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Recently, research on nanostructured mesoporous materials as drug 

delivery has experienced an outstanding increase. Since 2001, when 

MCM-41 was first proposed as drug delivery systems, a wide 

knowledge, about the relationship between textural and structural 

properties of these materials and the drug adsorption/release  

properties has been described. Moreover, the chemical modification by 

organic functionalization has contributed to precise control in the 

loading and releasing capacity of such materials. Mesoporous materials 

are intended for both systemic delivery systems and implantable local-

delivery devices. The latter application provides very promising 

possibilities in the field of bone tissue repair because of the excellent 

behavior of these materials as bioceramics. This chapter deals with the 

advances in this field by the control of the textural parameters, surface 

functionalization, and the synthesis of sophisticated stimuli-response 

systems.  
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1. Introduction 

The development of new active molecules and potential treatments, 

such as gene therapy, is leading to the evolution of new therapeutic 

agents but also to the enhancement of the mechanisms to administrate 

them. In this frame, drug delivery systems (DDS) are called to play a key 

role for the success of new therapies (1). Basically, a drug delivery 

system can be described as a formulation that controls the rate and period 

of drug delivery (i.e. time-release dosage) and target specific areas of the 

body. Unlike traditional therapies, which show a saw-tooth curve of drug 

concentration in plasma, DDSs are designed to maintain therapeutic 

levels during the treatment period (2). 

Silica mesoporous materials (SMM) have received much attention 

due to their applications in a wide range of fields, included the 

biomedical one (3). Since the discovery of the M41S mesoporous 

materials family by Mobil Corporation scientists in 1992 (4,5), synthesis 

and applications of mesoporous molecular sieves have been widely 

developed. Silica-based mesoporous materials are ordered porous 

structures of SiO2, which exhibit high pore volume, narrow pore size 

distribution and high surface area. SMMs are synthesized by self-

assembly of silica-surfactant composites, in which inorganic species 

(silica precursors) simultaneously condense giving rise to mesoscopically 

ordered composites formation (6). After removing the surfactant, a silica 

based mesostructured solid with the textural properties described above 

is formed. This last step is commonly carried out through pyrolysis or 

extraction with the appropriated solvent. Finally the matrices obtained 

are potential drug carriers featuring: 

(a) Ordered pore network, which are very homogeneous in size, 

allowing a high control of the drug load and release kinetics. 

(b) High pore volume to host the required amount of pharmaceuticals. 

(c) High surface area, which implies high potential for drug adsorption. 

(d) Silanol-containing surface that can be functionalized, allowing a 

better control over the drug loading/release. 
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Table 1. Biologically active molecules confined into different ordered mesoporus 

materials by impregnation method, solvent used and maximum loading. 

Drug Mesoporous matrix Solvent Max. load (%) Ref 

Taxol FSM CH2Cl2 6 (7) 

Ibuprofen MCM-4112
[a] Hexane 23 (8) 

Ibuprofen MCM-4116
[b] Hexane 34 (8) 

Ibuprofen MCM-4112-NH2
[a,c] Hexane 23 (9) 

Ibuprofen MCM-4116-NH2
[b,c] Hexane 33 (9) 

Ibuprofen MCM-48 Hexane 28.7 (10) 

Ibuprofen FDU-5[d] Hexane 20.1 (10) 

Naproxen MCM-41-Al[e] Methanol 7.3 (11) 

Amoxicillin SBA-15 Water 24 (12) 

Gentamicin SBA-15 Water 20 (13) 

Gentamicin PLGA-SiO2
[f] Water 22.4 (14) 

Gentamicin PLGA-SiO2
[f] Water 45.6 (14) 

Erythromycin MCM-48 Acetonitrile 28 (10) 

Erythromycin FDU-5 [d] Acetonitrile 28 (10) 

Erythromycin FDU-5-C8[d,g] Acetonitrile 12 (10) 

Erythromycin SBA-15 Acetonitrile 34 (15) 

Erythromycin SBA-15-C8[h] Acetonitrile 13 (15) 

Erythromycin SBA-15-C18[i] Acetonitrile 18 (15) 

Erythromycin MCM-41 Acetonitrile 29 (15) 

Diflunisal MCM-41-Al[e] Methanol 8.7 (11) 

Aspirin MCM-41 Water 15 (16) 

Aspirin MCM-41-NH2
[c] Water 15 (16) 

Alendronate MCM-41 Water 14 (17) 

Alendronate MCM-41-NH2
[c] Water 37 (17) 

Alendronate SBA-15 Water 8 (17) 

Alendronate SBA-15-NH2
[c] Water 22 (17) 

BSA SBA-15 Water 15.1 (18) 

BSA SBA-15-NH2
[c] Water 10.0 (18) 

BSA SBA-15-7d[j] Water 27.0 (18) 

BSA SBA-15-7d-NH2
[j,c] Water 28.5 (18) 

L-Trp SBA-15-C3N
+Me[k] Water 4.3 (19) 

L-Trp SBA-15-C3N+Me2C18
[l] Water 8.2 (19) 

[a] C12TAB used as surfactant. [b] C16TAB used as surfactant. [c] Organically modified 

with amino groups. [d] Large pore 3D bicontinuous cubic Ia-3d mesoporous material. [e] 

Containing 1.04% (w/w) aluminium. [f] Poly(D,L-lactide-co-glycolide)/mesoporous 

silica hybrid structure. [g] Organically modified with trimethoxyoctylsilane. [h] 

Organically modified with trimethoxyoctadecylsilane. [i] Organically modified with 

carboxylic acid groups. [j] SBA-15 synthesized using seven days of hydrothermal 

treatment. [k] Organically modified with N-trimethoxysilylpropyl-N,N,N-trimethyl 

ammonium chloride. [l] Organically modified with octadecyldimethyl (3-trimethoxysilyl-

propyl) ammonium chloride. 
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Table 1 displays some of the most common mesoporous matrixes 

used to host different drugs. Commonly, the drug is incorporated on the 

basis of the high capacity of SMM to adsorb and retain molecules inside 

the pores. The mesoporous material is soaked into the drug solution or 

suspension for a determined period (commonly between 24-48 hours). 

The solvent polarity, drug concentration as well as the pH and 

temperature are carefully chosen. In this way, not only drugs but also 

numerous proteins and enzymes (cytochrome c, papaine, trypsine, 

panchreatic lipase, etc.) have been immobilized to be subsequently 

isolated and purified. Several works have demonstrated that the protein 

adsorption is conditioned by pH, surface area, pore diameter, temperature 

and also by the ionic or non-ionic characteristic of the surfactant  

(20-22).  

The present chapter reviews the advances of mesoporous materials in 

the field of biomaterials for DDS applications reached so far. An analysis 

of the possibilities of these materials is carried out from a critical point of 

view and future perspectives are also considered. 

2.  Cytotoxicity, Biocompatibility and Bioactivity of Silica 

Mesoporous Materials 

Silica mesoporous materials interact with the physiological 

environment when performing their functions as drug delivery systems. 

This is a dynamic two-way process that involves the time-dependent 

effects of the body on the material and the material on the body. In  

the case of hard tissue implantation, i.e. when SMM are used as 

bioceramics, they are also restricted by its long-term biocompatibility 

and several parameters regarding the site of implantation, the shape and 

size of material as well as its surface chemistry must be considered. 

Implantable DDS materials should provide an adequate combination 

of proper biological response together with the release of necessary drugs 

against the inflammatory and encapsulation processes. Silica-based 

systems are among the biomaterials where positive biocompatibility has 

been observed (23-26) when implanted in bone defects and periodontal 

sites, mainly those based on SiO2-CaO-NaO-P2O5, SiO2-CaO-P2O5, and 
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SiO2-CaO systems, obtained without the addition of structure directing 

agents. However, very few biocompatibility and cytotoxicity studies 

have been reported on mesoporous SiO2 based materials. 

