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CONS P EC TU S

C lever combinations of different types of functional nanostructured materials will enable the development of multifunctional
nanomedical platforms for multimodal imaging or simultaneous diagnosis and therapy. Mesoporous silica nanoparticles

(MSNs) possess unique structural features such as their large surface areas, tunable nanometer-scale pore sizes, and well-defined
surface properties. Therefore, they are ideal platforms for constructing multifunctional materials that incorporate a variety of
functional nanostructured materials.

In this Account, we discuss recent progress by our group and other researchers in the design and fabrication of multifunctional
nanocomposite nanoparticles based on mesoporous silica nanostructures for applications to simultaneous diagnosis and therapy.
Versatile mesoporous silica-based nanocomposite nanoparticles were fabricated using various methods. Here, we highlight two
synthetic approaches: the encapsulation of functional nanoparticles within a mesoporous silica shell and the assembly of nanoparticles
on the surface of silica nanostructures. Various nanoparticleswere encapsulated inMSNs using surfactants as both phase transfer agents
and pore-generating templates. Using MSNs as a scaffold, functional components such as magnetic nanoparticles and fluorescent dyes
have been integrated within these systems to generate multifunctional nanocomposite systems that maintain their individual functional
characteristics. For example, uniform mesoporous dye-doped silica nanoparticles immobilized with multiple magnetite nanocrystals on
their surfaces have been fabricated for their use as a vehicle capable of simultaneousmagnetic resonance (MR) and fluorescence imaging
and drug delivery. The resulting nanoparticle-incorporated MSNs were then tested in mice with tumors. These in vivo experiments
revealed that these multifunctional nanocomposite nanoparticles were delivered to the tumor sites via passive targeting. These
nanocomposite nanoparticles served as successful multimodal imaging probes and also delivered anticancer drugs to the tumor site.
With innumerable combinations of imaging modalities and drug delivery available within these vehicles, multifunctional nanocomposite
nanoparticles provide new opportunities for clinical diagnostics and therapeutics.

1. Introduction
Recently, various nanostructured materials have been inves-

tigated for their potential applications in biomedical imaging,

diagnostics, and therapy. The novel size-dependent physical

properties of nanostructured materials along with the nano-

meter-scale dimension of many important biological sys-

tems make them highly attractive for many biomedical

applications.1�4 For example, semiconductor nanoparticles
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have been used for targeted fluorescence imaging of tumor as

