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Abstract  Recently Mesoporous bioactive glasses were synthesized for which out-
standing applications in the biomedical field are expected. It is nowadays recognized, 
in fact, that microporous and mesoporous inorganic and hybrid organic-inorganic 
bioactive matrices and scaffolds can be produced with controlled rates of resorption 
and controlled surface chemistries. The type and concentration of released inorganic 
and organic species and their release sequence can be tuned; this is a vital require-
ment in stimulating cell proliferation and enhancing subsequent cell differentiation. 
The ability to bond to living tissues and the high pore volume allow to exploit meso-
porous bioactive materials also simply for local drug delivery allowing to overcome 
the limitations of systemic delivery: therapeutic concentrations at the site of infec-
tion, but for short periods of time, forcing repeated dosing for longer periods.

The chapter is organized in four sections. The first one deals with synthesis and 
mechanism of formation of mesoporous bioactive glasses. The second one analyses 
the bioactive behavior. The third one is devoted to understand the specificity of bio-
active response induced by the mesoporous structure. The fourth one deals with drug 
delivery from mesoporous bioactive glasses. In a first subparagraph the advantages 
of using bioactive glasses for local derivery and the construction of tissue engineer-
ing scaffolds are analysed. In the second one the complexity of therapeutics delivery 
from mesoporous bioactive glasses is analysed.
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7.1  �Introduction

Bioactive glasses and bioactive fixation were discovered by Hench at the beginning 
of 1970s. Bioactive fixation is defined as the “interfacial bonding of an implant to 
tissue by means of formation of a biologically active hydroxyapatite layer on the 
implant surface” [29]. These materials arose great expectations in the revolutionary 
period for medical care beginning just about 50 years ago. For centuries the problem 
of diseased or damaged body tissues had had little solution but the removal of the 
offending part. About 50 years ago transplantation or implantation became possible, 
but also implants made from biomaterials became available. These last had signifi-
cant advantages over the first ones with regard to availability, reproducibility, and 
reliability. However they suffered problems of interfacial stability with host tissues 
and, obviously, lacked, with respect to living tissues, the ability to self-repair and to 
modify structure and properties in response to environmental factors such as 
mechanical load or blood flow.

The chapter is organized in four sections. The first one deals with synthesis and 
mechanism of formation of mesoporous bioactive glasses. The second one analyses 
the bioactive behavior. The third one is devoted to understand the specificity of bio-
active response induced by the mesoporous structure. The fourth one deals with 
drug delivery from mesoporous bioactive glasses. In a first subparagraph the advan-
tages of using bioactive glasses for local derivery and the construction of tissue 
engineering scaffolds are analysed. In the second one the complexity of therapeutics 
delivery from mesoporous bioactive glasses is analysed.

In order to improve orthopedic prostheses, lifetime special care was devoted to 
get better interfaces. Great attention was devoted to morphological fixation, exploit-
ing large interface areas or fenestrations, or biological fixation, based on bone 
ingrowth, as alternative to cement fixation. Because of the ability to assure, after 
3–6 months, a strength equal to or greater than the bone, bioactive bond to bone 
appeared to be a panacea for the interfacial stability problem. However at the end of 
the last century, it was recognized [29] that this is not true. The mismatch in 
mechanical properties at the bonded interface and the inability of the bioactive 
bonded interface to remodel in response to applied load have a detrimental effect on 
long-term interface stability [29]. Hench recognized [29] the need “to shift the 
emphasis of biomaterials research toward assisting or enhancing the body’s own 
reparative capacity,” that is, the need of a biomaterial that may enhance the regen-
eration of natural tissues, some kind of “regenerative allograft.” He also very lucidly 
predicted that bioactive materials would keep on playing an outstanding role [29]. It 
is nowadays recognized that microporous and mesoporous inorganic and hybrid 
organic–inorganic bioactive matrices and scaffolds can be produced with controlled 
rates of resorption and controlled surface chemistries. The type and concentration of 
released inorganic and organic species and their release sequence can be tuned; this 
is a vital requirement in stimulating cell proliferation and enhancing subsequent cell 
differentiation [30, 34, 90]. The ability to bond to living tissues and the high pore 
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volume allow to exploit mesoporous bioactive materials also simply for local drug 
delivery allowing to overcome the limitations of systemic delivery: therapeutic con-
centrations at the site of infection but, for short periods of time, forcing repeated 
dosing for longer periods.

