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In the past decade, non-invasive and biocompatible mesoporous silica materials as efficient

drug delivery systems have attracted special attention. Great progress in structure control and

functionalization (magnetism and luminescence) design has been achieved for biotechnological

and biomedical applications. This review highlights the most recent research progress on

silica-based controlled drug delivery systems, including: (i) pure mesoporous silica sustained-release

systems, (ii) magnetism and/or luminescence functionalized mesoporous silica systems which

integrate targeting and tracking abilities of drug molecules, and (iii) stimuli-responsive controlled

release systems which are able to respond to environmental changes, such as pH, redox potential,

temperature, photoirradiation, and biomolecules. Although encouraging and potential developments

have been achieved, design and mass production of novel multifunctional carriers, some practical

biological application, such as biodistribution, the acute and chronic toxicities, long-term stability,

circulation properties and targeting efficacy in vivo are still challenging.

1. Introduction

Encouraged by the exciting discovery of the new family of

molecular sieves generically called M41S in the early 1990s,1

research on mesoporous silica materials has received burgeoning

attention, and advanced rapidly. The most well known and

commonmesoporous silica materials includeMCM-41,MCM-48

and SBA-15, which present different pore sizes (2 to 10 nm)

and structural characteristics (2D hexagonal and 3D cubic).

The mesoporous silica materials are synthesized in the

presence of assembled cationic surfactant micelle templates,

which serve as structure-directing agents for polymerizing

silica component by electrostatic interaction, as illustrated

in Fig. 1. The controllable synthesis protocol, outstanding

mesoporous structure and surface with silanol groups make

mesoporous silica materials have unique properties, such as

large surface area, high pore volume, uniform and tunable pore

size (easily realized by varying the surfactants), low mass density,

non-toxic nature, easily modified surface properties, and good

biocompatibility.2–7 Therefore, ordered mesoporous materials

have been shown to be important candidates in sensors, catalysts,

biomedicine and even in environmental applications.8–11

In 2001, a MCM-41-type mesoporous silica material was

first reported as a drug delivery system.12 Drug delivery
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systems, which can deliver precise quantities of therapeutic

drugs to the targeted cells or tissues in a tailored release

manner to enhance drug efficiency and reduce toxicity,13,14

have been one of the most promising applications for human

health care and represent an ever-evolving field for biomedical

materials science.15–18 In recent years, mesoporous silica materials

have been considered to be excellent candidates as carriers for

drug delivery. On the one hand, textural properties of meso-

porous silica increase the loading amount of drugs by hosting

them within pore channels. On the other hand, the silanol-

containing surface can be easily functionalized, allowing for a

better control over the drug diffusion kinetics.19,20 In addition,

multifunctional mesoporous silica composites with excellent

magnetic and/or luminescent properties represent another

grand challenge for drug delivery targeting and tracking.

Luminescent materials (such as organic dyes, quantum dots,

and rare-earth nanophosphors) or magnetic nanoparticles

have been successfully used to functionalize the mesoporous

silica in the form of core–shell, embedded and rattle-type

structures. The rapid development of novel luminescent and

magnetic nanomaterials will lead to the enrichment of multi-

functional mesoporous silica composites with improved properties.

Therefore, innovative research is ongoing on silica-based drug

delivery systems, including structure design and functional

optimization.21 Meanwhile, the biosafety research onmesoporous

silica materials at different levels from molecule, cell, blood to

tissue, involving blood compatibility,22–25 cytotoxicity,26,27

biodegradability,28–30 biodistribution and excretion,31–34 also

becomes a hot topic and receives satisfied results.

Clearly, we cannot exhaustively cover the whole field, so our

efforts here are to highlight the recent studies on mesoporous

silica sustained drug delivery systems (SDDSs) and stimuli-

responsive controlled drug delivery systems (CDDSs) classified by

a drug delivery mechanism. Sustained drug delivery is aroused

by the molecular diffusion of adsorbed drugs, from their carriers

toward the surroundingmedia, depending exclusively on a concen-

tration gradient. Thus the release occurred immediately when

the carrier is introduced into the media, which is suitable for

accumulating a drug at a targeted site. Controlled drug

delivery offers triggered release of therapeutic drugs by using

a chemical/physical response of the carriers to an environ-

mental/external stimulus, which can start the drug release on

demand. To date, many model drugs, such as pharmaceutical

drugs, proteins, and imaging dyes have been studied for

adsorption and release in drug delivery systems (Table 1).

Pharmaceutical drugs have been used in both SDDSs and

CDDSs to study the drug release efficiency. Dye is another

widely used model drug due to the characteristic and mon-

itored fluorescent properties, especially in CDDSs. However,

due to the small pore sizes of the MCM-type materials, larger

molecules such as proteins and enzymes have been used rarely.

This review first provides a brief summary of the influence

of textural properties (pore size, structure, morphology, and

surface properties) on drug loading and release properties. The

novel hollow mesoporous silica drug delivery systems with a

high surface area and large pore volume which enable a high

drug loading amount are described in this part. Secondly, we

highlight the recent research progress on multifunctional

mesoporous silica SDDSs with the abilities to target and track

drug molecules by the integrating luminescence and magnetism.

Finally, we review the smart stimuli-responsive CDDSs that

can respond to external stimuli, such as pH, redox potential,

temperature, photoirradiation, and biomolecules.

2. Pure mesoporous silica SDDSs

2.1. Conventional mesoporous silica SDDSs

The early mesoporous silica SDDSs were mainly based upon

the physical and textural properties of the conventional meso-

porous silica materials such as MCM-41, MCM-48 and SBA-15

with empty mesopore channels (Fig. 1) to absorb/encapsulate

relatively large amounts of bioactive molecules. The groups of

Vallet-Regı́ and Lindén have systematically studied the influence

of pore diameter, pore structure, surface area, and pore volume

on drug loading amount and release rate.60 We summarize the

results as following:

(i) Pore diameter

The decrease in pore diameter leads to a decrease in drug

loading amount and release rate, which can be linked to a

steric hindrance effect. This effect was observed when the pore

Fig. 1 Scheme of the formation mechanism of MCM-41.
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diameters of SBA-15 differ from 8.2 to 11.4 nm resulting in the

increase of bovine serum albumin loading from 15% up

to 27%.60 In addition, the decrease in pore diameter of

MCM-41 or MCM-48 leads to a decrease in the release rate

of ibuprofen (IBU), erythromycin and other drugs, which is

depicted in Fig. 2.64,65 Qu et al. pointed out that the pore-size

effect can be evaluated only if the morphology is similar at the

microstructure level.66

(ii) Pore structure types

Structure types, in terms of pore connectivity and geometry,

seem to have an influence on the drug loading and release

properties. It is true that the interconnected pore systems

Table 1 Pharmacology, adsorption and release mechanism of different model drugs

Model drug Pharmacology Carrier Adsorption mechanism Release mechanism Ref.

Doxorubicin Anticancer drug 1. Rattle-type Fe3O4@mSiO2 Electrostatic interaction Dissolution-diffusion
controlled mechanism

35

2. b-CD capped MSNs Electrostatic interaction pH responsive release 36
Camptothecin Anticancer drug 1. Fe3O4 and dye

functionalized MSNs
Simple impregnation Diffusion controlled

mechanism
37

2. Fe3O4 NPs capped MSNs Simple impregnation Magnetic field responsive
release

38

Paclitacxel Anticancer drug 1. Fe3O4 and dye
functionalized MSNs

Simple impregnation Diffusion controlled
mechanism

37

2. Au NPs capped MCM-41 Simple impregnation Photo responsive release 39
Irinotecan hydro-
chloride trihydrate

Anticancer drug Double shelled hollow
mesoporous silica spheres

Simple impregnation Diffusion controlled
mechanism

40

Docetaxel Anticancer drug Rattle-type Fe3O4@mSiO2 Simple impregnation Diffusion controlled
mechanism

41

Ibuprofen Anti-inflammatory/analgesic 1. Fe3O4 functionalized
SBA-15

Physical adsorption and
hydrogen bond

Diffusion controlled
mechanism

42

2. Hollow MSNs capped
with PAH/PSS multilayers

Simple impregnation pH responsive release 43

Aspirin Anti-inflammatory/analgesic Rattle-type Fe3O4@mSiO2 Physical adsorption and
hydrogen bond

Fickian diffusion
mechanism

44

Dexamethasone Anti-inflammatory Fe3O4 NPs capped MSNs Impregnation pH responsive release 45
Captopril Anti-hypertensive MSNs/apatite composite Physical adsorption and

hydrogen bond
Diffusion controlled
mechanism

46

Gentamycin Antibiotic Hollow MSNs capped with
PAH/PSS multilayers

Simple impregnation pH responsive release 47

Erythromycin Antibiotic Hydrophobic group modified
SBA-15

Impregnation Diffusion controlled
mechanism

48

Vancomycin Antibiotic CdS NPs capped MCM-41 Impregnation Reducing agents
responsive release

7

Alendronate Anti-psoriatic Propylamine groups modified
MCM-41 and SBA-15

Electrostatic attraction Diffusion controlled
mechanism

49

ZnPcS4 Photodynamic therapy drug Polymer shell capped MSNs Impregnation Thermo responsive release 50
Salvianolic acid B Blood-circulation accelerating

agent and antioxidant
Dye grafted SBA-15 Electrostatic attraction Diffusion controlled

mechanism
25

Fluorescein (dye) — DNA capped MSNs Simple impregnation Diffusion controlled
mechanism