well as long-term real-time imaging of molecular events in

cells.5,6 Gold nanoparticles conjugated with oligonucleotides

are capable of sensing complementary DNA strands based on

color changes resulting from a shift in surface plasmon reso-

nance wavelength.7 Magnetic nanoparticles have been used

in various biomedical applications such as contrast agents for

magnetic resonance imaging (MRI),8�11 and bioseparation.12

Variousgoldnanostructures includingnanoshellsandnanorods

have been intensively studied and developed for noninvasive

photothermal therapy.13,14

In addition to these unique chemical and physical proper-

ties of the nanoparticles, the nanosize itself makes them

ideal platforms for the biomedical applications. Due to their

large surface areas, nanoparticles can be readily conjugated

with molecular moieties capable of recognizing various

complementary biomolecules including DNA strands and

antigens with high sensitivity and selectivity, which is ad-

vantageous in targeted imaging, diagnosis, and delivery.2,3

This nanometer dimension becomes even more important

when the nanoparticles are systemically administered into

living organisms because nanoparticles can readily interna-

lized into cells, followed by contacting with subcellular

organelles4 and release of cargos.15 The circulation time

and interactions of nanoparticles with various cells are

highly dependent on the size and surface characteristics of

the nanoparticles. In the bloodstream, micrometer-sized

particles and small molecules exhibit relatively short circula-

tion times because they are rapidly removed by active

phagocytosis of the reticuloendothelial system (RES) and

renal clearance, respectively.4,16 In contrast, well-stabilized

nanoparticles with optimal size and appropriate antifouling

surface can remain in blood vessels long enough to accu-

mulate at the tumor sites via enhanced permeation and

retention (EPR) effect, whichmaximizes their performance in

targeted imaging or therapy.17

Clever combinations of different kinds of functional

nanostructured materials will enable the development of

multifunctional nanomedical platforms for multimodal ima-

ging or simultaneous diagnosis and therapy (referred as

theranostics).18�20 Theranostic agents based on nanoparti-

cles will enablemonitoring of circulation and biodistribution

of drug delivery carrier. In addition, these integrated systems

will allow delivery of therapeutic agents to target tissues

selectively via passive targeting derived from their nanosize,

and simultaneous real-time noninvasive monitoring of bio-

logical responses to the therapy, which can provide impor-

tant feedback in the treatment of disease.

Among various integrated nanocomposite systems, me-

soporous silica-based nanostructured materials have at-

tracted great interest since they exhibit low cytotoxicity

and excellent chemical stability and their surface can be

easily modified.21,22 Moreover, the large surface area and

pore volume of mesoporous silica ensure facile adsorption

as well as high loading of various therapeutic materials.23,24

In terms of biocompatibility, silica is accepted as “Generally

Recognized As Safe” (GRAS) by the United States Food and

Drug Administration (FDA). Very recently, dye-doped silica

nanoparticles, called Cornell dots (C dots), have received

approval from the FDA for the first Investigational NewDrug

(IND) application for targetedmolecular imagingof cancer.25

Furthermore, it was reported that mesoporous silica nano-

particles (MSNs) exhibit lower hemolytic activity compared

to their nonporous, similarly sized counterparts,26,27 sug-

gesting that MSNs are suitable for systemic delivery through

the bloodstream. Several in vivo biodistribution studies of

MSNs have been reported recently.28,29 Using noninvasive

optical imaging techniques, Lee et al. reported that fluores-

cently labeled MSNs tended to accumulate rapidly in the

liver when they were administrated via intravenous injec-

tion into nude mouse.28 Lu et al. investigated biocompat-

ibility and biodistribution of MSNs in a human cancer

xenograft mouse29 and showed that MSN is biocompatible

at the effective dosages and preferentially accumulated in

the tumor. Moreover, treatment with drug-loaded MSNs

resulted in suppression of tumor growth in mice, demon-

strating the drug-delivery capability of MSNs.

More recently, the pore surface and opening of MSNs

have been functionalized with stimuli-responsive groups,

inorganic nanoparticles, supramolecules, and proteins that

can work as caps and gatekeepers.23,24,30�38
“On-demand”

controlled release of encapsulated drugs can be triggered in

response to internal or external stimuli such as pH, tempera-

ture, redox potential, light, and enzyme reactions.30�38 In

addition, MSNsmodifiedwith fluorescent dye and paramag-

netic metal complex were used as fluorescent andmagnetic

imaging probes.28,39 There are several excellent review

articles on the biomedical applications of MSNs.23,24,40,41

In thisAccount,wediscussour group's recent progressmade

in the designed fabrication of mesoporous silica-based nano-

composite nanoparticles for multifunctional theranostic appli-

cations. Among several different kinds of fabrication methods

for nanocomposite nanoparticles, two approaches, including

encapsulation of functional nanoparticles in mesoporous silica

shell and assembly of nanoparticles on the surface of silica

nanostructures, will be highlighted.
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2. Multifunctional Mesoporous Silica Nano-
composite Nanoparticles

2.1. Nanoparticles Encapsulated within Silica Shell. En-

capsulation with silica matrix is one of the most widely

used methods for surface modification of inorganic nano-

particles,42 because the unique properties of the nanoparticles

can be preserved by silica shells and various high quality

nanoparticles synthesized in organic media43 can be readily

transferred to aqueous media. Controlled sol�gel reactions

generate amorphous silica shell around the nanoparticles.

The formation of mesoporous silica instead of a dense silica

shell can impart additional drug delivery functionality onto

silica-based nanocomposite nanoparticles.

