the clinical market 
because sufficient evidence needs to be accumulated to prove the 
safety and therapeutic efficacy. In addition to scientific efforts, 
commercial and social drive are also a fundamental requisite. 
It requires leveraging resources and expertise from a multitude 
of disciplines including chemistry, materials science and engi-
neering, biology, pharmaceutical sciences, and clinical/transla-
tional research. It is expected that with multidisciplinary efforts 
for the common objective of clinical benefits, MSN-based nano-
formulations can make an exciting breakthrough and direct a 
renovated individualized therapy in the near future.
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