51

Rhodamine B (dye) — a-CD capped MSNs Simple impregnation Enzyme responsive release 52
[Ru(bipy)3]

2+ (dye) — Polyamine capped MSNs Simple impregnation pH and anion responsive
release

53

Propidium Iodide
(dye)

— CB[6] capped MSNs Post synthesis grafting pH responsive release 54

Hoechst 33342 (dye) — a-CD capped hollow MSNs Simple impregnation pH responsive release 55
Calcein (dye) — CB[7] capped MCM-41 Simple impregnation pH and competitor

responsive release
56

Coumarin 540A
(dye)

— Azobenzene derivatives
functionalized MSNs

Co-condensation Photo responsive release 57

Safranine O (dye) — Au NPs capped MSNs Simple impregnation Photo and pH responsive 58
Lysozyme (Enzyme) — CaWO4:Tb

3+ functionalized
SBA-15

Electrostatic interaction Diffusion controlled
mechanism

59

Bovine Serum
Albumin (Enzyme)

— SBA-15 Simple impregnation Diffusion controlled
mechanism

60

Cysteine
(Amino acid)

— Mercapto group
functionalized MSNs

Chemically attached via
thioether bonds

Cell responsive release 61

Vitamine-B2

(Nutriment)
— Polyamines capped MCM-41 Simple impregnation pH and anion responsive

release
62

Insulin — Enzyme multilayers capped
MSNs

Simple impregnation Glucose responsive release 63

Adenosine triphosphate — CdS NPs capped MCM-41 Simple impregnation Reducing agents
responsive release

7

MSNs: mesoporous silica nanoparticles; mSiO2: mesoporous silica layer; NPs: nanoparticles; ZnPcS4: Zn(II) phthalocyanine tetrasulfonic acid;

CB[6], a-CD, CB[7], b-CD: macrocyclic organic molecules (detail in part 4).
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provide easier and faster diffusion process than unconnected pore

systems, but, the effect is weak. Lindén et al. demonstrated that a

type of SBA-1 material with 3D cubic interconnected pores

shows a slightly faster IBU release rate and similar drug loading

amount when compared with another type of SBA-3 with similar

pore diameter and surface area, while having unconnected

pores.67 Another example, by comparing both kinetic constants

of MCM-41 with a 2D hexagonal arrangement and MCM-48

with a 3D cubic pore system, a slightly faster release rate of IBU

is observed for the 3D-pore system by Vallet-Regı́ et al.68 In

addition, Lindén et al. also indicated that a one-dimensional pore

structure with cage-like pores is the most promising pore geometry

for providing a high drug loading amount and slow drug release

rate by comparing it with other types of pore structures.67

(iii) Surface area

The specific surface area is an important factor governing

the amount of retained drug molecules, usually hydrophilic or

possessing functional groups, due to the chemically or physically

adsorptive property of Si–OH groups in drug-loading process.

A high surface area with more Si–OH groups will provide

more active sites, resulting in an increased drug loading

amount. For example, the maximum amount of alendronate

loaded into MCM-41 (1157 m2 g�1) and SBA-15 (719 m2 g�1)

matrices are 14% and 8%, respectively.49,68 They also proved

that surface areas and mesopore sizes would have combined

effects on the release kinetics: alendronate released from the

above MCM-41 (3 nm) exhibits first order kinetics, whereas

release from SBA-15 (9 nm) shows linear or zero order kinetics.

(iv) Pore volume

The pore volume is another important, even ruling factor

influencing the drug loading, which can be described as the

larger the pore volume the higher the drug loading amount. For

instance, the loading amount of bovine serum albumin in SBA-15

(1.1 cm3 g�1) and mesocellular silica foams (1.9 cm3 g�1) is

15% and 24%, respectively.60,69

(v) Surface functionalization

Typically, drug molecules are loaded in mesoporous silica

carriers through weak non-covalent interactions, such as hydrogen

bonding, physical adsorption, electrostatic interaction, and

p–p stacking.70 Thereby, chemical modification of the carrier

with appropriate functional groups, presenting attractive inter-

actions with biologically active molecules, may provide an

effective control on the drug adsorption amount and sustained

release rate.18,49,71 The pioneering case of surface functionali-

zation is IBU adsorbed into MCM-41 modified with amine

groups. Without modification, the hydrogen bond takes place

between the silanol group of the matrix and the carboxylic

acid group from the drug. Whereas, after modification, a

much stronger electrostatic attracting interaction between

the carboxylic acid and amine group (modified MCM-41)

leads to the increase in the drug loading and a slower IBU

release rate.18 Another example, the loading of tryptophan in

SBA-15 and SBA-15 modified with quaternary alkyl amines,

provides the same conclusion as above.72

2.2. Improved hollow mesoporous silica SDDSs

Recently, hollow mesoporous silica (HMS) materials, which

simultaneously possess large voids inside the shells and meso-

pores at the shells, have attracted widespread attention. The

large voids can store more drug molecules than that of the

conventional mesoporous silica materials. The ordered meso-

pores at the shells, on the one hand, can provide accessible

channels for drug molecules diffusion and mass transfer without

blocking; on the other hand, could control the permeability of

the shells for matter exchange between voids and the outer

environment. This conclusion is not just a logical hypothesis.

Shi et al. have proved that the maximum IBU storage capacity

of a hollow structure (302 mg g�1) is not much lower than

the reported maximum IBU storage capacity of MCM-41

(358 mg g�1), although the surface area and pore volume of

the hollow structure (436 m2 g�1, 0.53 cm3 g�1) are much

lower than those of MCM-41 (1152 m2 g�1, 0.99 cm3 g�1).73

This is because in conventional mesoporous materials, effective

pore volume would decrease rapidly once the drug molecules

are adsorbed as a result of blocking the inner part of the

mesopore channels. However, the hollow structures can reach

a maximum storage capacity as long as the drug molecules can

gain access to the cavities through any one of the accessible

channels on the shell.

To date, researchers have extensively investigated HMS

nanoparticles with improved drug loading and delivery properties.

Shi and co-workers fabricated various spherical/ellipsoidal HMS

nanostructures by a hard-templating route, micellar aggregate

template route and co-templates route.74–78 Fig. 3(A–C) gives

the TEM images of typical HMS nanoparticles. Using IBU as

a model drug,76 they confirmed that the HMS nanostructures

provide a significantly higher drug loading capacity, even

reaching 1133 � 52.4 mg g�1, which is three times higher than

that of conventional mesoporous silica materials reported

previously (337 mg g�1). It is noteworthy that more than half

of the drug is held in the hollow core and the storage capacity

could also be adjusted in a wide range by the shell thickness.75

The IBU loaded HMS SDDSs exhibit well sustained release

properties, as the example shown in Fig. 3D. In addition, they

developed a double shelled HMS spheres (HMSs@mSiO2) with

different pore sizes, and the structure of the HMSs@mSiO2 and

HMS spheres (HMSs) is illustrated in Fig. 4B.40,79 The surface

area enlarges remarkably from 207 to 1142 m2 g�1 and the

pore volume increases from 0.37 to 0.93 cm3 g�1 when the shell

Fig. 2 Release patterns of adsorbed ibuprofen in MCM-41 matrices

with four different pore sizes. (Adapted from ref. 18, Copyright 2006,

Wiley-VCHVerlag GmbH& Co. KGaA. Reproduced with permission.).
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number increases from single to double. Compared to the

conventional MCM-41 type mesoporous spherical silica nano-

particles with an uptake amount of 6.66% (surface area of

978 m2 g�1 and pore volume of 0.8 cm3 g�1), the HMSs@mSiO2

show a much higher anticancer drug loading capacity (15.24%

anticancer drug docetaxel) due to the contribution of the hollow

interior with enhanced drug loading capacity. The drug delivery

results show that the deposition of a second mesoporous silica

shell can lead to a more sustained release of anticancer drug

(irinotecan) from the carriers (Fig. 4A), which can be explained

as the steric hindrance effect of the smaller pore size on the

second shell and the longer releasing distance. In the bio-TEM

images (Fig. 4C–E), drug loaded HMSs@mSiO2 first enter

cancer cells by the endocytosis effect to form a vesicle at the cell

membrane, then the docetaxel loaded HMSs@mSiO2 particles

pass through endosomes and lysosomes, and are eventually

released into the cytoplasm, revealing that the cell uptake

mechanism for docetaxel-HMSs@mSiO2 system is an endo-

cytosis mechanism, which is more effective than the passive

diffusion mechanism for free docetaxel. Therefore, the docetaxel

molecules in the hollow cores diffuse throughmesopore shells into

the cytoplasm and cause cell death, which shows broad potential

applications of the hollow structure in nanomedicine for cancer

chemotherapy. Besides the above pure HMS materials, they also

investigated the rattle-type HMS nanostructures with Au or

Fe3O4 as the core which possess both the properties of hollow

structure and the functionalized core materials.41,73,80–82 The

rattle-type HMS nanostructures will be discussed in the next

part of functional mesoporous silica material.

Zhu et al. reported another carbon-sphere template process

to prepare HMS nanoparticles,83,84 and then covalently grafting

poly(oxyethylene) bis(amine) on the surfaces of HMS nano-

particles to form HMS-PEG nanoparticles. HMS-PEG nano-

particles have little in vitro cytotoxicity, and the uptake amount is

approximately two times that of pure HMS nanoparticles in

Hela and NIH3T3 cells. Therefore, doxorubicin (DOX) loaded

HMS-PEG nanoparticles have a slightly higher cytotoxicity than

DOX loaded HMS nanoparticles against Hela and NIH3T3 cells.