The chapter is organized in four sections. The first one deals with synthesis and 
mechanism of formation of mesoporous bioactive glasses. The second one analyzes 
the bioactive behavior. The third one is devoted to understand the specificity of bio-
active response induced by the mesoporous structure. The fourth one deals with 
drug delivery from mesoporous bioactive glasses. In a first subparagraph, the advan-
tages of using bioactive glasses for local delivery and the construction of tissue 
engineering scaffolds are analyzed. In the second one, the complexity of therapeutic 
delivery from mesoporous bioactive glasses is analyzed.

7.2  �Mesoporous Bioactive Glasses (MBG)

According to the IUPAC definition [15], porous materials are divided into three 
classes: microporous (<2 nm), mesoporous (2–50 nm), and macroporous (>50 nm). 
Because of their high specific surface areas, porous solids were intensively studied 
[93] in the past for applications as adsorbents, catalysts, and catalyst support and, 
successively, in the field of sensors, drug delivery, and optical devices. A very great 
research activity was addressed [15] to zeolites that join good catalytic activity to 
the microporous structure. The relatively small pore openings however limited the 
range of their applicability. Porous glasses and gels do possess [15] larger pores, in 
the mesoporous dominion; however they show disordered pore system with broad 
pore size distributions. Intercalation of layered materials (double hydroxides, phos-
phates, and clays) gave also mesoporous solids with very broad mesopore size 
distributions.

MCM41 (Mobil Composition of Matter 41), discovered in 1992, was the first 
mesoporous solid possessing a regularly ordered pore arrangement and a very nar-
row pore size distribution [17, 48]. It can be produced in a wide range of experi-
mental conditions exploiting interactions between silica and cationic surfactants. 
The strong adsorption of surfactant on the surface of silica particles had been, in 
earlier works, already exploited to control the flocculation of colloidal silica [39]. 
Moreover Iler in his book [40] reports on a patent of 1971 of V. Chiola et al. [14] 
assigned to Sylvania Electric Products Inc. in which “low bulk density silica” was 
described to be produced during hydrolysis and polycondensation of tetraethy-
lorthosilicate (TEOS) in the presence of cationic surfactants. No other characteriza-
tion than bulk density was reported in the patent. However, taking into account that 
when a surfactant is added to a soluble silicate MCM-41 is the more likely conden-
sation product [17], the low density material of Chiola may be considered a fore-
runner of MCM-41 and also of surfactant template materials of different 
compositions [17, 35, 36].
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7.2.1  �Synthesis of Mesoporous Glasses

The production of mesoporous glasses exploits the templating action of surfactant 
molecules during the glass sol–gel synthesis. Generally speaking the sol–gel pro-
cess is [3, 6] a synthesis route consisting in the preparation of a sol and successive 
gelation. Very popular precursors of the sol–gel synthesis of silicates are the metal-
organic compounds like tetraethylorthosilicate (or tetraethoxysilane) Si(OC2H5)4, 
shortly indicated with the acronym TEOS. A silicatic framework may be obtained 
through hydrolysis:

	 º + «º +Si OR Si OH ROH- -H O2 	

and polycondensation reactions:

	 º + - º « º º + -Si OR HO Si Si Si Si OH- -O- 	

	 º + º « º º +Si OH HO Si Si Si- -- O- H O2 	

Polycondensation turns monomers into oligomers and, finally, inorganic poly-
mers in the form of gels. The gels may then be converted to xerogels, glasses, and 
films. When the hydrolysis and polycondensation of alkoxysilicates occurs in basic 
(ammonia) alcoholic solutions (Stöber method), monodisperse particles from less 
than 0.05 to 2 μm may be easily obtained [3, 6, 94].

MCM 41 is the most popular product of the series M41S that may be obtained 
from solutions of tetraethylorthosilicate (TEOS), water, and cetyltrimethylammo-
nium (CTMA) cation at 100 °C.

If the surfactant/silica molar ratio increased from 0.5 to 2, the siliceous products 
obtained were identified [102] and could be classified into four separate groups: 
MCM-41 (hexagonal), MCM-48 (cubic), thermally unstable M41S, and, a molecu-
lar species, the organic octamer [(CTMA)SiO2.5]8. One of the thermally unstable 
structures was identified as a lamellar phase. In Figs. 7.1 and 7.2, the structures of 
MCM41 (hexagonal) and MCM48 (cubic) are represented.