In 2006, the Hyeon group reported a simple and general

method for encapsulation of inorganic nanoparticles in

mesoporous silica shell (Figure 1).44 Cetyltrimethylammo-

nium bromide (CTAB) could be used not only as a phase

transfer agent but also as a template for mesopore genera-

tion for uniform nanoparticles encapsulated in mesoporous

silica shell. In this method, presynthesized uniform iron

oxide nanoparticles stabilized with oleic acid were trans-

ferred to aqueousmedia by capping with CTAB. Subsequent

silica sol�gel reaction followed by the removal of surfac-

tants resulted in the production ofmesoporous silica spheres

embedded with iron oxide nanoparticles (Figure 2a). This

synthetic method could be generally applied to other hydro-

phobic nanoparticles of various compositions and shapes

for their coating with mesoporous silica shells. For example,

as shown in Figure 2b and c, one-dimensional R-FeOOH
nanotubes and spherical MnO nanoparticles could be also

embedded in mesoporous silica shell. Moreover, different

kinds of nanocrystals, such as iron oxide nanoparticles and

quantum dots, could be simultaneously immobilized in a

single mesoporous silica sphere (Figure 2d). Since the en-

capsulated nanoparticles retained their original physical

properties, the resulting nanocomposite nanoparticles

showed both magnetic and fluorescent properties. This

simple and highly reproducible synthetic process can serve

as a standard protocol for the fabrication of uniform-nano-

particle/mesoporous-silica core/shell nanostructures for

multifunctional theranostic applications.

Using this synthetic method, uniform iron-oxide-nano-

particle/mesoporous-silica core/shell nanocomposite nano-

particles (Fe3O4@mSiO2) were synthesized for imaging and

therapy.45 Particle size strongly affects the efficiency of in

vivo delivery and cellular uptake.16,46 For effective systemic

delivery, it is desirable to keep the size of therapeutic

nanocomposite particles smaller than 100 nm because of

their high colloidal stability in a physiological environment

and long blood circulation time. By optimizing the concen-

tration of iron oxide nanoparticles in the solution during the

FIGURE 1. Synthetic procedure for encapsulation of hydrophobic nanoparticles with mesoporous silica shell. Reproduced from ref 45. Copyright
2008 Wiley-VCH.

FIGURE 2. Transmission electron microscopy (TEM) images of various
nanocrystal-embeddedmesoporous silica nanostructures. (a) Iron oxide
nanoparticle-embedded MSNs. (b) One-dimensional R-FeOOH nano-
tubes sheathed with mesoporous silica shell. (c) Manganese oxide
nanoparticle-embedded MSNs. (d) Iron oxide nanoparticle and quan-
tumdot coembeddedMSNs. Inset:magnified image. Quantumdots (red
circles) and iron oxide nanoparticles (blue circles). Reproduced from refs
44 and 45. Copyright 2006 American Chemical Society. Copyright 2008
Wiley-VCH.
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sol�gel reaction to ensure that each silica nanoparticle

contained a single nanoparticle, core/shell nanocomposite

nanoparticles smaller than 100 nm with a single iron

oxide nanoparticle core were obtained. The overall particle

size could be controlled from 45 to 105 nm by varying

the concentration of iron oxide nanoparticles (Figure 3a).

The resulting core/shell nanoparticles were monodisperse

andmaintained discrete formwithout aggregation, which is

highly desirable for in vivo applications.

Because Fe3O4@mSiO2 nanocomposite nanoparticles

are composed of superparamagnetic iron oxide nanoparti-

cle core and mesoporous silica shell, they can be used not

only as a magnetic resonance (MR) imaging contrast agent

but also as a drug delivery vehicle. Furthermore, organic

fluorescence dyes such as fluorescein isothiocyanate (FITC)