The superior sustained release property is maintained, indicating

that it is a promising strategy toward their potential application as

drug delivery vehicles. Other HMS particles with interesting

morphologies, such as rod-like HMS particles,85 mesoporous

silica nanotubes,86–89 HMS nanocages with cubic shape,90 and

multi-shelled HMS nanoparticles91 have also been reported.

When used as drug carriers, all the HMS particles will be good

candidates for absorption matrix and drug delivery carries due to

their large pore volume (to store drug molecules) and nanometre

(2–10 nm) pore size (to control the drug release rate).

3. Functional mesoporous silica SDDSs

With the rapid development of silica-based drug delivery systems

over the past decades, the use of pure mesoporous silica suffers

from limitations in many applications, such as (i) targeted drug

delivery mechanisms study, (ii) drug kinetics marker in pharma-

cological research,92 and (iii) track/evaluate the efficiency of the

drug release in disease diagnosis and therapy. Therefore, func-

tionalized mesoporous silica materials with luminescence and/or

magnetism emerge as the times require. Different from the pure

silica drug carriers, the smart combination of different functional

materials can lead to the development of multifunctional medical

platforms for simultaneous targeted delivery, fast diagnosis, and

efficient therapy. In this part, we will review the luminescent,

magnetic and bifunctional mesoporous silica SDDSs.

3.1. Magnetism functionalized mesoporous silica SDDSs

Magnetic nanoparticles, an important class of inorganic

materials, are especially attractive for targeted drug delivery

application. Magnetic targeting provides the ability to guide

Fig. 4 Irinotecan release profiles (A) from HMSs@mSiO2 and HMSs;

Schematic illustration (B) of the outward diffusion of irinotecan molecules

inside the pore channels of HMSs@mSiO2 and HMSs. Purposely selected

bio-TEM images of HMSs@mSiO2 uptake by MCF-7 cells (C–E)

demonstrating that HMSs@mSiO2 nanoparticles were firstly endo-

cytosized to form a vesicle in the cell membrane (C), then in the

endosomes (D) and later their endosomal escape into cytoplasm (E).

(Adapted from ref. 40, Copyright 2011, Royal Society of Chemistry.

Reproduced with permission.).

Fig. 3 (A–C) TEM images at low and high (insets) magnifications of

hollow mesoporous silica nanoparticles. (D) Ibuprofen release behavior

in simulated body fluid over a 48 h period at 37 1C. (Adapted from

ref. 74, Copyright 2009, Royal Society of Chemistry. Reproduced with

permission.).
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the drug delivery systems to the desired location, hold them

until the therapy is complete, and then remove them by means

of an external magnetic field.93 This targeting ability is signifi-

cant because many drugs, especially the cancer-therapy drugs,

have toxic side effects. Targeted drug delivery systems can carry

the drugs and be guided to the targeted organs or locations

inside the body, which will facilitate the therapeutic efficiency

and reduce the damage of normal organs or tissues due to

the drug toxicity before targeting the desired positions.92,94

Secondly, superparamagnetic nanoparticles can deliver certain

amount of heat under alternating magnetic fields, as a result of

Brownian rotation and Néel relaxation mechanisms, to reach

hyperthermia temperatures for cancer treatment.95,96 Among

varieties of magnetic materials, Fe2O3 and Fe3O4 have been

most intensively studied. However, pure iron oxide is prone to

aggregation because of anisotropic dipolar attraction and rapid

biodegradation when they are exposed to biological systems

directly.97,98 Thereby, iron oxide particles combined with

mesoporous silica matrix is desirable in order to overcome the

limitations and represent a significant advance in the field of

drug delivery.35,37,99,100 Recently, a significant breakthrough

has been achieved on the synthesis of monodisperse iron oxide

nanocrystals with superparamagnetism, high crystallinity,

narrow size distributions, and dimensions on the order of 10 nm

by high-temperature thermolysis of organometallic species.101–105

These high-quality iron oxide nanocrystals are highly desirable for

function-specific biological applications. Although the products

obtained from the above approach are organic-soluble, treating

with cationic surfactant CTAB has successfully transferred them

to an aqueous for biological applications.99,106

In recent years, fabrication of iron oxide-based magnetic

mesoporous silica SDDSs has received much interest. According

to the existing investigations, we group the iron oxide-based

magnetic mesoporous silica materials into four basic structures.

The representative examples and structures are summarized

in Table 2, including: (i) core–shell structure composites with

mesoporous silica shell on the surface of iron oxide core;

(ii) embedding iron oxide nanocrystals into mesoporous silica

matrices; (iii) rattle-type hollow particles with iron oxide core

and mesoporous silica shell; and (iv) capping the pores of

mesoporous silica with iron oxide nanocrystals for stimuli-

responsive CDDSs.

For the core–shell structure, the most straightforward

synthetic strategy is the so-called bottom-up approach, where

the core and shell are fabricated in an inside-to-outside order.

Core–shell structure can provide the magnetic composites

extremely high magnetization, even up to 50 emu g�1.106,107

As drug carriers, the outer mesoporous silica shell supplies

enough surface area and pore volume for drug store and

release. Shi et al. proved that the pore volume of the core–shell

structured magnetic mesoporous silica SDDSs decrease 70%

after IBU is stored, and the release can keep over 70 h,92

showing potential application in targeted drug delivery and

multiphase separation.

Very recently, we designed novel fibrous-structured meso-

porous silica microspheres (denoted as Fe3O4/FMSMs, and

insert Fig. 5A), which belong to the embedded structure. The

Fe3O4/FMSMs exhibit a sustained drug release profile, suffi-

cient magnetic responsivity and redispersibility to the external

magnetic field (Fig. 5A and B). Seen from the intracellular

Table 2 Structures of Fe3O4/Fe2O3 functionalized mesoporous silica particles

Structures Representative examples Representative structures Ref.

Core–shell structure

Fe3O4@nSiO2@mSiO2 sphere 92, 107
Fe3O4@mSiO2 sphere (one core) 106, 108–111
Fe3O4-x@mSiO2 sphere (several cores) 50, 112

Embedded structure

FexOy-SBA-15 rice grain-like particle 42, 113
FexOy-MCM-41 sphere 114
Fe2O3/FeOx-SBA-16 115
Fe3O4/Fe2O3-mSiO2 sphere/nanorods 116–118
Fe3O4/FMSMs sphere 27

Rattle-type hollow
structure

Fe3O4/Fe2O3@mSiO2 ellipsoids 80, 81
Fe3O4/Fe2O3@mSiO2 ellipsoids
(double mesoporous shells)

40

Fe3O4/Fe2O3@mSiO2 spheres
(template method)

35, 44, 119

Fe3O4@mSiO2 spheres
(hydrothermal etching)

41, 73

Fe3O4 capped mSiO2 Fe3O4 capped mSiO2 (Shown in Table 3) 38, 45, 120

nSiO2: non-porous silica layer; mSiO2: mesoporous silica layer; FMSMs fibrous-structured mesoporous silica microsphere.
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drug delivery in Fig. 5C–E, DOX is observed both in the cell

cytoplasm and cell nucleus, which indicates that DOX delivered

by DOX–Fe3O4/FMSMs can pass through the cytomembrane,

assemble in cytoplasm, then pass through the nucleus

membrane and eventually assemble in the nucleus to kill cells.

Moreover, effective therapy of DOX may result from the

enhanced intracellular delivery and the extracellular protection

by DOX–Fe3O4/FMSMs, showing that Fe3O4/FMSMs could

be used as therapeutically effective drug delivery system for

DOX delivery.

In the last five years, rattle-type particles with large hollow

interior spaces, functional cores and mesoporous silica shells were

designed and applied as controlled drug delivery carriers. Shi and

co-workers prepared a series of rattle-type Fe3O4/Fe2O3@mSiO2

hollow ellipsoids/spheres with a single or double mesoporous

silica shell (Rattle-type I and II in Table 2).40,41,73,80,81 They

proved that the saturation magnetization value of rattle-type

hollow structure (35.7 emu g�1) is evidently higher than that of

the corresponding core–shell structure with an intact middle

silica layer (28.8 emu g�1) due to the removal of the in-between

silica layer.41 In addition, surface area and pore volume of the

rattle-type structure are calculated to be 435 m2 g�1 and

0.58 cm3 g�1, respectively, which are significantly higher than

the sample with an intact middle silica layer (274 m2 g�1 and

0.38 cm3 g�1). Therefore, compared with the core–shell structure

and embedded structure which usually possesses low magnetism,

the rattle-type structure is much suitable for targeting drug

release. The typical structure of Fe2O3@SiO2@mSiO2 precursor

and Fe2O3@mSiO2 hollow nanocapsule is given in Fig. 6A and B,

respectively.80 These nanocapsules possess sufficient magnetic

responsivity (30 s complete magnetic field attraction) and high

efficiency DOX loading ability (20%, attributed to the enhanced

surface area and pore volume from the hollow interior).

The excellent blood compatibility of Fe3O4@mSiO2 nano-

capsules (Fig. 6C), and the greater cytotoxicity of DOX loaded

nanocapsules than free DOX to induce MCF-7 cell death

(Fig. 6D), indicating that the Fe3O4@mSiO2 nanocapsules

are excellent anticancer drug carriers for diagnosis and chemo-

therapy applications. Zhu and co-workers synthesized another

rattle-type Fe3O4@mSiO2 hollow mesoporous silica sphere

using carbon spheres as templates35,44,119 (Rattle-type III in

Table 2). The DOX loaded Fe3O4@mSiO2 hollow system have

a sustained release property, and are useful for cases that

require a high initial dose followed by a more stable release of

smaller doses. Fe3O4 capped mesoporous silica materials for

stimuli-responsive CDDSs will be summarized in the Part 4.