Another interesting point is the parameter used to determine the 

toxicity. Since mesoporous SiO2 is not a water soluble substance, the 

standard half maximal inhibitory concentration (IC50) is not appropriated. 

Therefore, quantities as the number of particles required to inhibit 

normal cell growth by 50% (Q50) could be more appropriated.  

Di Pasqua et al. (27) have recently reported on the cytotoxicity of 

MCM-41 with different surface functional groups such as aminopropyl 

(AP) and mercaptopropyl (MP) groups. Besides, the cytoxicity of non-

mesoporous SiO2 nanoparticles was also tested, thus considering the role 

of the particle size in the cytotoxicity. These authors observed that the 

cytotoxicity effect decreased in the order 

 MCM-41 > (MP)-MCM-41 > (AP)-MCM-41 ≈ nano SiO2  

following the same trend than the magnitude of the surface area in the 

case of the different MCM-41 derived materials. It is suggested that the 

cytotoxic effect could be related with the amount of the exposed surface 

area, so the more efficient functionalization the less toxicity is observed. 

However, the role of the chemical entities at the surface and the particle 

size must be also considered. In the case of functionalized and not 

functionalized MCM-41, the Q50 values obtained were 1.50·10
10

, 

3.60·10
10 

and 5.76·10
10

 for MCM-41, (MP)-MCM-41 and (AP)-MCM-

41, respectively. 

The cytoxicity of mesoporous silica nanoparticles have been  

also tested as a function of the surface charge created by means of 

gradual surface modification with N-trimethoxysilylpropyl-N,N,N-

trimethylammonium chloride (28). The nanoparticles were under 100 nm 

in diameter and have not shown cytoxicity for concentrations below 

100 µg/L, independently of the surface charge. 

In vivo biocompatibility studies of SiO2 mesoporous materials are 

also very limited so far. The local effect of SBA-15 has been tested in 

areas close to brain tissue (temporal lobe) in rats, observing the 

formation of a well-organized fibrous tissue after 14 days of implantation 

(29). No pathology, necrosis or acute inflammation was observed after 
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this period. Longer term in vivo studies up to four months showed that 

the biological tissue is self adapted to the material profile, displaying no 

gliosis or major neuron affection.  

Recently, Kohane et al. have reported on a systematic 

biocompatibility study of non-funtionalized SiO2 mesoporous materials, 

specifically MCM-41, SBA-15 and MCF (30). These authors have tested 

the effects of both, particles and extracts when injected in subcutaneous, 

intra-peritoneal and intra-venous locations. The mesoporous silica 

exhibited a good biocompatibility on histology when implanted 

subcutaneously. However, intra-peritoneal and intra-venous injections 

resulted in death for doses over 5 mg in rats. The microscopy analysis of 

lungs point out that the death could occur due to thrombosis. Anyway, 

although local tissue reaction seems to be acceptable, they cause severe 

systemic toxicity. Moreover, the in vitro cytotoxicity was also 

determined with mesothelial cells, exhibiting a significant degree of 

toxicity at high concentration. The toxicity appears to result from the 

particles themselves and not from any contaminants or degradation 

products and important efforts must be done to modify the SiO2 

mesoporous surface to reduce cytotoxicity. These results also suggest 

that SiO2 mesoporous materials could be better applied in low-irrigated 

sites, such as subcutaneously or skeletal tissue. However, to best of our 

knowledge no report has been published on this topic. Positive responses 

when implanted in bone tissue will provide a clear dimension of the 

capabilities of these systems for hard tissue applications.  In this sense, 

and concerning permanent implantable DDS intended as bone graft, it 

should be highlighted that the osteointegration is a fundamental factor to 

ensure the good performance of this kind of DDSs. During the drug 

releasing process, both matrix degradation and tissue ingrowth occurs at 

the implant site. This process goes together with the deposition of 

calcium and phosphate ions on the material surface to deposit a poorly 

crystallized apatite phase similar to the inorganic phase of bones (Figure 1) 

(31-37). This set of reactions modifies the drug release kinetics when 

compared with other “inert” systems such as PMMA beads. This fact, 

known as bioactivity, constitutes an added value for a biomaterial 

respect to the currently used polymer-based devices. All these surface 
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reactions concerning biocompatibility and bioactivity must be taken into 

account before their use as DDS for orthopaedic and periodontal 

applications. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Nanocrystalline apatite (HA) growth onto the surface of a mesoporous matrix 

under simulated physiological conditions. (A) TEM image obtained from the surface of a 

ordered mesoporous material after several weeks in simulated body fluid (SBF). (B) 

Magnification and filtered image of the HA crystal. (C) Fourier pattern showing the 

hexagonal structure of HA formed. 

3. Tailoring Mesoporous Drug Delivery Systems-Textural 

Properties Considerations 

The textural properties of mesoporous materials (pore diameter, 

surface area and pore volume) have been revealed as important factors 

that govern the drug loading and release, as will be described within the 

next sections.  

3.1. Pore Diameter 

The adsorption of drugs into mesoporous silica is governed by size 

selectivity, i.e. the mesopore diameter will determine the size of the guest 
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drug. The vast majority of drugs used in clinical practice fall into the 

nanometer scale and thus they can be easily introduced into the pores of 

mesoporous matrices (Figure 2). Commonly, pore diameters slightly 

larger than the drug molecule dimensions (pore diameter/drug size ratio 

>1) are enough to allow the adsorption of drug inside the pores.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Size of different drugs and biological agents in comparison with mesopore 

diameter: d ranging between 1.5 and 50 nm size. 

 

One of the most important features of mesoporous matrices is that 

the mesopore sizes can be tuned from 1.5 nm to several tens of 

nanometers by changing the chain length of the surfactant, employing 

polymeric structure-directing agents, or solubilizing auxiliary substances, 

such as swelling agents, into the micelles (38). For this reason it is 

expected that mesoporous matrices are able to host from small molecules 

to macromolecules such as proteins.  
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Figure 3. (A) Kinetic release constant of ibuprofen as a function of the pore diameter of 

the mesoporous matrix. (B) Drug load (ibuprofen) capability as a function of surface area 

of the mesoporous matrix. 

 

Pore diameter has been demonstrated to influence the release rate of 

molecules as it affects the drug diffusion to the delivery medium. For 

instance, several MCM-41 mesoporous materials with different pore 

sizes, ranging from 2.5 nm to 3.6 nm, have been obtained by using 

cationic surfactants with different length chains (39). Thereafter 

ibuprofen was confined into the mesopore channels and release profiles 

into simulated body fluid (SBF) were obtained. The resulting release 

kinetic parameters, which are summarized in Table 2 and Figure 3A, 

reveal that the rate of ibuprofen released to the delivery media increases 

with the pore size in the 2.5–3.6 nm interval. The release profiles from a 

porous matrix can be predicted as a first approach by the Higuchi model 

(equation 1) (40): 

 1/ 2
a kt=  (1) 

where a is the amount of drug released after time t and k is the release 

constant. The relation between the amount of ibuprofen delivered and 

square root of time resulted linear with regression factors >0.99, pointing 

to a control of the delivery process by the internal diffusion of ibuprofen 

thorough the mesopore channels. The values of the slopes k are included 

in Table 2, showing the increase of this slope with the pore diameter. 
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Table 2. Textural properties (pore diameter: Dp and surface area: SBET), ibuprofen 

loading and release kinetic constant (k) from MCM-41 materials with different pore 

sizes. 