and rhodamine B isothiocyanate (RITC) could be readily

immobilized in mesopores, rendering them useful as fluor-

escent imaging probes. Surfacemodification with poly(ethy-

lene glycol) (PEG) imparted biocompatibility and colloidal

stability under physiological conditions. Even after PEG-coating,

the hydrodynamic diameter of Fe3O4@mSiO2 nanocomposites

was kept below 100 nm and they were easily internalized into

cells by endocytosis. The anticancer drug, doxorubicin (DOX),

loaded nanocomposite nanoparticles were internalized by can-

cer cells and induced cell death (Figure 3b). The applicability of

Fe3O4@mSiO2 nanocomposite for in vivo cancer imaging was

also demonstrated. Figure 3c shows in vivo MR and optical

images of subcutaneously injected cancer cells labeled with

FIGURE 3. (a) Magnetite-nanoparticle/mesoporous-silica core/shell nanoparticles of various sizes (Fe3O4@mSiO2). (b) In vitro cytotoxicity of
Fe3O4@mSiO2 and DOX-loaded Fe3O4@mSiO2. (c) In vivo T2-weighted MR and fluorescence images of subcutaneously injected cells labeled with
Fe3O4@mSiO2 and control cells without labeling into each dorsal shoulder of a nudemouse. (d) In vivo T2-weightedMR images (upper row) and color
maps (lower row) of the tumor before and after intravenous injection of Fe3O4@mSiO2 to the tumor bearing nude mouse. A decrease of signal
intensity on T2-weighted MR images was detected at the tumor site (arrows). Reproduced from ref 45. Copyright 2008 Wiley-VCH.
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Fe3O4@mSiO2.The labeledcellsappearedasdarkcontrast in the

MR image due to enhanced T2 relaxation, and intense red

emission due to RITC was also observed in the fluorescence

image. Such multimodal imaging capability is very useful for

both noninvasive diagnosis and guidance to surgical treat-

ment.47 The small size and high colloidal stability of the nano-

compositenanoparticlesenabledsystemicdelivery to the tumor.

When Fe3O4@mSiO2 nanoparticles were administered to the

tumor-bearing mice via intravenous injection into the tail vain,

they were accumulated at the tumor sites and detected

via MRI 2 h after the injection (Figure 3d). The multifunctional

capability of the nanocomposite nanoparticles as MR and

fluorescence imaging probes, along with their potential as

drug delivery vehicles, makes them novel candidates for simul-

taneous cancer diagnosis and therapy.

Liong et al. fabricated dye-doped MSNs which were incor-

porated with magnetite nanoparticles and functionalized with

targeting agent, folic acid, on the outer surface, for simulta-

neous drug delivery, magnetic resonance and fluorescence

imaging, magnetic manipulation, and cell targeting.48 The

nanoparticles functionalized with folic acid exhibited more

than2-fold increase in the cellular uptake for pancreatic cancer

cell lines compared to the unmodified nanoparticles. After

loading of water-insoluble anticancer drug, camptothecin, into

the folate-modified nanocomposite nanoparticles, consider-

able increase in the cytotoxicity was observed for pancreatic

cancer cells, whereas cytotoxic effect on normal fibroblast cells

was not changed upon addition of folate ligand. These results

demonstrate that the targeting ligand enhanced cellular up-

take and efficient drug delivery to the cancer cells.

FIGURE 4. (a) Schematic illustration for synthesis of HMnO@mSiO2 nanoparticles and labeling of MSCs. (b) TEM image of HMnO@mSiO2

nanoparticles that shows mesoporous silica shell and hollow MnO core. (c) T1 map of HMnO@mSiO2 nanoparticles suspended in water at 11.7 T.
(d) Plot of 1/T1 versusMn concentration. The slope indicates the specific relaxivity (r1). (e,f) In vivoMRI of transplantedMSCs. (e) Nohyperintense signal
(red arrow) was detected in mice transplanted with unlabeled MSCs. (f) Hyperintense signals (green arrows) were detected in mice transplanted with
HMnO@mSiO2-labeled MSCs and was still visible 14 days after injection. Reproduced from ref 50. Copyright 2011 American Chemical Society.
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Paramagnetic complexes, which are usually gadolinium