A liquid crystal templating mechanism was initially proposed. In Fig. 7.3 the 
schematic drawing of the liquid crystal templating mechanism initially proposed for 
MCM41 is shown. Hexagonal arrays of cylindrical micelles form (possibly medi-
ated by the presence of silicate ions) with the polar groups of surfactant to the out-
side. In mechanism A silicate species then occupy the spaces between the cylinders. 
Alternatively (mechanism B) the silicate species generated in the reaction mixture 
influence the ordering of surfactant micelles. The final calcination step burns off the 
original organic material leaving hollow cylinders of inorganic material. The forma-
tion of hexagonal, cubic, or lamellar M41S structures by varying the silica concen-
tration at constant surfactant concentration was considered [102] as a support for 
pathway B.
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Fig. 7.1  Structure of 
MCM-41 (hexagonal) [92]

Fig. 7.2  Structure of MCM-48 (cubic) [92]

Fig. 7.3  Possible mechanistic pathways for the formation of MCM41: (a) Liquid crystal phase 
initiated; (b) silicate anions initiated [102]
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However, M41S materials are limited to a pore diameter of approximately 80 Å, 
and, furthermore, they have significant external surface areas. These characteristics 
limit [48] their use in size-selective separations of large biomolecules such as pro-
teins and enzymes.

Zhao et al. [117, 118] extended the family of highly ordered mesoporous sili-
cates by synthesizing Santa Barbara Amorphous (SBA)-type materials. These have 
pore size ranging between 20 and 300 Å and use nonionic block copolymers as 
structure-directing agents in highly acidic media. SBA-15 raised particular interest 
[48]. It was synthesized using tri-block copolymer poly(ethylene oxide)–
poly(propylene oxide)–poly(ethylene oxide), which is commercially available as 
pluronics P123 (EO20PO70EO20). SBA-15 possesses large BET surface area 
(>700 m2/g), large pore diameter, and large pore wall thickness. The large wall 
thickness results in higher hydrothermal stability than M41S materials [117]. 
SBA-15 was synthesized as thin films [97], spheres [37, 54–57, 65, 96, 114, 120], 
fibers [8, 56, 57], and membranes [119]. It was also synthesized [48] as monodis-
perse, micrometer-sized (4–10  μm) spherical particles with large pore diameter 
(28–127 Å).

In the particle synthesis, parameters such as stirring rate, temperature, ionic 
strength, pH, and reactant composition so as the use of cosurfactants and swelling 
agents can influence the morphology of SBA-15 particles [48, 114]. In a typical 
synthesis [48], TEOS was added drop by drop to the surfactant solution; the mixture 
was vigorously stirred at 35  °C, stored at 75  °C, and finally aged in the range 
80–125 °C. The surfactant solution was obtained by dissolving initially P123 into 
(1.5 M) HCl and successively adding the desired amount of aqueous solution of an 
ionic cosurfactant (cetyltrimethyl ammonium bromide (CTAB)) and a swelling 
agent (TMB, 1,3,5-trimethylbenzene). The addition of the swelling agent allowed 
[48] to obtain greater pore diameter and pore volume without change of surface area 
but gave pore size distribution more skewed and wider and could change the particle 
morphology from the spherical one. The presence of CTAB and TMB was impor-
tant [48] to obtain spherical particles; however the yield of them decreased as the 
CTAB concentration was increased. This should be correlated to the role played by 
the ionic cosurfactant CTAB at level of the interaction between the surfactant and 
positively charged silica. The aging temperature also has influence [48]; its increase 
makes the pore size to grow and the microporosity to decrease.

New spherical silica nanoparticles with radial wrinkle structure (wrinkled silica 
nanoparticles (WSNs)) were recently synthesized [71, 81, 84, 116]. Their radial 
wrinkle structure which widens radially outward is expected to enhance the acces-
sibility of functional materials inside their pores. They are obtained from oil-in-
water macroemulsions within which droplets that are constituted of bicontinuous 
microemulsion are dispersed [71].