Surfactant Dp 

(nm) 

SBET 

(m2/g) 

IBU 

loaded 

(%) 

IBU 

24h (%) 

k 

(mg/gh1/2) 

85%C8TAB-15%C10TAB 2.5 768 11 41 10.0 

70%C8TAB-30%C10TAB 2.7 936 19 42 13.7 

C12TAB 3.3 1087 23 49 37.0 

C16TAB 3.6 1157 34 61 61.0 

* C8TAB: octyltrimethylamonium bromide; C10TAB decyltrimethylamonium; C12TAB: 

dodecyltrimethylamonium bromide; C16TAB: hexadecyltrimethylamonium bromide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Scheme of the pore size influence on BSA adsorption. 
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The concept of pore size as key factor in the rate diffusion and 

release of molecules is not only applicable to 2D-hexagonal structures 

such as MCM-41, but also to 3D bicontinuous cubic structures such as 

MCM-48. Thus, the ibuprofen release rate from two mesoporous 

materials type MCM-48 with different pore diameters (3.6 and 5.7 nm) 

was studied (10). The obtained results showed a faster ibuprofen rate 

release for the case of MCM-48 with the largest pore diameter, as it was 

expected. 

Pore size is also a limiting factor respect to the amount of drug 

adsorbed, when the confinement of large molecules, such as proteins and 

other biologically active molecules, is pursued. This is the case of serum 

albumins, one of the major components in plasma proteins in humans 

and the upper mammals. Serum albumins have several physiological 

functions such as binding, transport, and delivery of fatty acids, 

porphyrins, bilirubin, steroids, etc. Albumins are also capable of binding 

a wide variety of drugs that can be later delivered to sites of 

pharmacological action (41). Therefore, these proteins play an important 

role on drug delivery, including transport of biologically active 

molecules to specific places for tissue regeneration technologies. Serum 

albumin is usually composed of a single-chain of 582 amino acids with 

an average length of 10 nm and width of 6 nm (42,43).
 
Therefore, the 

pore size of mesoporous materials seems to be a critical factor for the 

confinement of this protein and depends on the template and synthesis 

conditions. Many methods have been reported for controlling the pore 

size of mesoporous materials (44-46). The most frequently used 

procedure is the introduction of a swelling agent into the structure 

directing template. The introduction of these agents has been shown to 

lead to the swelling of pore diameter, but loss of long-range order of the 

mesoporous structure is observed. Our research group has recently 

developed a straightforward way for tailoring the pore size of SBA-15 

mesoporous materials and the influence of pore diameter on bovine 

serum albumin (BSA) loading and release has been evaluated (18). The 

control over the mesopore size of SBA-15 was performed by increasing 

the time of the hydrothermal treatment (47,48). Thus, pore diameters 

ranging from 8.2 nm up to 11.4 nm have been found for SBA-15 

materials submitted to hydrothermal treatments for periods of 1 to 7 
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days, which seem suitable in size to host BSA. BSA loading experiments 

revealed that the higher the pore diameter the higher is the amount of 

BSA loaded in the mesopores, i.e. the protein adsorption is favored  

when mesopore sizes are enlarged (Figure 4). When loading the protein 

in a conventional SBA-15 (8.2 nm of diameter size), 15% of BSA is 

absorbed. The amount of BSA increased to 23%, 25% and 27% for 

mesoporous matrices exhibiting pore diameters of 9.5 nm, 10.5 nm or 

11.4 nm.  

3.2. Surface Area 

The adsorption of drugs into mesoporous materials is a surface 

phenomenon that is governed by the adsorption properties of mesoporous 

silica. Therefore, the surface area is expected to be the main factor that 

determines the amount of drug molecules adsorbed. The synthesis of 

several MCM-41 mesoporous materials using cationic surfactants with 

different length chains, as above mentioned, leads to mesoporous 

matrices with surfaces areas ranging from 768 to 1157 m
2
/g (Table 2). 

Figure 3B displays the amount of ibuprofen loaded as a function of the 

surface area. There is a clear dependence of ibuprofen adsorbed with 

surface area, i.e. the greater the surface area the higher the amount of 

drug adsorbed. The influence of surface area on drug adsorption is also 

demonstrated when evaluating the alendronate adsorption, a potent 

bisphosphonate able to inhibit bone resorption by osteoclasts, into MCM-

41 and SBA-15 mesoporous materials (17). Such mesoporous matrices 

have the same structure (2D-hexagonal and p6mm symmetry) but present 

different surface area, being 1157 m
2
/g and 719 m

2
/g for MCM-41 and 

SBA-15, respectively. The amount of alendronate adsorbed into  

MCM-41 and SBA-15 was 14% and 8% respectively, evidencing the 

dependence of the amount of drug loaded on surface area.  

3.3. Pore Volume 

Drug adsorption is a surface phenomenon governed by attracting 

interactions between silanol groups in the mesopore walls and the 

functional groups of the guest molecule, i.e. it is a host-guest or  
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surface-molecule interaction (49). Therefore it seems reasonable to 

assume that pore diameter, as the size selectivity limiting factor, together 

with the surface area are the textural parameters that control drug 

adsorption. As previously mentioned, drug loading is commonly 

performed by impregnation methods. Recently, it has been reported that 

the amount of drug loaded can be increased by performing several 

successive impregnation methods (50).
 

Following this method 

intermolecular drug-drug interactions inside the mesopore channels are 

promoted, as revealed by NMR studies (51).
 
 In this case pore volume 

would determine the total amount of drug adsorbed into the mesopores 

until complete pore filling. Mesoporous matrices with the greatest pore 

volumes will lead to the highest amounts of drug adsorbed.  

3.4.  Increasing the Surface Area - The Hybrid Route 

The hybrid route, which consists on combining the high and regular 

porosity of mesoporous materials with the presence of organic groups 

within the framework, has been also proposed as DDS (52-54). The final 

compounds are metal-organic frameworks that exhibit outstanding SBET 

values and that cumulate both high drug loading and a controlled release. 

These materials are denoted as MIL (Materials Institute Lavoisier). 

Figure 5 shows the structures of the MIL-100 and MIL-101 compounds. 

MIL-100 and MIL-101 show surface areas of 3340 and 5510 m
2
·g

-1
, 

respectively, three times and five times larger than SBET values measured 

for inorganic mesoporous materials. Moreover, MIL-100 is able to adsorb 

350 mg·g
-1

 of IBU and MIL-101 loads 1.4 g·g
-1

 in the same conditions. 

These differences were attributed to the pore sizes and structural reasons, 

particularly the accessible dimensions of the windows of the cages in the 

solids, which are larger in MIL-101. The behaviour of these materials 

have been also compared with the silica based MCM-41, with SBET = 

1157 m
2
·g

-1
. In this sense, MCM-41 and MIL-100 materials showed very 

similar IBU dosage and kinetics, whereas the drug content of MIL-101 is 

four times larger than in MCM-41. However, it must be taken into 

account that these drug adsorption levels are consequence of the high 

surface area provided by the external micropores, as the IBU molecules 

are mainly retained outside the zeo-type architecture. This adsorption 
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mechanism differs from that of silica-based mesoporous materials, which 

show lower SBET values but possess accessible mesopores for drug 

storage and release. Comparison of the IBU release profiles are shown in 

Figure 5(right) for both the MIL materials and MCM-41. Since it is 

speculated that the larger part of the drug is adsorbed in the outermost 

micropores of MIL materials and only a small amount is retained in the 

closed mesopore cavities, the drug release should follow different 

delivery kinetics from that of MCM-41. As it can be seen, two sections 

can be observed in the release profiles of MIL materials, corresponding 

to the release from micropores and mesopores. In MCM-41, as the drug 

is essentially loaded into the mesopore channels, the release profile only 

shows one exponential profile.  