3.2. Luminescence functionalized mesoporous silica SDDSs

It is well known that luminescent labelling is a real-time,

simple, and effective way to monitor the route of drug-transport

carriers in a living system. Therefore, luminescence functiona-

lized mesoporous silica SDDSs which can be easily identified,

tracked and monitored to evaluate the efficiency of the drug

release and disease therapy have become a research hot

spot.121,122 Currently, the investigated or employed luminescent

emitters have been focused on organic dyes, semiconductor

nanocrystals, and rare-earth nanophosphors.

Traditionally, most of the biological luminescent labels are

organic dyes, such as fluorescein isothiocyanates (FITC),

rhodamine, and cyanine dyes (Cy3, Cy5, and Cy7). However,

dye molecules usually suffer from photobleaching and quenching

when exposed to harsh environments due to interactions with

solvent molecules and reactive species such as oxygen or ions

dissolved in solution.123 Therefore, they are not very suitable for

sensitive detection and real-time monitoring.7 A promising strategy

Fig. 5 (A) Drug-release profile for DOX–Fe3O4/FMSMs in PBS

buffer. Inset is the TEM image of Fe3O4/FMSMs. (B) Photograph

of the separation process of Fe3O4/FMSMs by a magnet. Confocal

laser scanning microscopy (CLSM) images of HeLa cells incubated

with DOX–Fe3O4/FMSMs ([DOX] = 2 mM) for 10 min (C), 1 h (D),

and 6 h (E) at 37 1C, the merged images of both the nuclei of cells

(blue, being dyed by Hoechst 33324) and DOX fluorescence in cells

(red). (Adapted from ref. 27, Copyright 2011, Royal Society of

Chemistry. Reproduced with permission.).

Fig. 6 TEM images of ellipsoidal Fe2O3@SiO2@mSiO2 (A) and

Fe3O4@mSiO2 (B); (C) Hemolysis assay for the magnetic nanocapsules

(inset: photographic images for direct observation of hemolysis by the

nanocapsules, using PBS as a negative control and water as positive

control (the two tubes on the left), and the capsules suspended at different

concentrations (the six tubes on the right)). The red blood cells are red

due to the presence of hemoglobin in the RBCs. During the hemolysis

assay experiment, hemoglobin will be released into the solution by

hemolysis, resulting in visually red color in solution. (D) Cell viabilities

of free DOX and DOX loaded Fe3O4@mSiO2 nanocapsules against

MCF-7 cells at different concentrations for 24 and 72 h. (Adapted from

ref. 80, Copyright 2010, American Chemical Society. Reproduced with

permission.).
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to overcome the above drawbacks is to form dye-doped silica

composites, which highly enhance the fluorescence intensity

than the corresponding single dye molecule.11,124,125 The most

common method is the use of co-condensation approach with

the help of the dehydration reaction between 3-aminopropyl-

triethoxysilane and dye molecules.11,25,126–132 Shi et al.

introduced the co-condensation method to covalently graft

rhodamine B (RhB) groups within the mesoporous channels of

SBA-15 (RhB-Cc-SBA-15) for red fluorescent emission.11,25

Compared with other dye-doped silica materials, the

co-condensed RhB-Cc-SBA-15 possesses high dye doping

amounts (0.096–0.153 mmol g�1), high fluorescence quantum

yields (up to 88.1%), excellent photostability and high fluores-

cence detectivity. They also proved that the salvianolic acid B

(SAB) loaded samples possess a much more significant SAB

sustained-release capability than pure mesoporous silica materials.

Cell viability, hemolysis and coagulation behaviour assay suggest

non-cytotoxicity and good blood compatibility of the material.

These results are encouraging from the perspective of moving the

material platform into clinical trials. In addition, there are several

other reports on the synthesis of a core–shell structure that

contains a nonporous dye-doped silica core and a mesoporous

silica shell, which also possesses sustained drug release properties

and good compatibility.125,133,134

Semiconductor nanocrystals, known as quantum dots

(QDs), are composed of atoms from groups II–VI or III–V

of the periodic table and generally defined as particles having

physical dimensions smaller than the exciton Bohr radius.

During the past decade, QDs have gained considerable attention

as labels in biological imaging and detections due to the following

outstanding optical properties: high quantum yield, excellent

photostability, size-dependent tunable fluorescence properties,

narrow emission bandwidths (span the visible spectrum), and

broad excitation spectra (allow simultaneous efficient excitation

of all colors).135–141 High-quality QDs are typically prepared at

elevated temperatures in high boiling-point organic solvents,

such as long alkyl chain tri-n-octylphosphine oxide (TOPO) and

hexadecylamine (HDA),142–148 therefore hydrophobic ligand-

capped are not suitable for biological applications. Lately,

Hyeon et al. developed a simple approach, employing CTAB

as a secondary surfactant, to transfer them into water-soluble

QDs.149 The CTAB-stabilized QDs can act as seeds for the

formation of spherical mesoporous silica particles with excellent

optical properties. Gao and co-workers have succeeded in

exploiting this method to prepare mesoporous silica-coated

QDs with multicolor luminescence.150 Hyeon and several other

groups also applied QD functionalized mesoporous silica on

drug delivery systems,87,149,151,152 in which the luminescence is

detectable and the release profiles could be tuned by the

mesoporous silica. Moreover, QDs possess super-small and

well-defined diameters ranging between 1.5 and 8 nm. Therefore,

Lin et al. and Zhu et al. used QDs to cap the openings of the

mesoporous channels in the stimuli-responsive CDDSs (in next

part).7 Although some reports have confirmed that QD func-

tionalized mesoporous silica drug delivery systems offer rela-

tively low cytotoxicity and high biocompatibility.152,153 Chen

et al. coated QDs with silica which successfully prevented the

interaction of Cd, Se, Zn, and sulfur with proteins and DNA

in the nucleus.154 However, we still worry about the toxic

heavy metals (such as Pb2+ or Cd2+) released from the QDs as

shown in Fig. 7.155 In their elemental form, cadmium, selenium,

zinc, and sulfur have all been known to cause nephro-toxicity or

acute and chronic toxicities in living vertebrates.156 Initial

studies have even shown that QDs are not excreted and remain

intact in vivo.157,158 The natural and fatal shortcoming limits the

applications of QDs, especially use in the human body.

Another excellent luminescent material is rare-earth (RE)

based phosphors, which exhibit intense narrow-band intra-4f

luminescence in a wide range of host materials. The shielding

provided by the 5s2 and 5p6 electrons causes rare-earth radiative

transition in solid hosts to resemble those of the free ions.

Therefore, RE-doped nanophosphors holding the advantages

of large Stokes shift, sharp emission spectra, long lifetime, high

chemical/photochemical stability, low toxicity and reduced

photobleaching over semiconductor nanocrystals and organic

dye molecules,159–161 seem to be a promising luminescent

material for biological applications. Additionally, it is easy to

realize multicolor luminescence using RE-doped nanophosphors

by only changing the doped RE ions.162,163

Our group pioneeringly exploited RE-doped nanophosphors

for sustained drug delivery, including hollow RE materials and

RE functionalized mesoporous silica composites. The study on

hollow RE particles (such as Yb(OH)CO3@YbPO4 core–shell

structure, CaF2:Ce
3+/Tb3+, GdPO4 and GdPO4:Eu

3+),164–167

especially the cell viability and inverted microscopy images of the

cells grown in the study, proves the good biocompatibility of the

hollow RE materials. The dissolving behavior of rare earth ions

is another important factor for the actual application as a

potential drug carrier. In the present study, the drug storage–

release experiment reveals that the phase structure and photo-

luminescence of the hollow RE materials vary little before and

after the drug storage–release measurement, indicating the

good stability of the RE materials in phosphate buffer solution

or acetate buffer solution. The above results indicate that the

RE materials have low or non-toxicity and are promising for

biomedical application.

The structures classified in Table 2 for magnetic meso-

porous silica materials can also be employed to assort

Fig. 7 The in vitro release of cadmium ions from the QDs/meso-

porous silica core–shell nanoparticles with or without PEGylated

liposome coating. (Adapted from ref. 155, Copyright 2011, Royal

Society of Chemistry. Reproduced with permission.).
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the RE functionalized mesoporous silica composites, for

example, embedded structure and core–shell structure. The

embedded structure is to deposit phosphor nanocrystals into

the channels of the well known mesoporous silica particles

including MCM-41, MCM-48 and SBA-15.59,163,168–170 The

typical synthesis process of YVO4:Eu
3+ functionalized MCM-41

(denoted as YVO4:Eu
3+@MCM-41) composites through sol–gel

process is presented in Fig. 8. Although the method will block

the pores to some extent, the special high surface area and pore

volume of the chosen mesoporous materials still offer the

luminescent materials a high surface area (750–1300 m2 g�1)

and pore volume (around 0.8 m3 g�1) for drug loading and

sustained release (Fig. 9A).168 Moreover, the emission of RE3+

ions will be quenched in the environments which contain a high

phonon frequency.171 Therefore, on the one hand, in drug

molecule IBU loaded systems (IBU–YVO4:Eu
3+@MCM-41),

the organic groups in IBU with vibration frequencies from 1000

to 3250 cm�1 will greatly quench the emission of Eu3+ in all the

drug loaded systems. On the other hand, the quenching effect on

the emission of Eu3+ will be weakened with the release of IBU,

which results in the increase of emission intensity (Fig. 9B). This

relationship between the emission intensity and drug release

extent allows the drug release process to be monitored and

tracked by the change of photoluminescence intensity.