(Gd3þ) or manganese (Mn2þ) chelates, accelerate longitudi-

nal (T1) relaxation of water protons and exert bright contrast

in MR images.39 Instead of manganese (Mn2þ) chelates, the

Hyeon group reported the application of biocompatible

manganese oxide (MnO) nanoparticles as a T1 MRI contrast

agent, which enabled easy surface modification and effi-

cient labeling with targeting agents for their applications in

molecular and cellular imaging.49 As T1 MR contrast agent,

an increase of contact betweenmanganese ions (Mn2þ) and

water molecules is critical to achieve high r1 relaxivity. For

this purpose, “hollow” manganese oxide nanoparticles en-

capsulated with mesoporous silica shell (HMnO@mSiO2)

were fabricated (Figure 4a,b).50 The mesoporous silica shell,

which allows for water exchange across the shell, combined

with the large surface area-to-volume ratio resulting from

the novel hollow structure, increases water accessibility to

the manganese core and, consequently, provides enhanced

T1 contrast. As shown in Figure 4c and d, themolar relaxivity

of HMnO@mSiO2 was measured to be 0.99 mM�1 s�1 at

11.7 T, which is significantly higher than that of MnO

nanoparticles encapsulated with PEG-phospholipid, and

dense silica-coated MnO nanoparticles. The feasibility of

HMnO@mSiO2 nanocomposite nanoparticles for cell label-

ing and tracking was demonstrated after labeling of multi-

potent mesenchymal stem cells (MSCs). Adipose-derived

MSCs were efficiently labeled using electroporation, and

signal enhancement was detected in T1-weighted MR

images. Intracranial grafting ofHMnO@mSiO2-labeledMSCs

enabled serial MR monitoring of cell transplants over 14

days (Figure 4e,f). The results show that the HMnO@mSiO2

nanocomposite nanoparticles can produce sustained con-

trast in vivo and, therefore, are suitable for long-term MR

monitoring of the fate of the transplanted cells.

Recently, a noninvasive remote-controlled drug release

system was achieved using ferrite nanoparticle-incorpo-

ratedMSNs. Thomas et al. combined the hyperthermic effect

of magnetic nanoparticles and controlled drug release abil-

ity of MSNs with a nanovalve system.31 By encapsulating

zinc-doped iron oxide nanoparticles within mesoporous

silica shells and capping the pores with cyclic cucurbit[6]uril

nanovalve, a magnetically activated release system was

realized. Zinc-doped iron oxide nanocrystals (ZnNCs) offer

a 4-fold increase in hyperthermic effects compared to un-

doped iron oxide nanocrystals. Under oscillating magnetic

field, local heat was induced by incorporated magnetic

nanoparticles, and this heat took off the electrostatically

bound nanovalve molecules and resulted in cargo release.

2.2. Nanoparticles Assembled on Mesoporous Silica

Nanoparticles. Although several kinds of nanoparticles

could be encapsulated in a silica shell to fabricate multi-

functional MSNs, there is still limitation on this process

because encapsulation procedures are not always straight-

forward and easy for many kinds of nanoparticles. This

weakness can be overcome by decoration of nanoparticles

onto the surface of as-synthesized MSNs, which enables

assembly of numerous nanoparticles and sequential addi-

tion of different functional nanoparticles.51

For “on-demand” controlled release of encapsulated drugs,

various inorganic nanoparticles, including nanoparticles of Au,

CdSe, and Fe3O4,were assembledon the surfaceofmesopores

of MSNs via stimuli-responsive tethers.32�35 These assembled

nanoparticles could function as gatekeepers and could be

removed by either intracellular or external triggers such as

pH change, reduction process, enzyme reaction, or irradiation

of light. Au nanoparticles have been most commonly used as

pore capping agents because they can be easily synthesized

in aqueous media and functionalized with thiol containing

molecules. pH-responsive,32 or biomolecule,33 such as ATP,

responsive release was achieved by using Au nanoparticles as

capping ligands. CdS nanoparticles34 and superparamagnetic

iron oxide nanoparticles35 have been also used as capping

materials. However, these nanoparticles were used as simple

capswhich block the pores physically, and they donot provide

any other particular function. Appropriate choice of functional

nanoparticles to be bound onto MSNs can impart additional

functions toMSNs for multifunctional theranostic applications.