More interesting to observe is that the release from MCM-41 and 

MIL-100 is very similar although the total surface area is different, 

whereas for MIL-101, with more open mesopores, is larger. This 

difference is mainly due to the interaction of IBU molecules with the 

terephthalic units inside the cavities, which may retain the drug 

molecules and release them when the micropore windows are clear, i.e. 

when the drug adsorbed in the outer surface has been already delivered. 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Representation of the tetrahedra built up from trimers of chromium octahedra 

and 1,3,5 BTC (for MIL-100) and 1,4 BDC (for MIL-101) (left). Ibuprofen release as a 

function of time for MIL-101, MIL-100 and MCM-41 (right). 
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Although the release profile of ibuprofen from this kind of material 

could be of interest due to the special nature of MOF matrices, 

chromium-containing MIL materials are non-biocompatible and new 

iron-based MOFs within the same structure are currently under 

development. 

4.  Surface Functionalization of Mesoporous Drug Delivery Systems 

A step forward towards the development of mesoporous silicas as 

DDSs consists in modifying or functionalizing the mesopore silica walls 

with functional groups. The surface of silica walls is full of silanol 

groups that can undergo organic modification by covalently linking 

organic silanes ((RO)3SiR’) (55,56). The drug release can be effectively 

controlled using different approaches. The first strategy consists in 

increasing the drug-surface interaction by organically modifying the 

silica matrix with chemical groups that are able to undergo attracting 

interactions with the drug molecules through ionic bonds or through ester 

groups (57). The second strategy for effectively controlling drug release 

consists in functionalization of mesoporous silica walls with hydrophobic 

species.  

The nature of the host-guest chemical interaction can be modified to 

effectively control drug adsorption and release. Consequently, the choice 

of the organic modifying group would depend on the targeted drug. The 

relevance of the chemical nature of the host-guest interaction on the 

adsorption and release of molecules has been supported by organically 

modifying MCM-41 mesoporous matrix using several organic groups 

(chloropropyl, phenyl, benzyl, mercaptopropyl, cyanopropyl and butyl) 

(58). Ibuprofen was selected as model drug and adsorption and delivery 

tests were carried out. Different ibuprofen adsorption and delivery were 

found depending on the organic group modifying the silica walls. Thus, 

MCM-41 functionalized with polar groups showed greater ibuprofen 

adsorption than MCM-41 functionalized with non-polar groups.   

Recently, amino-functionalized MCM-41 and SBA-15 mesoporous 

materials were proposed as DDSs for alendronate (17).
 
 After the loading 

process the amount of alendronate loaded into amino-modified 

mesoporous matrices was almost three-fold that of unmodified materials 
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(Table 3). This different behavior can be explained by the different 

chemical interaction between the phosphonate groups in alendronate with 

silanol groups of unmodified materials and with the amino groups 

covering the mesoporous silica surface of modified materials. Under  

the loading conditions (pH 4.8) the three oxygen atoms present in 

alendronate are deprotonated and they would interact with positively 

charged amino groups covering the modified silica surfaces. Such 

interaction is stronger than that of alendronate with the silanol group in 

the unmodified materials. Therefore, the amount of alendronate adsorbed 

was 22% and 37% in SBA-15-NH2 and MCM-41-NH2, respectively. 

These alendronate loads are significantly higher than those of unmodified 

SBA-15 (8%) and MCM-41 (14%). 

 
Table 3. Alendronate loading and release data from MCM-41 and SBA-15 mesoporous 

matrices before and after functionalization with amino groups. 

Material Alendronate 

loaded (%) 

Release after 24h 

(mg/gSiO2) 

Total 

delivery 

time (h) 

MCM-41 13.9 81 72 

MCM-41-NH2 36.6 103 264* 

SBA-15 8.3 46 264 

SBA-15-NH2 22.0 24 264** 

* Incomplete delivery (76%) ** Incomplete delivery (69%) 

 

At physiological pH (pH 7.4), the differences in polarity between the 

silica surface and alendronate, or between amino-modified surface and 

alendronate, induce weakening of the adsorbed molecules, which are 

then slowly delivered to the media. The drug delivery tests indicate that 

that amino functionalization of mesoporous silica allows a better control 

on the drug release. In MCM-41-NH2 the amount of alendronate released 

after 24 hours was 103 mg/g SiO2 (ca. 28 of the total amount loaded) 

whereas it was 81 mg/g SiO2 (ca. 58% of the total amount loaded) in the 

unmodified MCM-41 (see Table 3). In the case of SBA-15, the amount 

of alendronate released after 24 hours was 24 mg/g SiO2 (ca. 11% of the 

total amount loaded), whereas for unmodified SBA-15, the amount of 

drug released after 24 hours of assay was 46 mg/g (ca. 55% of the total 
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amount loaded). In all cases, a noticeable burst effect was observed 

during the first hours of assay, which could be ascribed to two main 

factors: the first one involves the release of alendronate adsorbed in the 

outer surface of the matrix. The second one concerns the gradient 

produced by the alendronate concentration difference between the 

delivery medium and the matrix (see Figure 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Alendronate release kinetic profiles from MCM-41 and SBA-15 mesoporous 

materials before and after functionalization with aminopropyl groups. 
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higher control of BSA release. The amino groups of SBA-15 modified 

materials undergo attractive interactions with the carboxylic groups of 

the protein. It should be noticed that organic functionalization always 

leads to a decreasing in the mesopore diameter. The BSA molecule is 

just on the limit of the mesopore dimensions, and thus after amino-

functionalization the amount of BSA loaded decreased compared to 

unmodified matrices. However, the functionalization with amino group 
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has a strong influence on the release kinetic of BSA. As a consequence 

of the functionalization, the initial burst effect was drastically reduced, 

and the release of the protein from the mesopores was incomplete from 

all SBA-15 amino-modified matrices, due to the attracting interaction 

between the protein and the amino groups grafted to the silica surface 

(18,59). 

In other hand, the functionalization of mesoporous matrices using 

hydrophobic species aims at impeding drug transport out of the matrix 

because the aqueous delivery solution does not easily penetrate inside the 

pores. Therefore, SBA-15 mesoporous matrix has been functionalized 

using hydrophobic octyl (C8) and octadecyl (C18) moieties by  

treating the mesoporous silica with trimethoxyoctylsilane and 

trimethoxyoctadecylsilane, respectively (10,15). Adsorption and release 

tests of erythromycin, a non-polar antibiotic that belongs to the 

macrolide family, have been carried out. As a result of the organic 

modification of SBA-15 there was a decrease of the effective pore size 

and surface area and also there was a decrease of the wettability of the 

surface by aqueous solutions. The decrease in the surface area leaded to a 

decrease in the amount of erythromycin loaded. However, this strategy 

allowed a higher control over the release rate of drug, resulting in a 

release rate on order of magnitude lower in the C18-SBA-15 sample 

compared to unmodified SBA-15. Similar results were reported in the 

literature with mesoporous materials modified by silylation. Ibuprofen 

was incorporated into the functionalized mesoporous matrix showing a 

lower drug loading when silylation was carried out (60).
 
 

5.  Dosage in Mesoporous Materials 

The dosage, i.e. the actual amount of drugs that can be delivered to 

the targeted sites, is a very important issue for drug delivery systems. 

There are several factors that determine the appropriated dosage, 

including patient characteristics, biodisponibility (in the case of oral 

delivery), renal elimination, drug-matrix stability, treatment duration, 

designing of the matrix etc. 