Another example is to deposit CaWO4:Ln (Ln = Eu3+, Dy3+,

Sm3+, Er3+) phosphor nanocrystals into MCM-41.163 As

mentioned before, multicolour (red, yellow, blue and orange)

luminescence comes from the characteristic emission spectra of

different doped irons, Eu3+, Dy3+, Sm3+ and Er3+. Also, this

system exhibits sustained drug release profiles. These results

are encouraging from the perspective of moving the RE

functionalized mesoporous silica systems into luminescent

labelling to evaluate the efficiency of the drug release and

disease therapy. Another way to form a core–shell structure by

coating phosphor core with ordered mesoporous silica shell

was explored to reduce the interference of the environment on

the luminescent property of the phosphor core and completely

utilize the excellent advantages of the silica matrix. We have

coated Y2O3:Eu, CeF3:Tb, and Gd2O3:Eu core with mesoporous

silica shell.26,162,172,173 All the systems exhibit sustained drug

release profiles and excellent luminescent properties. For core–shell

structured Gd2O3:Eu
3+@nSiO2@mSiO2 nanocomposite,26

research on biocompatibility shows that it is non-toxic, while

the DOX-loaded system exhibits an even greater cytotoxicity

than free DOX (Fig. 10A and B). The fragmented HeLa

cell nuclei treated with DOX-Gd2O3:Eu
3+@nSiO2@mSiO2

(Fig. 10C and D) clearly reveal the activity of the loaded

DOX with the mechanisms of killing tumor cells by DNA

damage and topoisomerase II inhibition. These preliminary

results favor the potential applications of the core–shell structure

in the fields of drug delivery and disease therapy. It should be

pointed out that infrared-to-visible up-conversion phosphors

with high photo-stability, high detection sensitivity, and reduced

instrument cost have been a research hot spot.174–177 Different

from the down-conversion phosphors which emit low energy

fluorescence when excited by high energy light, up-conversion

phosphors can emit a higher energy photon after absorbing

two or more lower energy excitation photons on the basis of

sequential adsorption and energy transfer steps.178 The use

of lower energy light is associated with several significant

advantages such as negligible photodamage to living organisms,

good biocompatibility, and high light excitation-penetration

depths of near-infrared (NIR) irradiation in tissues.179–181

Fig. 8 Scheme illustrating the luminescence functionalization of

MCM-41 by YVO4:Eu
3+ through sol–gel process.

Fig. 9 (A) Cumulative IBU release profiles from IBU–YVO4:Eu
3+-

@MCM-41-A (a), IBU–YVO4:Eu
3+@MCM-4-B (b), IBU–YVO4:Eu

3+-

@MCM-4-C (c), and IBU–YVO4:Eu
3+@MCM-4-D (d) systems in the

release media of SBF. (B) The PL emission intensity of Eu3+ in

IBU–YVO4:Eu
3+@MCM-41-A (a), IBU–YVO4:Eu

3+@MCM-41-B

(b), IBU–YVO4:Eu
3+@MCM-4-C (c), and IBU–YVO4:Eu

3+-

@MCM-4-D (d) as functions of cumulative release amount of IBU.

(Adapted from ref. 168, Copyright 2007, Elsevier Ltd. Reproduced

with permission.).
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Furthermore, excitation with the NIR only results in a very

weak autofluorescence background because the UV-excitable

biomolecules (biological tissues and fluorescent drug molecules)

which interfere with normal phosphor luminescence can no

longer be excited by NIR radiation.182–184 To increase the NIR

absorption strength of upconversion lanthanide ions in host

lattice, Yb3+ is often co-doped with the other ions (Er3+,

Tm3+, and Ho3+), as a sensitizer for the upconversion process.

It is also noted that the rare earth elements used in the synthesis

have a lower toxicity than the semiconductor elements of

QDs (the 50% lethal dosage is approximately a thousand

times higher than that of QDs), while the up-conversion

fluorescence is much stronger than that of QDs.185,186

These merits endow this kind of phosphor with potential as

alternatives for dyes and QDs. Thus, we designed core–

shell structured NaYF4:Yb3+/Er3+@nSiO2@mSiO2 and

Gd2O3:Er
3+@nSiO2@mSiO2 drug carriers by coating non-

porous and further mesoporous SiO2 layers with different

thicknesses on upconversion NaYF4:Yb3+/Er3+ and

Gd2O3:Er
3+ nanophosphors.187,188 Taking NaYF4:Yb3+/

Er3+@nSiO2@mSiO2 (denoted as NaSiSi) nanosphere as an

example, different thicknesses of the mesoporous SiO2 layers

on the NaYF4:Yb3+/Er3+ nanoparticles result from the differ-

ent volume of TEOS (0.10, 0.15, and 0.30 mL) added during the

experimental process (Fig. 11A). Upon excitation by a 980 nm

near-infrared laser, the systems emit green (2H11/2,
4S3/2 -

4I15/2)

and red (4F9/2 - 4I15/2) fluorescence of Er3+ even after the

loading of IBU (Fig. 11B). Notably, the drug release amount and

process can be monitored by the change of the up-conversion

emission intensity. It is reasonable that the sample with the

thickest mesoporous silica shell, providing the longest diffusion

path and highest diffusion resistance, exhibits the slowest drug

release rate (Fig. 11C). Recently, monodisperse and well-defined

up-conversion phosphors have been successfully prepared via

decomposition route in high boiling solvent.189–195 We synthe-

sized oleic acid capped NaYF4:Yb3+/Er3+ nanocrystals and

transferred them into water according to literature.149 Then

NaYF4:Yb
3+/Er3+@mSiO2 fibers were obtained by electro-

spinning using water-soluble NaYF4:Yb3+/Er3+ nanocrystals

as fluorescent component. This new type of drug delivery carrier

shows good biocompatibility and sustained release properties.196

3.3. Multifunctional mesoporous silica SDDSs

New strategy for the development of next generation silica

carrier is to fuse luminescence and magnetism into one meso-

porous silica matrix. The multifunctional material can favorably

seek the diseased tissues and visualize the drug delivery system in

real time when controllably releasing the drugs. The process can

be abbreviated as ‘‘find-detect-treat’’ in one body. Furthermore,

high performance in specific biological applications require that

the multifunctional composites possess some unique features,

such as suitable particle size, spherical morphology, narrow size

distribution, large surface area (for drug, maximal protein, or

enzyme binding), and high saturation magnetization to provide

maximum signal.197–199

We designed the core–shell structured multifunctional nano-

composites using silica-coated Fe3O4 nanospheres as core,

ordered mesoporous silica as shell, and further deposition of

phosphors (down-conversion YVO4:Eu
3+ or up-conversion

NaYF4:Yb,Er/Tm phosphor nanocrystals).100,200 The synthesis

process of Fe3O4@nSiO2@mSiO2@NaYF4:Yb,Er is presented

in Fig. 12(A). The obtained core–shell structured system exhibits

unique green up-conversion emission under 980 nm laser

excitation even after loading with drug molecules, high magneti-

zation (38.0 emu g�1, 30 s response to foreign magnetic field)

and a sustained drug release property (Fig. 12B–E). The

up-conversion emission intensity of the multifunctional carrier

also increases with the released amount of model drug, thus

allowing the release process to be monitored and tracked by

the change of photoluminescence intensity (Fig. 12F). This

composite can act as a multifunctional drug carrier system,

which can target and monitor drugs simultaneously and could

Fig. 11 TEM images of NaSiSi-0.10 (A1), NaSiSi-0.15 (A2), and

NaSiSi-0.30 (A3); (B) Visible up-conversion spectra of NaYF4:Yb
3+/Er3+

(a), NaSiSi-0.15 (b), and IBU-NaSiSi-0.15 (c). (C) Cumulative

IBU release from IBU-NaSiSi-0.10 (a), IBUNaSiSi-0.15 (b), and

IBU-NaSiSi-0.30 (c) systems in the release media of SBF. (Adapted

from ref. 187, Copyright 2011, American Chemical Society. Reproduced

with permission.).

Fig. 10 (A) Cytotoxicity of DOX, DOX-Gd2O3:Eu
3+@nSiO2@mSiO2,

and Gd2O3:Eu
3+@nSiO2@mSiO2 on HeLa cells after 24 h and (B) 48 h.

(C) The nucleus of blank HeLa cells. (D) The nucleus of HeLa cells

incubated with DOX-Gd2O3:Eu
3+@nSiO2@mSiO2 for 12 h. (Adapted

from ref. 26, Copyright 2011, Royal Society of Chemistry. Reproduced

with permission.).
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be a new candidate of the ‘‘find-detect-treat’’ carrier. In

addition, by coating Fe3O4@nSiO2@mSiO2 with Au particles,

another multifunctional mesoporous silica material exhibiting

near-infrared absorption has been achieved,201 and is suitable

for targeting drug delivery and photothermal therapy.