The Hyeon group reported a simplemethod for assembly

of hydrophobic iron oxide nanoparticles on silica particles

based on covalent bonding.52 After ligand exchange with

2-bromo-2-methylpropionic acid (BMPA), iron oxide nano-

crystals were assembled on the surface of amine-functiona-

lized silica particles through nucleophilic substitution reac-

tion between the terminal Br groups on the surface of iron

oxide nanoparticles and amino groups on the silica particles.

Using this facile assembly process, a theranostic nanoplat-

form was achieved by addition of iron oxide nanoparticles

onto MSNs. Multifunctional nanocomposite nanoparticles

were fabricated by decorating the surface of dye-doped

MSNs with multiple iron oxide nanoparticles (Fe3O4-MSN)

(Figure 5a,b).53 The integration of numerous iron oxide

nanocrystals onto the silica surface is advantageous be-

cause the T2 MR contrast effect can be further enhanced

by clustering of magnetic nanoparticles.54 Fe3O4-MSN

showed remarkably enhanced MR contrast, and its specific

relaxivity value, r2, was increased by 2.8 times compared to
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that of well-dispersed and isolated Fe3O4 nanoparticles

(Figure 5c,d). PEG-stabilized Fe3O4-MSN showed excellent

colloidal stability in aqueous solution and did not affect cell

viability or proliferation. Accumulation of Fe3O4-MSN at the

tumor site could be demonstrated by in vivo MR imaging

after intravenous injection of Fe3O4-MSN into a nudemouse

bearing a tumor on its shoulder. At 3 h after injection, a

signal drop in the T2-weighted MR image was clearly ob-

served (Figure 5e), demonstrating that accumulation of

Fe3O4-MSN at the tumor sites could be detected by in vivo

MR imaging. Furthermore, Fe3O4-MSN could deliver thera-

peutic agent to the tumor sites. The red fluorescence of DOX

in sectioned tumor tissues after intravenous injection of

DOX-loaded Fe3O4-MSN allowed direct visualization of drug

accumulation at the tumor sites (Figure 5f). When apoptotic

cells in the tumor tissues were evaluated using terminal

deoxynucleotidyl transferase-mediated nick end labeling

(TUNEL) assay, a brown color, indicating TUNEL-positive

tumor cell nuclei with apoptotic morphology, was detected

in the tumor tissues ofmice treatedwith DOX-loaded Fe3O4-

MSN, thus demonstrating that DOX was successfully deliv-

ered to the tumor sites and its antitumor activity was

retained (Figure 5g). Consequently, we have realized amulti-

functional nanoplatform for theranostics with simultaneous

imaging and therapeutic modalities that can be delivered to

the tumor sites by passive targeting.

Multifunctional nanocomposite nanoparticles for simul-

taneous fluorescence and MR imaging, and pH-sensitive

drug release were fabricated by immobilizing pH responsive

hydrazone bond, magnetite nanoparticles, and fluorescent

dye inMSNs (Figure 6a).55 pH-sensitive hydrazone bondwas

adopted in the nanocomposite nanoparticles for pH-sensi-

tive release of anticancer drug, DOX, because hydrazone

bond is stable at neutral pHbut is rapidly dissociated in acidic

environments such as lysosomes, tumor sites, or infected

tissues.56 Figure 6b shows that release ofDOXwas both time

FIGURE 5. (a) Schematic illustration of the synthetic procedure for Fe3O4-MSN. (b) TEM image of synthesized Fe3O4-MSN. (c,d) T2 contrast
enhancement by Fe3O4-MSN. (c) Plot of inverse transverse relaxation times (1/T2) versus Fe concentration. (d) T2-weighted MR image of Fe3O4-MSN
and free Fe3O4. Darker signalwas observed for Fe3O4-MSNat the sameconcentrationof Fe. (e) In vivo T2-weightedMR imagesof the tumor site before
and 3 h after intravenous injection of Fe3O4-MSN (arrows indicate the tumor site). (f) Confocal laser scanning microscopic image of tumor section of
mouse after intravenous injection of DOX loaded Fe3O4�MSN. (g) TUNEL assays for apoptotic cell death. Reproduced from ref 53. Copyright 2010
American Chemical Society.
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and pH dependent. DOX was hardly released at pH 7.4, and