In the case of oral administration, it is desirable to develop matrixes 

for once-daily formulations. Under the assumption that all the drug is 
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released following a zero-order kinetic release, the dosage incorporated 

should be that indicated for each daily treatment. For example, 40 mg to 

500 mg of famotidine can be included into 1.5 g of mesoporous MSU 

tablets (61). Depending of the dosage per day the therapeutic activity is 

clearly different, being 40 mg per day of famotidine indicated for the 

treatment gastric ulcers whereas 500 mg per day is used for the treatment 

of Zollinger-Ellison syndrome. Therefore, MSU mesoporous materials 

could be proposed for both treatments, due to its capability for loading 

and release a wide interval of dosages. Another example is the captopril 

loading into MCM-41 mesoporous material (62). Captopril is an orally 

active inhibitor of the angiotensin-converting enzyme and is used for  

the treatment of hypertension and congestive heart failure. The 

recommended daily dosage for captopril is from 50 to 100 mg. Taking 

into account that the loading capability of MCM-41 is of 32% of 

captopril, then a tablet of only 300 mg of MCM-41 could contain the 

maximum daily dosage and released after 24 hours in simulated stomach 

fluid. 

In the case of bone implants for local drug delivery, the scenario is 

quite different and new factors take part in the rational design of the 

DDSs. In these cases, drug biodisponibility is generally much higher 

compared with oral administration and the drug release must be extended 

for several days or weeks. Table 4 displays some of the implantable DDS 

intended as bone grafts. This table collects the actual amounts of drugs 

(dosages) that can be incorporated into 10 g of mesoporous material. 

This amount would be appropriated for grafting a bone defect resulted 

from, for instance, a femur fracture. The dosages per implant are 

calculated from the maximum load percentages previously reported and 

displayed in Table 1. Taking into account the daily dosage needed for a 

60 kg patient, and the load capacity of mesoporous materials when 

hosting drugs (dosage/implant), it can be noticed that the reported 

mesoporous DDSs could release their drug content during several days or 

even weeks, providing effective doses at the bone tissue. Of course, this 

assumption only makes sense if the kinetic release is adequate, since the 

working life of the system not only depends on the drug amount 

incorporated, but also on the release rate.  
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Table 4. Mesoporous matrices, drug dosages and potential delivery time of some 

mesoporous materials proposed for implantable (bone) drug delivery systems. 

Mesoporous 

matrix 

Drug Doses/day  Dosage(2) 

 

SBA-15 Gentamicin 150-300 mg 2 g 

SBA15/PLGA Gentamicin 150-300 mg 4.50 g 

SBA-15 Erythromycin 1.5-3 g(1) 3.4 g 

SBA-15 Amoxicillin 1.5-2 g(1) 2.50 g 

SBA-15-NH2 Alendronate 5-10 mg(1) 2 g 

MCM-41-NH2 Alendronate 5-10 mg(1) 2.5 g 

MCM-41 Ibuprofen 0.9-1.2 g(1) 7.0 g 

(1) Dosages orally administered, taking into account the biodisponibility of the drugs, 

which are 60, 80, 0.7, and 92% for erythromycin, amoxicillin, alendronate and ibuprofen, 

respectively. Dosages for gentamicin are those recommended for intra-venous 

administration. 

(2) Dosages contained into 10 g of mesoporous silica, which is the approximate amount 

of silica based material to graft a bone defect in a femur fracture. Smaller periodontal 

defects usually require between 3-5 g of silica based glass graft. 

 

Figure 7 shows the drug release kinetic profiles for ordered 

mesoporous materials. Profile “A” is closely related to non- 

functionalized matrices which commonly exhibit a burst effect (kb) 

followed by a very slow drug release with order-zero kinetic (17). This 

linear dependence or zero-order kinetic, which is characteristic of pure 

silica mesoporous matrices exhibiting relatively large mesopore sizes 

like SBA-15 material, can be described by equation (2): 

 tk
Q

Qt

0

0

=  (2) 

where Qt and Q0 are respectively the molecule amount at time t and  

the initial amount of molecule in the porous matrix and k0 is the zero-

order release constant independent of the molecule concentration in the 

ordered matrix as well as the solvent accessible area. This kind of profile 

can be useful in those situations where an immediate high dosage is 

necessary, for instance acute infections or inflammations. Profile “B” 

very common in non-functionalized mesoporous matrices such as MCM-

41 with high surface areas and small mesopores, where the diffusion of 
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small-drugs to the liquid media can be predicted by first-order kinetic 

[equation (3)] which contains information about the solvent accessibility 

and the diffusion coefficient through mesoporous channels.   

 
tkt e

Q

Q
11

0

−
−=  (3) 

Profile “C” corresponds to a zero-order kinetic, i.e. to those release 

processes which are only time-dependent. This kind of profile is highly 

desirable for long-term drug delivery systems and alendronate/amino- 

functionalized SBA-15 system is a clear example of it (17). Finally, 

profile “D” would correspond to more sophisticated stimuli-responsive 

system (pH, temperature, magnetic fields, etc.). In these systems the 

release rate can be controlled by external changes, which opens up an 

amazing field of new smart DDSs. This kind of matrices will be 

reviewed in the next section. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 7. Drug release kinetic profiles from ordered mesoporous materials showing the 

different release kinetics equations. 
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6.  Mesoporous Materials for Intracellular Targeting 

6.1.  Cell Mechanism for Particles Internalization 

Surface functionalized silica nanoparticles can be internalized by 

animal and vegetal cells (63,64). This fact makes possible the selective 

delivery of drugs and genes over targeted cell organelles, thus increasing 

the control release and the therapeutic efficiency. Obviously, mesoporous 

silica nanoparticles (MSNs) must undergo endocytosis to carry out 

intracellular drug targeting and three main mechanisms must be 

considered in the nanoparticles internalization process: 

-  Phagocytosis is probably the most well-known manner in which a 

cell may import outside materials. This mechanism relays on 

stretching out pseudopodia and encircling the particles. Once the 

particle is entrapped, pseudopodia self-fuse resulting into a 

phagosome that will digest the material within. 

-  Pinocytosis is the mechanism by which a cell is able to ingest 

droplets of liquid from the extracellular fluid. Pinocytic vesicles tend 

to be smaller than vesicles produced by other endocytic processes. 

-  Receptor mediated endocytosis is the most specifically-targeted 

form of the endocytic process. Through receptor mediated 

endocytosis, active cells are able to take in significant amounts of 

particular molecules (ligands) that bind to receptor sites extending 

from the cytoplasmic membrane into the extracellular fluid 

surrounding the cell. Once freed into the cytoplasm, several small 

vesicles produced via endocytosis may come together to form a more 

complex entity named endosome. This last mechanism is the more 

efficient and allows the internalization of nanoparticles in a selective 

fashion, by means of the surface functionalization with the 

appropriated ligands. These ligands can be selectively recognized by 

a short of cell expressing the corresponding receptors in the cell 

membrane. Figure 8 represents the endocytosis mechanism undergone 

by nanoparticles. 
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Figure 8. Receptor mediated endocytosis of nanoparticles. 

  

Incorporation of functional groups into the mesoporous channels 

and/or external particle surface of MSNs allows a wide range of 

manipulation of the surface properties of these materials for controlled 

release delivery and biosensing applications. If the mechanism mediation 

is identified, the uptake efficiency can be increased by manipulating the 

receptor mediated endocytosis. For instance, the uptake of non-

functionalized MSNs is inhibited by phenylarsine oxide and cytochlasin 

D in mouse 3T3L1 preadipocytic cells and human mesenchimal stem 

cells (hMSCs), suggesting that a clathrin- and an actin-dependent 

endocytosis is involved for these cells (28). Furthermore, a correlation of 

positive surface charge and the number of fluorescence-labeled cells is 

observed in both type of cells. 