In addition, other multifunctional mesoporous silica SDDSs

have also been developed. For example, Zink et al. and Hyeon

et al. successfully prepared Fe3O4/Dye/mSiO2 SDDSs.37,129 In

these systems, dye is doped in a mesoporous silica matrix, and

Fe3O4 nanoparticles are designed as the core in the center or

satellites on the surface. Shi et al. and Hyeon et al. synthesized

other types of Fe3O4/QDs/mSiO2 SDDSs: (i) Fe3O4 and

CdSe/ZnS QDs simultaneously embedded in mesoporous

silica matrix,149 and (ii) CdTe QDs self-assembled onto the

surface of Fe3O4@SiO2@mSiO2 nanoparticles.
152

4. Stimuli-responsive CDDSs

Asmentioned before, SDDSs with simple physical adsorption of

drug molecules into the channels of mesoporous silica materials

will cause immediate drug release after administration.202–204

In cancer therapy, to achieve complete eradication of tumors,

anticancer drugs must be administrated systematically in high

dose to ensure the sufficient and sustained therapy efficiency.

While, SDDSs will cause severe side-effect duo to the non-

specific uptake of anticancer drugs by healthy tissues/organs

such as liver, kidney, bone marrow and heart before reaching

the targeted organs or tissues.80 It means that an ideal drug

carrier should encapsulate the anticancer drugs with high

loading amount and efficiency, and possess ‘‘zero release’’

effect prior to reaching the targeted cells to protect the healthy

organs from the toxic drugs and prevent the decomposition/

denaturing of the drugs. Therefore, it is highly desirable to

design CDDSs in which the drug-loading mesopores of these

materials can be closed and opened at will. This breakthrough

has been realized by stimuli-responsive CDDSs. In this system,

the mesopores loaded with drug molecules can be capped by

various ‘‘gatekeepers’’. Being blocked, drug molecules are

unable to be leach out from the mesoporous silica host, thus

preventing any premature release. The release is triggered only

upon exposure to stimuli, which induce the removal of gate-

keepers and then release of the pore-entrapped drug molecules.

To date, diverse types of gatekeepers, such as nanoparticles

(NPs), macrocyclic molecules, liner molecules and polymer multi-

layers, have been investigated. Table 3 summarizes the major types

and structures of the used gatekeepers. In the NPs-gatekeeping

systems (Structure I), solid NPs were chemically attached on

the pore outlets of modified mesoporous silica, and could be

removable with various external stimuli to destroy the chemical

bonds, such as pH, redox potential and temperature. Macrocyclic

organic molecules (Structure II) and liner molecules (Structure III)

systems rely on supramolecular chemistry, which is a powerful

methodology for the construction of various molecular devices,

here, supramolecular gatekeepers. Macrocyclic organic molecule

gatekeepers were realized by assembling movable macrocyclic

molecules (a- or b-cyclodextrin, cucurbit[6]uril, and dibenzo-24-

crown-8) on immobilized stalks to form supramolecular caps on

the pore outlets. The supramolecular caps can be disassembled

by external stimuli to release the trapped drug molecules. For

liner molecular gatekeepers, stimuli-responsive linear super-

molecules are anchored to the external surface of mesoporous

materials, and the ‘‘close/open’’ mechanism arises from

‘‘across/parallel or shorten’’ of the liner molecules. Structure IV

coats themesoporous silica with stimuli-responsive polymer layers,

biomolecules or polyelectrolyte multilayers to cap the mesopore

channels. When the system is stimulated, the multilayers will open

Fig. 12 (A) The formation process of multifunctional Fe3O4@nSiO2@mSiO2@NaYF4:Yb3+, Er3+ nanocomposites. (B) The separation process of

the Fe3O4@nSiO2@mSiO2@ NaYF4:Yb
3+,Er3+ by a magnet. (C) The magnetic hysteresis loops of pure Fe3O4 (’), Fe3O4@nSiO2@mSiO2 (J),

and Fe3O4@nSiO2@mSiO2@NaYF4:Yb3+,Er3+ (%). (D) Up-conversion emission spectra of Fe3O4@nSiO2@mSiO2@ NaYF4:Yb3+,Er3+

nanocomposites excited by 980 nm IR light. (E) Cumulative IBU releases from the IBU–Fe3O4@nSiO2@mSiO2@NaYF4:Yb
3+,Er3+ (J) and

IBU–Fe3O4@nSiO2@mSiO2@NaYF4:Yb3+,Er3+-NH2 (K) systems versus release time. (F) Up-conversion emission intensity of Er3+ in

IBU–Fe3O4@nSiO2@mSiO2@NaYF4:Yb3+, Er3+ as a function of the cumulative released IBU. (Adapted from ref. 100, Copyright 2010,

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Reproduced with permission.).
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the pathways for drug molecule diffusion out. In addition, there

are also few reports on functionalization of the pore interiors

with stimuli-responsive polymers or nanoimpellers (Structure V).

4.1. pH-responsive CDDSs

Among vigorous stimuli-responsive CDDSs, biological pH-

responsive drug delivery systems received the most investiga-

tion since the human body exhibits variations in pH along the

gastrointestinal tract from the stomach (pH=1.0–3.0), to the small

intestine (pH = 6.5–7.0), then to the colon (pH = 7.0–8.0).229

In addition, cancer cells have a more acidic environment

compared with normal cells.230,231 These pH sensitive human

systems and tissues provide an efficient way to control the drug

release behavior by pH stimuli.

Zink and co-workers developed several pH-responsive

mesoporous silica CDDSs utilizing the pH-dependent pseudo-

rotaxanes, rotaxanes or other analogues. In these systems, the

aromatic amines/ammonium stalks were immobilized on the

surface of mesoporous silica nanoparticles (MSNP), and macro-

cyclic movable gates were introduced to encircle the stalks for

controlling the flow of the drug models loaded in the pore

channels (Structure II). For instance, the efficient macrocyclic

movable gate b-cyclodextrin (b-CD) was developed by Zink

and co-workers.36 The nanovalve formation and cap release

mechanism is given in Fig. 13. The b-CD rings encircle

aromatic amine stalks as a result of non-covalent bonding

interactions under neutral pH conditions, and effectively block

the nanopore openings and trap the included drug molecules.

Decreasing the pH under mildly acidic conditions leads to

protonation of the aromatic amines and dissociation of b-CD caps,

following drug models diffusion from the nanopores. The drug

release profiles before and after acid stimuli is shown in Fig. 14a,

which present typical stimuli-responsive release properties: ability

to contain drug molecules before stimuli but release them with

response to the stimuli. The slow and incomplete release of DOX

has been improved greatly by modifying MSNP with 7.5%

ammonium (Fig. 14b). In KB-31 cells, DOX loaded nanoparticles

are efficiently taken up into acidifying endosomal compartments

(Fig. 14c), resulting in the cells going through endocytosis at 3 h,

apoptosis by 60 h, nuclear fragmentation after 80 h, and finally

cell death. The fact supports that the cargo release is caused by

lysosomal acidification, which demonstrates the feasibility of the

in vitro operation of the pH-sensitive nanovalves.

Martı́nez-Máñez et al. tethered the well-known pH-responsive

linear polyamine molecules on the pore outlets of MCM-41

Table 3 Different gatekeepers on the pores of mesoporous silica composites in stimuli-responsive CDDSs

Classes Examples Schematic structures Ref.

Structure I

nanoparticles
(NPs)

Au NPs 39, 58
CdS NPs 7
Fe3O4 NPs 38, 45, 120
ZnO NPs 205

Structure II

macrocyclic
organic
molecules

Cyclodextrin (CD) 36, 52, 55, 206–210
Cucurbit[6]uril (CB[6]) 54, 208, 211, 212
Dibenzo-24-crown-8
(DB24C8)

208, 213

Structure III

liner molecules

Liner polyamine 53, 62
Saccharide derivative 214–216
Liner polymer 217
Peptide sequence 218

Structure IV

multilayers
shell coating

Polymer layers 83, 219–221
Biomolecules 63, 222
Polyelectrolyte
multilayers

43, 47

Structure V

pores
modification

Functional molecule 61, 223, 224
Polymer 225–227
Azobenzene
derivatives impeller

211, 228
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material through covalent bonds (Structure III),53,62 resulting in

both pH-controlled and anion-controlled gate-like effects. The

pH-controlled ‘‘open/close’’ mechanism arises from hydrogen-

bonding interactions between amines at neutral pH andCoulombic

repulsions in closely located polyammoniums at acidic pH. The

anion-controllable response can be explained in terms of anion

complex formation with the tethered polyamines. They also con-

cluded that the introduction of the larger anions (such as fluoride

anion) results in a more compact arrangement of the polyamines,

resulting from the interaction (formation of complexes) between

the protonated amines and anion. MCM-41 functionalized with

Saccharides at the pore outlets, then capped with anion borate and

boronic acid functionalized gold nanoparticle for pH-responsive

CDDSs have also been reported by Martı́nez-Máñez et al.58,214

Besides, employing hollow mesoporous silica spheres as

container, Shi et al. designed a novel pH-responsive CDDSs

by using polycation poly (allylamine hydrochloride)/sodium

polystyrene sulfonate (PAH/PSS) polyelectrolyte multilayers

as a coating shell to cap the mesopore openings of drug-loaded

hollow spheres (Structure IV).43,47 The negatively charged

mesoporous silica surface favors a first-layer coating of the

positively charged polycation PAH, and then the negatively

charged PSS. Because of the pH sensitivity and salt-induced

responsive property of the PAH/PSS multilayers, they can be

used in stimuli-responsive CDDSs. It is encouraging that the

system has both the advantages of high storage capacity of

drug molecules (three times higher than that of the widely used

MCM-41) and pH-responsive storage/release property.