even after 56 h only 4% of DOX was released at pH 7.4,

whereas 78% of DOX was released at pH 4.0, demonstrating

the pH dependent release of doxorubicin. MSNs immobilized

with FITC dye and multiple magnetite nanoparticles on the

surface (MSN-FITC-Fe3O4) displayed a typical emission peak of

fluorescein at 522 nm (Figure 6c) and exhibited a high specific

relaxivity value (r2) of 80mM�1 s�1 (Figure 6d), demonstrating

that the nanocomposite nanoparticles can be used as dual

imaging probe for simultaneous T2 MRI and fluorescence

imaging. Cellular uptake of DOX conjugated hydrazine-MSN-

FITC-Fe3O4-PEG was verified by confocal laser scanning micro-

scopy (CLSM) following the incubation of cells with the nano-

particles in serum containing cell culture media for 24 h

(Figure 6e). Green fluorescence of FITC was observed in the

cytoplasm and red fluorescence of DOX was found in the

nucleus, clearly demonstrating that DOX was released from

MSNs. The cytotoxic effect of DOX conjugated hydrazine-MSN-

FITC-Fe3O4-PEG was tested on breast cancer cells, MDA-MB-

231. TheMTT assay showed that cytotoxic efficacy of theDOX

conjugated MSNs increased as the concentration was in-

creased, while bare MSNs alone did not show cytotoxicity to

cancer cells even at high concentration. These results demon-

strate thatMSNs have a potential for drug loading and delivery

into cancer cells to induce cell death.

3. Conclusion and Perspectives
In this Account, we discussed various strategies for the

synthesis of multifunctional mesoporous silica nano-

composite nanoparticles as well as their applications to

simultaneous therapy and diagnosis. Using MSNs as a

basic building block, different kinds of functional compo-

nents including magnetic nanoparticles and fluorescent

dyes can be integrated to generate multifunctional

nanocomposite systems while maintaining their individual

functional characteristics. These nanocomposite nano-

particles were shown to be viable not only as multimodal

imaging probes for simultaneous MR and fluorescence

imaging but also as an anticancer drug delivery vehicle.

In vivo experimental results showed that these nanopar-

ticles were delivered to the tumor sites via passive

targeting.

Although there has been explosive research activity in

the development of MSN-based materials for multifunc-

tional theranostic applications in the last several years, there

remain major challenges that need to be overcome in order

for these nanostructured materials to achieve translation

into the clinical setting. In particular, long-term toxicity and

pharmacokinectics of these MSNs should be clearly ad-

dressed. Furthermore, rigorous and extensive in vivo studies

by interdisciplinary teams ranging from chemists and

FIGURE 6. (a) Schematic illustration of hydrazine functionalized Fe3O4-MSN and conjugation of doxorubicin via pH-sensitive linkage. (b) Time- and
pH-dependent doxorubicin release profile from hydrazine functionalized Fe3O4-MSN. (c) Photoluminescence spectrum and (d) T2-weighted MR
imagesof hydrazine-MSN-FITC-Fe3O4. (e) Confocal laser scanningmicroscopic imagesof cells incubatedwithhydrazine-MSN-FITC-Fe3O4-PEG for 24h.
Reproduced from ref 55. Copyright 2011 Royal Society of Chemistry.
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materials scientists all the way to biologists and clinicians

should be conducted for the clinical translations of these

multifunctional theranostic agents based on mesoporous

silica nanocomposite nanoparticles. If these issues are

satisfactorily addressed in the future, these multifunctional

nanoparticles will provide important new tools in the hands

of medical doctors for simultaneous diagnosis and the

efficient and specific treatment of diseases.
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