Very interesting results are those obtained by Lin and co-workers 

(65) from HeLa cells. This cancer cells exhibit enhanced uptake 

efficiency when MSN are functionalized with N-folate-3-aminopropyl 
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(FAP). FAP-MSN endocytosis is partially inhibited in presence of folic 

acid, indicating that the endocytosis of this material is mediated by folic 

acid receptors on the HeLa cell surface. It is well known that the 

membranes of human cancer cells are abundant with folate receptors. 

Therefore, the nanoparticles uptake can be improved by means of surface 

functionalization with groups for which cancer cells expressing specific 

receptors or over-expressing non-specific ones. Similarly to 3T3L1 and 

hMSC cells, HeLa cancer cells better uptake MSNs with positively 

charged surfaces. The uptake of non-functionalized, negatively charged 

MSN (-34.73 mV at pH 7.4) by cells has been found to occur through a 

non-specific adsorptive endocytosis and the resting potentials of cell 

membranes are normally also negative. By following this strategy, not 

only nanoparticles uptake can be improved, but also the subsequent 

release of the nanoparticles from the formed endolysosomal vesicle. 

6.2.  Microstructural Considerations for SiO2 Nanoparticles 

Intracellular Targeting  

Commonly, non-phagocytic eukaryotic cells can internalize particles 

up to 500 nm in size. Hoekstra et al. (66) reported on a high uptake 

efficiency of latex particles of 200 nm or smaller. On the contrary, 

particles larger than 1 µm are hardly internalized. 

The minimization of particle size to the nanometer range form 

intracellular delivery is critical in the biological usage of mesoporous 

silica because most cell uptake occurs in this size range. Several 

synthetic strategies to control the sizes of mesoporous nanoparticles have 

been reported (67-69). Small particles with diameters less than 50 nm 

often have disordered mesostructure. Some works have been success in 

obtaining well-ordered mesoporous nanoparticles with diameter ranging 

between 20-50 nm (70), but serious interparticle aggregation can be 

present; this is a great handicap for their biological application. A 

suitable strategy to obtain well dispersed mesoporous nanoparticles is 

separating the nuclei formation and particle growth into two steps in 

dilute alkaline solution. In this way, non-aggregated and highly ordered 

nanoparticles of around 110 nm can be obtained. Mesoporous silica 

nanoparticles with of this size can be internalized into 3T1-L1 fibroblast 
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cells, accumulated within the cytoplasm and used for fluorescence tag 

purposes (71).  The cellular internalization appears to be generic for 

various cells with this kind of systems. Both adherent (3T1-L1, MCF7, 

HeLa, and hMSC) and non-adherent (HSC) cells exhibit nanoparticles 

internalization. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Different microstructures of SiO2 mesoporous particles. (a) Evaporation 

induced self-assembly (EISA) method. (b) Aerosol assisted EISA method. (c) Modified 

Stöber method. (d) Hydrothermal SBA-15 synthesis. 

 

In addition to the nature of the pore system, size, shape and 

connectivity of mesoporous materials, and depending on application, the 

morphology of the mesophase may be particularly important. Actually, 

the synthesis of mesoporous silica-based functional materials for 

practical applications in biotechnology and biomedicine requires the 

ability of controlling the particle morphology of these materials. Simple 

morphologies with short, unhindered path lengths such as small spheres 

and crystal-like particles as well as short, straight rods are beneficial  

for applications limited by intra-particle diffusion processes such as 

catalysis, separation, guest molecule encapsulation and internal surface 

modification. Thus, not surprisingly, extensive work has been devoted  

to the morphological control of mesoporous silica (72-76) and 

organosilicates (77) (Figure 9). Most approaches are based on changes in 
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synthesis conditions, including the silica source, the nature of the 

surfactants, co-surfactants, co-solvents and additives, and the overall 

composition of the synthesis mixture. Figure 9 shows different particle 

morphologies obtained through several synthesis routes and conditions. 

Regular morphologies provide several advantages for drug 

adsorption and delivery applications. In fact, ordered mesoporous 

materials with irregular bulk morphology exhibit sustained-release 

properties, but their drug storage capacity is relatively low and the drug 

delivery is unbalanced. Moreover, the random aggregation of the 

amorphous and polydisperse particles of mesoporous silicas in aqueous 

solutions with high ionic strength complicates their circulation lifetime 

and cell membrane permeability. Consequently, it is difficult to predict 

and regulate the biocompatibility of amorphous mesoporous silica 

materials both in vitro and in vivo.  

Endocytosis efficiency is also influenced by the particle morphology. 

The internalization of mesoporous silica particles with spherical and 

tube-like morphologies have been tested in the presence of Chinese 

hamster ovarian (CHO) cancer cells and human fibroblast cell lines (78). 

The rates of endocytosis form both MSNs were similar and rapid for 

CHO cells. However, the rates of endocytosis for fibroblast cells were 

different for the MSN with different morphologies. Specifically, the rate 

of endocytosis for the spherical ones was significantly faster than that of 

those tubular. This difference in the endocytosis kinetics may be 

attributed to two variables. One is the particle size, which is similar in 

width but smaller in length in the case of spherical particles. The other 

variable is the different aggregation ability between the MSN 

nanoparticles with different shapes. In this case, tubular particles 

aggregates into larger particles compared with the spherical ones. 

Another elegant strategy is to synthesize hollow mesoporous silica 

(HMS) spheres on the nanoscale with pore channels penetrating from the 

outside to the inner hollow core (79,80). Such materials can be also 

synthesized in the presence of organic molecules during the templating 

stage to produce ordered mesoporous nanospheres with worm-like pores 

that can be employed as drug-delivery systems (81), although the most 

important procedure to take into account is the control of the outer sphere 

morphology. In this sense, in order to direct the hollow structure of the 
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nanospheres, organic polymers such as polystyrene and polymethyl 

methacrylate (82) or poly(vinyl pyrrolidone) have been employed (83). 

Thus-obtained hollow nanospheres generally show larger storage 

capacity than that observed in irregular bulk particles with similar 

mesoporous structures. 

Not only hollow nanospheres have been synthesized but also bulk 

spherical mesoporous particles can be obtained by fluorocarbon 

surfactant templating. The weakly acidic conditions needed for these 

materials promote a slow hydrolysis of silica precursors and the 

hydrolyzed silica species co-assemble with triblock co-polymer 

templates to yield well-defined mesophases. The structures and pore-

sizes of such templated mesoporous nanospheres depend on the type of 

copolymer and the amount of organic additives. Simultaneously, 

fluorocarbon surfactants surround the silica nanoparticles through S
+
X

−
I

+
 

interactions, thereby limiting the growth of mesoporous silica 

nanospheres (84). Moreover, the control of drug adsorption and release 

has been tested even with pure silicon mesoporous particles (85) 

obtained by anodization in HF solutions, although the absence of pore 

ordering reduces both the molecular selectivity and therefore the drug 

delivery performance 

7.  Stimuli-Responsive Mesoporous Materials  

Together with the development of mesoporous silica as drug delivery 

systems, the interest in controlling the release of such drug molecules 

have been growing. In conventional mesoporous systems, as it has been 

described, the release of adsorbed molecules usually follows a sustained 

kinetic mechanism that can be expressed in terms of diffusion of 

adsorbed molecules throughout the mesopore channels in the silica 

matrix. Release kinetics, therefore, can be interpreted by the Fickian 

diffusion coefficients dependent on both the molecule and silica matrix 

characteristics. However, for certain applications in both chemistry and 

medicine, it is needed to modulate the delivery of adsorbed molecules by 

responding to environmental stimuli such as pH and temperature changes 

or even photosensitive modifications. In addition, many important site-

selective delivery systems, such as those for highly toxic anti-tumour 
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drugs, require “zero-release” before reaching targeted cells or tissues. 