4.2. Redox-responsive CDDSs

Redox reactions have been another popular stimulus to control

mass transport in mesoporous materials. Lin and co-workers

have creatively developed a series of redox-responsive meso-

porous silica CDDSs, in which CdS nanoparticles,7 Fe3O4

nanoparticles,120 and poly(amido amine) dendrimers232 were

used as the gatekeepers to cap the pores, and various disulfide-

reducing agents as release triggers (Structure I). As an example

of CdS nanoparticles capped mesoporous silica nanophere

(MNS) redox-responsive CDDS (Fig. 15), 2-(propyldisulfanyl)

ethylamine groups on the surface of the open mesopores

covalently capture the water-soluble mercaptoacetic acid-

derivatized CdS nanocrystals, resulting in disulfide linkages.

The linkages are chemically labile in nature and can be cleaved

with various disulfide-reducing agents, such as dithiothreitol

(DTT) and mercaptoethanol (ME). Hence, the release of the

CdS nanoparticle caps from the drug-loaded MSNs can be

regulated by introducing various amounts of release triggers.

CdS-capped MCM-41 CDDS exhibits less than 1.0% of drug

release over a period of 12 h in Fig. 16a, demonstrating a good

capping efficiency of the CdS nanoparticles. Addition of DTT

disulfide-reducing molecules to the aqueous suspension of

CdS-capped mesoporous silica nanospheres triggered a rapid

release of the mesopore-entrapped drug, reaching 85% within

24 h. Moreover, the release rate can be dictated by the removal

rate of CdS caps due to the similar DTT concentration

dependencies (Fig. 16b), and the removal rate of CdS caps can

be detected easily by the luminescence. Seen from the effect of

adenosine triphosphate (ATP) release from CdS-capped MSNs

in astrocytes (Fig. 16c), perfusion application of ME results in a

drastic decrease in the fluorescence intensity of CdS at the areas

of the ATP-loaded MSN piles (MSN-1 and MSN-2), indicating

(i) the CdS caps have been released and diffused away from the

surface-bound MSNs and (ii) the released ATP molecules

(from MSN-1 pile) have reached their receptors on the cell

surface of those astrocytes (Cell-1 and -2) located at the

downstream areas of the flow. So, the system could play a

significant role in developing new generations of site-selective,

controlled-release delivery, and interactive sensory nanodevices.

For the Fe3O4 nanoparticle capped stimuli-responsive

CDDS,120 the disulfide linkages between the MSNs and the

Fe3O4 nanoparticles can be cleaved with various cell-produced

antioxidants and disulfide reducing agents, presenting the

similar capping efficiency and release properties to CdS-capped

MSNs. It is noted that the entire Fe3O4-capped MSN carrier

system can be magnetically directed to the site where the release

should take place by applying an external magnetic field to

realize targeting. Further studies of the redox-responsive CDDSs

capped with generation 2.5 poly (amido amine) dendrimers

(G2.5 PAMAM), which is smaller than the pore diameter, show

a more gradual and plateau-like release profile to CdS-capped

CDDSs.232 The advantages of G2.5 PAMAM caps can be

explained as following: (i) the flexible G2.5 PAMAM caps can

flex slightly and formmore bonds to the pore, (ii) bind more than

one G2.5 PAMAM cap inside the pores, both resulting in

more and tighter disulfide bonds to be broken. Consequently,

decreasing the drug release rate significantly. More impor-

tantly, the commercially available PAMAM dendrimers are

Fig. 13 A graphical representation of the pH responsive MSNP

nanovalve. (a) Synthesis of the stalk, loading of the cargo, capping of

the pore, and release of the cap under acidic conditions. Based on

previous calculations, the maximum number of stalks per nanopore is 6,

and the maximum number of fully assembled nanovalves per nanopore

is 4. The average nanopore diameter of the MSNP is around 2.2 nm,

and the periphery diameter of the secondary side of b-cyclodextrin is

about 1.5 nm. Thus, for a cargo with a diameter 40.7 nm, a single

nanovalve should be adequate to achieve effective pH-modulated

release. (b) Details of the protonation of the stalk and release of the

b-cyclodextrin. (c) TEM image of cappedMSNP. The scale bar is 100 nm.

(Adapted from ref. 36, Copyright 2010, American Chemical Society.

Reproduced with permission.).
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non-toxic in biological systems, therefore, are being highly

investigated for biomedical applicability, such as the delivery

of targeted drug components, therapeutic agents, and imaging

agents for cancer treatment.233 Recently, they reported another

type of redox-responsive CDDSs which directly attaches

cysteine onto the mercaptopropyl-functionalized pores of

mesoporous silica nanoparticles via a thioether bond without

caps (Structure V-a).61 The stimuli-responsive release of

cysteine from the system could be induced and regulated by

both artificial and cell-produced natural antioxidants. More

recently, Bein et al. synthesized a redox-driven intracellular

stimuli-responsive release system, in which colloidal meso-

porous silica nanoparticles with ATTO633-labeled cysteine

(CysATTO633) linked to the inner particle core via disulfide-

bridges.224 Characterising the cysteine release behavior after

internalization into HuH7 cells, they revealed that the release

system was endocytosed by HuH7 cells without visible signs of

toxicity, and endosomal escape was a bottleneck for disulfide-

linkage based drug release. After photochemical rupture of the

endosomes by means of a photosensitizer, the system success-

fully released disulfide-bound CysATTO633 into the cytoplasm,

showing that the reducing milieu of the cytoplasm is sufficient

to cleave the cysteine linker. Additionally, collagen and polymer

networks were also used as pore caps in disulfide-based redox-

responsive CDDSs.217,234

4.3. Thermo-responsive and photo-irradiation-responsive

CDDSs

Apart from pH and redox reactions, another popular stimuli

approach is temperature. Thermo-responsive CDDSs have focused

on mesoporous silica–poly (N-isopropyl acrylamide) composites,

which have been studied thoroughly. Poly (N-isopropyl acrylamide)

(PNIPAM), one of the most investigated temperature-sensitive

polymers, can undergo a hydrophilic–hydrophobic transition at

a ‘‘lower critical solution temperature’’ (LCST) about 32 1C.235,236

Up to date, mesoporous silica–PNIPAM composites present the

following two structures. One is to deposit PNIPAM polymer

inside the pore of mesoporous silica particles with a larger

pore size of 6–8 nm (Structure V-a), the initial mass of

N-isopropyl acrylamide (NIPAM) monomer is less than meso-

porous silica. In this system, below the LCST, the drug

molecules are confined to the pores owing to (i) the swelling

of the PNIPAM molecular chain that likely blocks the pores

Fig. 14 Release profiles of cargo molecules and the cyclodextrin. (a) Fluorescence intensity plots for the release of Hoechst dye, doxorubicin, and

the pyrene-labeled cyclodextrin cap released from MSNP. (b) Release profiles of doxorubicin from ammonium-modified (7.5%, w/w)

nanoparticles showing the faster and larger response compared to the unmodified MSNP (Fig. 14a). (c) KB-31 cancer cells effectively endocytosed

the doxorubicin-loaded FITC-MSNP at 3 h. This action is followed by doxorubicin release to the nucleus, induction of cytotoxicity and

appearance of apoptotic bodies by 60 h (arrow in Fig. 14c), followed by nuclear fragmentation after 80 h. (Adapted from ref. 36, Copyright 2010,

American Chemical Society. Reproduced with permission.).Pu
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to prevent drug release from the channels, and (ii) the formation

of hydrogen bonds between the PNIPAM and the drug molecule

(for example, IBU). Above the LCST, the polymer chains

become hydrophobic and shrink within the pore network,

resulting in the opening of the pores and collapse of the hydrogen

bonds, driving the drug molecules to be released from the pores.

Therefore, mesoporous silica–PNIPAM systems can respond to

thermal stimuli from the environment. The other is to polymerize

a PNIPAM shell on the exterior surface of mesoporous silica

particles with a small pore size of about 2 nm (Structure III),

while the initial mass of monomer is much more than that

of mesoporous silica.219–221 Just recently, we introduced

RE luminescent phosphor into stimuli-responsive CDDSs to

design luminescent rattle-type mesoporous silica microspheres

with a thermo-sensitive hydrogel control switch (Fig. 17).237

The multifunctional carriers exhibit a remarkable positive

temperature-sensitive on–off modulation for indomethacin

(IMC) release, i.e. rapid drug release rate at an increased

temperature (‘‘on’’ phase) and completely stopping at a

decreased temperature (‘‘off’’ phase) (Fig. 18). In addition,

the emission intensity of Gd2O3:Eu
3+ strongly depends on the

loading and cumulative release of IMC molecules, which has

potential to be used in tracking or detecting applications. The

sample has the potential to serve as a T1-MR contrast agent

owing to the existence of Gd3+ ions in the composite. Zhu

et al. developed a novel magnetic mesoporous silica–PNIPAM

system with Fe3O4 and Fe2O3 particles formed in situ and the

PNIPAM polymers are functionalized in the pore interiors

(Structure V-a),226 which could improve the drug-storage
Fig. 15 Schematic representation of the CdS nanoparticle-capped

MSN-based drug/neurotransmitter 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. (Adapted

from ref. 7, Copyright 2003, American Chemical Society. Reproduced

with permission.).