Actually, one of the main and more specific problems of DDSs at the 

present is the loss of activity of several drugs before reaching the target 

tissue, due to the premature active principle degradation. In this sense, 

stimuli-responsive systems that exhibit “zero premature” release could 

play a fundamental role in enabling this task. Other specific long-term 

situations could require to increase or to slow down the drug release, 

depending on the disease evolution. For this purpose, implantable 

systems able to respond to external stimuli (magnetic fields, for instance) 

or internal pH changes would be also very interesting. 

The current research is focused on the design of ordered mesoporous 

materials with certain functional groups that respond to environmental 

changes for modifying the adsorption and release characteristics of the 

conventional systems. In the latest years, several ordered mesoporous 

materials have been developed with this stimuli-responsive ability.  

The following sections deal with these systems attending to the 

corresponding sort of stimuli. 

7.1.  Drug Release Mediated by Chemical Stimuli 

- Disulfide-Reduction Based Gating 

Groundbreaking systems currently under investigation are those 

based on capping mesopores with nanoparticles, such as CdS, where the 

linkage between silica and ceramic particles is verified through disulfide 

bonds with thiol-functionalized silica (86). Prof. Lin’s research team has 

developed this gated MSN system by means of an elegant strategy that 

can be summarized as follows: 

(a) Preparation of mecaptopropyl-derivatized mesoporous silica 

nanosphere material through a co-condensation method (87), and 

subsequent surfactant removal. 

(b) Treatment with 2-(pyridyl-disulphanyl) ethylamine to prepare a 

MSN material containing a chemically labile disulfide bond. 

(c) Incorporation of the guest molecule into the mesopores by an 

impregnation method. 
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(d) Mesopores blocking with mercaptoacetic acid coated CdS 

nanocrystals (2.0 nm size). These nanocrystals are covalently bonded 

through the formation of an amide bond as depicted in Figure 10. 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Representation of the disulfide-link based CdS MSN controlled release 

system. 

 

Moreover, pore capping can be performed by using polyamidoamine 

(PAMAM) dendrimers (88). PAMAM caps can serve as non-viral gene 

transfection reagents where the plasmid DNA of an enhanced green 

fluorescence protein (Aequorea victoria) crosses cell membranes through 

endocytosis to release the plasmid. The released part is sent to the 

nucleus to produce green fluorescent proteins. Both systems (CdS and 

PAMAM capping) do not exhibit premature release in phosphate buffer 

saline solution (pH 7.4) over a period of 12 h. The addition of disulfide-

reducing agents, such as dithiothretol (DTT) and mercaptoethanol, 

results in a fast release of the guest molecule in the case of CdS caps, or 

to a more sustained release in the case of PAMAM capping. In this way, 
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the drug is released through a cascade of events comprising the cleavage 

of bisulfide bond, uncapping of the CdS nanocrystals and drug diffusion.  

 

- pH Modification Based Responsive Systems 

Xiao and co-workers have designed pH-responsive carriers 

synthesised by oppositely charged ionic interaction between carboxylic 

acid modified mesoporous silica and a polyelectrolyte solution (89). In 

these materials, as it is shown in Figure 11, polycations grafted to anionic 

SBA-15 silica by oppositely charged interaction are acting as closed 

gates for drug storage into mesopores. When ionized carboxylic groups 

(COO
−
) are changed to protonated groups (COOH) due to the 

surrounding pH, polycations are detached from modified silica surface 

inducing the drug release from mesopores. 

 

 

 

 

 

 

 

Figure 11.  Schematic representation of pH-responsive storage-release drug delivery 

system. This pH-controlled system is based on the interaction between negative 

carboxylic acid modified SBA-15 silica rods with polycations (PDDA). 

 

- Redox-Based Gating 

Excellent work has been also carried out about pore modification 

with large organic molecules following a supramolecular route 

employing for instance rotaxane molecules as reported by Prof. Zink’s 

group (90,91). These systems act as nanovalves operated by a selective 

redox process that modifies the chemical configuration of the linked 

rotaxane molecules “opening” and “closing” the mesopore access. 

Modification of mesopore entrance can even be performed by using other 
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types of organic functionalities to develop supramolecular mesoporous 

materials that react to several chemical signals (92). 

7.2. Drug Release Mediated by Thermal Stimuli 

Thermoresponsive mesoporous materials are essentially based on the 

development of hybrid systems that integrate silica inorganic phase with 

thermally active polymers such as poly N-isopropylacryl amide 

(PNIPAm), to produce sponge-like phases (93). Sponge phases are 

formed by self assembly of amphiphilic templates during the formation 

of mesoporous inorganic materials, and it consists of a three-dimensional 

random packing of a multiple connected bilayer of the surfactant and 

cosurfactant that divides the space in two subspaces filled with solvent, 

similar to the liposome structure. Pore size and distance between 

adjacent silicate layers in the porous structure were controlled by 

changing the hydrophilic domain, for example, by varying the amount of 

water. Hence, drugs can be loaded in the sponge-like mesoporous 

domains that serve as reservoirs and the thermal cyclic polymer 

shrinkage and aperture controls the drug release.  

7.3. Drug Release Mediated by Photo-Chemical Stimuli 

Light of the suitable wavelength can be also employed for triggering 

the drug release or even molecular recognition systems based in modified 

mesoporous silica materials. The size-sieving efficiency of the 

mesoporous silica matrix is combined with the possibility of modifying 

with the appropriate photo-sensitive organic groups on the pore surface. 

Therefore, small molecules with certain groups diffuse through 

mesopores and react with the modified pore walls as described by Lin 

and co-workers (75). Nevertheless, using this system, molecules are only 

adsorbed onto pore walls and retained there as a function of their 

fluorescence characteristics regardless of their release from the matrix. 

For direct drug release applications, Fujiwara and co-workers have been 

researching on a photo-controlled release system based on the pore 

entrance modification with coumarin groups. Such molecules undergo a 

reversible dimerization by irradiation with UV light at wavelength larger 
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than 310 nm, returning to the monomer form by subsequent irradiation at 

lower wavelengths, about 250 nm. The dimer form of the coumarin, 

when grafted on the surface of mesoporous silica systems, such as 

MCM-41, reduces the effective pore size of the matrix and subsequently 

hinders the adsorption and release of encapsulated molecules into the 

pore voids. The adequate irradiation of the material virtually “opens” the 

pore gates and the adsorbed drugs can be released (94,95). 

7.4.  Drug Release Mediated by Magnetic Stimuli 

Ordered mesoporous drug-delivery systems that respond to external 

magnetic fields have been developed. These magnetic-responsive 

materials can be obtained by direct encapsulation of the magnetic 

nanoparticles into the mesoporous silica. Such approach yields materials 

that can be employed as magnetic nanovectors, usually based on 

magnetite or even iron, covered with mesoporous silica (96). Other very 

interesting systems currently under investigation are those based on 

capping mesopores with magnetic nanoparticles that can be alternatively 

placed and removed. For these systems, mesoporous materials are 

synthesised by co-condensation method with mercaptopropyl silanes and 

the so-obtained thiol-functionalized silica is linked through –SH groups 

with 2-carboxyethyl-2-pyridyl disulfide to yield acid functionalized 

mesoporous silica. Mesopore entrance of MCM-41 materials have then 

been closed with magnetic Fe3O4 nanoparticles by placing the acid 

functionalized silica in a suspension together with magnetite 

nanoparticles and the incorporated molecule to test drug delivery. 

Capped materials are then submitted to adequate magnetic fields to 

remove the magnetite nanoparticles and therefore release the adsorbed 

drug. The controlled release mechanism of the whole system is due to the 

reduction of the disulfide linkage between magnetic Fe3O4 nanoparticles 

and the thiol-functionalized silica mesoporous material by reducing 

agents such as dihydrolipoic acid or dithiothreitol (97).  

Mesoporous materials in the form of microspheres with a magnetic 

component represent a significant advance in the field of drug delivery. 

The outstanding textural properties of mesoporous materials allow a 

great load of drug and a controlled release. On the other, the magnetic 
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properties allow not only the targeting or accumulation of drug in a 

desired place of the body, but also the possibility of using hyperthermia 

combined with drugs for the treatment of cancerous diseases. Our 

research group has developed an aerosol-assisted route to synthesize 

mesoporous silica microspheres encapsulating magnetic nanoparticles 

(98).  The strategy followed can be summarized in three synthesis steps: 

 

 

 

 

 

 

 

 

Figure 12. Schematic of the stimuli-responsive delivery system (magnet-MSN) based on 

mesoporous silica nanorods capped with superparamagnetic iron oxide nanoparticles. The 

controlled-release mechanism of the system is based on reduction of the disulfide linkage 

between the Fe3O4 nanoparticle caps and the linker-MSN hosts by reducing agents such 

as DHLA. 

 

 

(a) Preparation of the ferrofluid. The co-precipitation of Fe(II) and 

Fe(III) chlorides with ammonium hydroxide at alkaline pH is carried 

out yielding nanometric magnetite (Fe3O4). The particles are 

subsequently oxidized to maghemite and finally dispersed in water. 

The ferrofluid so-obtained is composed of magnetic nanoparticles 

with an average diameter of 8 nm. 

(b) Synthesis of the precursor solution. A certain amount of Pluronic 

P123 is dissolved in a suspension of the ferrofluid in ethanol. The pH 

of the mixture is adjusted to acid conditions (pH 1.2) before silica 

precursor was added to the solution. 
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(c) Fabrication of the spheres. MMS were synthesized by pyrolisis of an 

aerosol generated by ultra high frequency spraying of the solution. A 

piezoelectric ceramic that allows the carrier gas flow to be freely 

adjusted is located at the bottom of a vessel, which contains the 

precursor solution of the material. When the piezoelectric transducer 

is excited near its own resonance frequency, a geyser is formed at the 

surface of the liquid. This geyser produces ultrafine droplets, which 

form an aerosol. N2 gas is used as the carrier to convey the aerosol to 

the pyrolisis zone. The residence time of the particles in the high 

temperature zone is controlled by the gas flow. The system is 

designed in such a way that the mesostructure is mainly formed 

during the droplet drying at the pre-heating site. The temperature at 

this site is around 100ºC (drying zone) and the furnace is set at 400ºC 

in order to avoid the particles coalescence on the collection surface. 

Finally, the powder obtained by the aerosol-assisted method is 

calcined to remove the surfactant. 

The final products are silica mesoporous spheres containing 

magnetic nanoparticles that provide superparamagnetic behaviour to the 

mesoporous material (Figure 13). The drug incorporation was carried out 

 

 

 

 

 

 

 

 
Figure 13. SiO2 mesoporous magnetic spheres. (A) TEM image of a γ-Fe2O3 

nanoparticle hosted within. (B) TEM images of lamellar structured SiO2 magnetic 

spheres. (C and D) Functional properties: magnetic response to an external continous 

field and drug release capability. 
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by soaking the matrix into a highly concentrated drug solution and 

subsequent drying. These materials can load a high amount of drug 

inside the mesoporous network and they can perform controlled delivery 

because of the confinement of the drug molecules in the ordered 

mesostructure. Drug release from MMS shows a first faster release, 

probably due to drug molecules associated to the outer surface. A slower 

release is observed afterwards. This kind of kinetic is useful for those 

clinical cases that require a first high dose followed by a more stable 

dosage. 

8.  Conclusions and Outlook 

The research efforts aimed to fabricate more efficient drug delivery 

systems is one of the most important objectives of biomedical and 

pharmaceutical sciences. Currently, pharmaceutical companies and 

device manufactures are actively seeking development opportunities for 

new drug/device combination products based on their existing drug and 

device products. However, in the next years we will be witnessing the 

expansion of biological therapy, which will involve the development of 

numerous active therapeutic agents (monoclonal antibodies, peptide and 

protein-based drugs, gene therapy, etc.). Currently, the development of 

biological therapies based on biotechnology treated proteins has resulted 

in more than 60 approved drugs by the FDA in the last 20 years, and it is 

estimated that around 360 candidates to treat more than 200 illnesses are 

currently under clinical test.   

General pharmacokinetic/pharmacodynamic principles are just as 

applicable to biotech agents as they are to traditional small molecule 

drugs. However, their macromolecular nature and the fact that most 

biotech drugs are identical or similar to endogenous molecules, lead to 

new pharmacokinetics-related problems that subsequently result in 

bioavailability problems (99). These problems are related with the matrix 

biodegradation and the premature drug release becomes a serious 

drawback in the case of highly toxic drugs, such as anti-tumorals. 

During the last years, there has been an increasing number of 

research groups involved in the synthesis of mesoporous materials as 

  



Izquierdo-Barba et al. 268 

drug delivery systems. Nowadays, this field is one of the most evident 

examples of transversal knowledge among materials science and 

biomedical applications, and its development offers promising 

possibilities for better medical treatments. In this chapter we have 

collected the advances in the field of silica mesoporous materials for 

drug delivery. Since 2001, our research team gets involved with 

obtaining a wide knowledge about the relationship between textural 

properties of SMMs and the drug adsorption/release properties. Many 

efforts have been aimed to design different pore structures. Nowadays, 

big macromolecules can be entrapped into cavities suitable for their 

adsorption and release. The development of cage like structures or 

plumber’s nightmare pore structures will play an important role in this 

topic. A second porosity related parameter that should be addressed for 

drug adsorption and delivery is the pore inlet. Some studies have shown 

that the immobilisation of enzymes is facilitated in materials with cage 

like structures and large entrance sites (100). 

The incorporation of functional chemical groups at the surface of the 

silica matrix meant a great step toward the “controlled” release of drugs 

from these systems. A crucial advance can be found with the 

development of the smart release (stimuli-response) systems. 

Considering these materials for highly toxic drug delivery systems, 

mesoporous materials exhibiting “zero premature release” seem to be an 

excellent alternative to conventional systems. It is clear that to control 

the drug kinetic release through external stimuli opens a wide field of 

possibilities in long-term therapies. Finally, the development of 

mesoporous nanoparticles has allowed the fabrication of drug delivery 

systems for intracellular targeting, reaching specificity levels not reached 

before.  

Biocompatibility is a difficult question to tackle when considering 

SMMs for drug delivery. Certainly, in vitro citotoxicity studies indicate a 

positive cell-material interaction, even when mesoporous nanoparticles 

are internalised into the cytoplasm. However, in vivo biocompatibility 

tests are very few and some of them indicate that much caution should be 

paid, especially when peritoneal or intravenous delivery is considered. 

Due to the chemical and textural properties of silica mesoporous 
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materials, they seem to be an excellent alternative as drug delivery 

bioceramics for orthopaedic applications. The bioceramic character of 

these materials allows repairing bone defects with the added value of 

releasing adequate drugs helping the bone-repairing process. These 

delivery systems, therefore, increase the biodisponibility of drugs in the 

bone tissue compared to oral formulations and come to fill a gap where 

conventional polymeric systems cannot be used. 
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