Fig. 16 (a) The DTT-induced release profiles of Vancomycin (-K-)

and ATP (-m-) from the CdS-capped MSN system: % release over

time. (b) The DTT concentration-dependent releases. Released analyte

concentrations were measured with CdS-MSNs (2.3 mg) in pH 7.4

PBS buffers (0.8 mL) after 24 h of the DTT additions. (c) Effect of

ATP release from CdS-capped MSNs on astrocytes. The pseudocolor

images of astrocytes loaded with Fura-2 at resting level (left panel) and

after the application of ME (right panel). The yellow arrows indicate the

flow direction of HEPES buffer (pH 7.4). (Adapted from ref. 7, Copyright

2003, American Chemical Society. Reproduced with permission.).

Fig. 17 Scheme for the synthetic process for P(NIPAM-co-AAm)

hydrogel modified luminescent rattle-type mesoporous silica micro-

spheres and subsequent loading and temperature-controlled release of

indomethacin (IMC) drug molecules. (Adapted from ref. 237, Copyright

2010,WILEY-VCHVerlag GmbH& Co. KGaA,Weinheim. Reproduced

with permission.).
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capacity of IBU from 33.5% to 71.5% contributing to

the drug capture capacity of the hydrogen bond between

PNIPAM and the drug molecule. Bein et al. and Vallet-Regı́

et al. explored a novel DNA-based thermo-responsive

CDDSs,51,238 in which biotin-labelled DNA double strands

and DNA/magnetic nanoparticles are able to cap the pores of

the mesoporous silica particles. The opening of the valve and

the subsequent release of the model drug loaded in pores is

achieved by DNA strands melting at the specific DNA melting

temperature.

Photoirradiation-responsive CDDSs have received increased

attention due to the advantages in spatial and temporal

control of drug release, especially for applications in photo-

therapy. In the first report on photo-responsive mesoporous

silica material,239 Fujiwara et al. grafted photo-responsive

coumarin onto the pore outlets of MCM-41 solids, followed

by photodimerization of the coumarin by exposure to light

greater than 310 nm. The photodimerization closed the pores

by formation of a cyclobutane dimer spanning the pore

diameter. The gate could be opened by using higher-energy

irradiation at 250 nm to regenerate the coumarin monomer by

photocleavage of the dimmers, resulting subsequent release

of the stored cholestane. Mesoporous silica functionalized

with azobenzene has gained special attention owing to the

photoactive responses of the hybrid. For example, Zink

and co-workers prepared light-responsive mesoporous silica

particles with azobenzene derivatives (tethered in the particles)

as both impellers and gatekeepers (Structure V-b).211,228 When

excited at 413 nm, the continuous photoisomerization of

the azobenzene acts as an impeller and expels the anti-

cancer drug camptothecin out of the pores. The drug release

properties can be manipulated by varying both the light

intensity and the irradiation time, opening the possibilities

of trapping and releasing useful molecules on demand.

Notably, the light intensity of 0.1 W cm�2 at 413 nm does

not damage the cells. They also developed another light-

responsive delivery system based on the association and

light-operated dissociation of the b-CD (or pyrene-modified

b-CD) rings with the azobenzene-containing stalks on the

surfaces of the MCM-41 nanoparticles.210 Other light-

responsive CDDSs have been reported, such as light-triggered

endosomal escape mechanism,240 nitroveratryl moieties-

modified mesoporous silica nanoparticles,223 photolabile gold

nanoparticles,39 and spiropyran photochrom-modified meso-

porous silica materials.241

4.4. Biostimuli-responsive CDDSs

Most recently, novel biostimuli-responsive CDDSs to trigger

the release of drug molecules involving highly desirable bio-

molecules under physiological conditions have became an

important field. Some biomolecules, such as enzymes, glucose,

antibodies, and nucleotides have been used as stimuli to uncap

the mesoporous silica materials.

Enzyme-responsive controlled release is a representative

example. Bein et al. attached avidin caps to the biotinylated

colloid mesoporous silica surface.242 The strong interaction of

avidin–biotin complex resulted in a tight closure of the pores.

Addition of the protease trypsin causes the hydrolysis of the

attached protein avidin and release of the entrapped guest.

Martı́nez-Máñez et al. loaded mesoporous support with

[Ru(bipy)3]Cl2, and functionalized the pore outlets with different

‘‘saccharide’’ (Structure III).215,216 The functionalized system shows

‘‘zero release’’ until the addition of enzyme b-D-galactosidase
that induces the uncapping of the mesopores via the selective

hydrolysis of the saccharides anchored on the mesoporous

external surface. This is the first example of enzyme-induced

in-cell delivery using capped silica mesoporous nanoparticles.

In other systems, peptides, cyclodextrin and cucurbit[7]uril

attached to the functionalized mesoporous silica lead to tight

blocking of the nanopores.52,112,207,218,243 Introduction of the

corresponding enzyme, results in the release of the guest

molecules from the pores.

Glucose-responsive CDDSs have also been studied. Lin

et al. reported a glucose-responsive mesoporous silica double

delivery system,244 in which gluconic acid-modified insulin

(G-Ins) proteins were immobilized on the exterior surface of

boronic acid-functionalized mesoporous silica nanoparticles

through reversible covalent bonding. G-Ins served as caps

to encapsulate cyclic adenosine monophosphate (cAMP)

molecules inside the mesopores of mesoporous silica. The

release of both G-Ins and cAMP from mesoporous silica can

be triggered by the introduction of different saccharide triggers

(fructose, glucose, galactose, mannose, lactose, and maltose).

Among different saccharide triggers, the release of G-Ins caps

indeed showed a strong preference for fructose, followed

by glucose. The high selectivity toward fructose could be

explained by its high percentage of furanose form which

phenylboronic acid has a strong preference for binding with,

and for glucose, owing to the existence of 1 : 2 saccharide :

boronic acid complexation for selective glucose sensing. Shi

et al. deposited glucose oxidase enzyme (GOD) and catalase

(CAT) enzyme multilayer shells onto the surface of the insulin

stored mesoporous silica via glutaraldehyde (GA) cross-linking.63

Once contacting with glucose, GOD will convert glucose into

gluconic acid, which decreases the pH value of the micro-

environment, then expands the volume of the enzyme multi-

layer shells and finally induces release of insulin from the

pores. Other new classes of biostimuli-responsive CDDSs

were also developed by Martı́nez-Máñez and others, such as

(i) complementary oligonucleotide-responsive delivery of the

entrapped guest in the pores of mesoporous silica with a

single-stranded oligonucleotide cap;222 (ii) selective release

of entrapped guests by antigen-responsive mesoporous silica

materials with antibodies as gatekeepers on the surface;245 and

Fig. 18 Controlled release of IMC from Gd2O3:Eu
3+@P(NIPAm-

co-AAm)@HMS (A) and Gd2O3:Eu
3+@HMS (B) in response to

temperature changes in 10 mM PBS (pH = 7.4). (Adapted from

ref. 237, Copyright 2010, WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim. Reproduced with permission.).
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(iii) glutathione-triggered release of guest molecules from the

pore of mesoporous silica CDDS equipped with cyclodextrins

gatekeeper.246

5. Conclusion and outlook

In this review, we have highlighted some exciting research

progress on mesoporous silica-based materials as sustained-

release systems and stimuli-responsive controlled release systems.

Among them, multifunctional mesoporous silica with lumines-

cence and/or magnetism which integrates targeting and tracking

abilities of drug molecules is currently under extensive investi-

gation. Although these developments are encouraging and

show great potential, several key challenges still need to be

overcome for this controlled drug delivery system to further

advance its biological and biomedical applications. First, it is

crucial to design novel types of multifunctional (magnetic and

luminescent) mesoporous silica composites which can load

multiple drugs and offer controlled release properties. Although

there are some reports on hollow mesoporous silica materials

with high surface area and pore volumes which enable high

drug loading and low release rate, large-scale synthesis is

difficult, the methods are very limited and a functional structure

is rare. Moreover, rare-earth phosphor which offers exciting

opportunities for efficient luminescence functionalization still

needs to be intensively investigated. Secondly, even though the

intracellular delivery of several drugs in animal cells by meso-

porous silica materials has been achieved, there are still many

unsettled questions for future practical applications, such as

biodistribution, the acute and chronic toxicities, long-term

stability, circulation properties and targeting efficacy in vivo.

Particularly, detailed biodistribution and toxicological studies

of the delivery systems are necessary before they can begin to be

used in humans.
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Angew. Chem., Int. Ed., 2011, 50, 2138–2140.

219 C.-Y. Hong, X. Li and C.-Y. Pan, J. Phys. Chem. C, 2008, 112,
15320–15324.

220 B. Chang, X. Sha, J. Guo, Y. Jiao, C. Wang and W. Yang,
J. Mater. Chem., 2011, 21, 9239–9247.

221 P.-W. Chung, R. Kumar, M. Pruski and V. S. Y. Lin, Adv. Funct.
Mater., 2008, 18, 1390–1398.

222 E. Climent, R. Martı́nez-Máñez, F. Sancenón, M. D. Marcos,
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and C. Bräeuchle, Nano Lett., 2010, 10, 3684–3691.

225 S. Zhu, Z. Zhou, D. Zhang, C. Jin and Z. Li, Microporous
Mesoporous Mater., 2007, 106, 56–61.

226 S. Zhu, Z. Zhou andD. Zhang,ChemPhysChem, 2007, 8, 2478–2483.
227 B.-S. Tian and C. Yang, J. Phys. Chem. C, 2009, 113, 4925–4931.
228 J. Lu, E. Choi, F. Tamanoi and J. I. Zink, Small, 2008, 4, 421–426.
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