Recently a simple evaporation-induced self-assembly (EISA) process was pro-
posed [7, 64, 78, 79] that enables a rapid production of patterned porous or nano-
composites materials in the form of films, fibers, and powders. It is based on the 
rapid evaporation of solutions of surfactants and pre-hydrolyzed alkoxysilanes. In a 
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typical synthesis, films may be deposited on a substrate by dipcoating. Figure 7.4 
shows the changes of both film thickness and concentration profiles [7, 64] as a 
function of distance above reservoir and time elapsed. It shows that, after a short 
time and at a short distance from the sol reservoir (about 8 s and 10 mm for the 
experiment reported in the figure), the film profile becomes steady, in correspon-
dence of a thickness of about 0.2 μm. The initially homogeneous colloidal solution 
of silica and surfactant in ethanol/water solvent with a surfactant concentration less 
than the critical micelle concentration (cmc) is subjected to alcohol evaporation dur-
ing drawing from the sol reservoir. The concentration of all species increases, but 
their ratio, in particular the surfactant/silica one, remains constant. So as schemati-
cally shown in Fig. 7.4, the progressively increasing surfactant concentration drives, 
above cmc, self-assembly of silica–surfactant micelles and their further organiza-
tion into liquid crystalline mesophases. The silica–surfactant mesostructures pres-
ent at solid–liquid and liquid–vapor interfaces at c<cmc serve to nucleate and orient 
mesophase development with respect to the substrate. Changes of initial alcohol/
water/surfactant mole ratios reflect in different final mesostructures: hexagonal, 
cubic, and lamellar.

In a similar way (Brinker 1999), in the aerosol-assisted self-assembly, evaporation-
induced self-assembly of liquid droplets allows to produce nanostructured particles 
with well-defined pore sizes and pore connectivities.
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Fig. 7.4  Steady-state film cross section, showing changes in film thickness and composition 
(reported on the horizontal axes) as a function of distance above the sol reservoir surface and the 
corresponding time required for the substrate to move that distance (reported on the vertical 
axes) [64]
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Mesoporous silica is bioactive. Recently bioactive glasses of more complex 
composition in the systems CaO-SiO2-P2O5 and SrO-SiO2 were successfully synthe-
sized as highly ordered mesoporous ones by exploiting the surfactant templating 
route [34, 41, 107–109, 113]. They were obtained by adding calcium or strontium 
nitrate salts and, in the case of the ternary glass, triethyl phosphate to the surfactant/
TEOS synthesis batch. In a typical synthesis the surfactant, TEOS, Ca(NO3)2.4H2O, 
triethyl phosphate, and a solution 0.5 M HCl were dissolved, in due amounts, in 
ethanol and stirred at room temperature for 1 day. The resulting sol was introduced 
into a petri dish for an evaporation-induced self-assembly process, and then the dry 
gel was calcined at 700 °C for 5 h to obtain mesoporous bioactive glass powders. 
TEM micrograph reported in Fig. 7.5 shows that these mesoporous bioactive glass 
powders possess highly ordered one-dimensional channel structure with a pore size 
of 5 nm.

The mechanism of formation of mesoporous particles has been discussed in the 
literature with reference to silica particles. It is reported in the next paragraph.

7.2.2  �Mechanism of Formation of Mesoporous Silica

Sometimes the mesoporous silica particles are in the nanometer size and do appear 
to contain hundreds of empty channels (mesopores) arranged in a 2D network of 
honeycomb-like porous structure so as can be seen in Figs. 7.1 and 7.5.

Recently more complex structures were reported ([60, 75, 82, 95, 96], Rankin 
2004). In Fig. 7.6 the direct image of the internal structure of a mesoporous silica 
particle embedded in epoxy resin and sectioned using an electron beam is shown [75]. 

Fig. 7.5  TEM image of CaO-SiO2-P2O5 mesoporous bioactive glass (Si/Ca/P ¼ 80/15/5) [107]
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A structure consisting of bundled mesopores can be clearly seen near the surface of 
the hemisphere. Meanwhile, a hexagonal structure is observed at the center of the 
hemisphere, similar to the one shown in Figs. 7.1 and 7.5. The bundles of mesopores 
appear [75] to be aligned in three directions from the center to the surface of the par-
ticle. Meanwhile, radially aligned mesopores are observed on all surfaces of the grow-
ing particle. The mesopore alignment was followed during the course of the particle 
growth: it changed from three initial distinct directions to omnidirectional.

The development of uniform mesopores was first explained by a liquid crystal 
templating mechanism [58] and then by a cooperative templating mechanism 
[21, 35, 36]. Recently [75] a more complex mechanism was proposed to explain 
the formation of particles like the one shown in Fig. 7.6 that were obtained from tetra-
methylorthosilicate (TMOS) under basic conditions from methanol/water solutions, 
using hexadecyltrimethylammonium chloride (C16-TMACl) as the surfactant.

The mechanism of Nakamura [75] is represented in Fig. 7.7. The surfactant mole-
cules are drawn as individual molecules rather than as micelles; this should be true as 
long as surfactant concentrations are less than the critical micelle concentration. 
Initially, hydrolyzed TMOS monomers condense to form oligomeric silica precursors 
through the reactions reminded in Sect. 7.2.1. However, when silica precursors attain a 
certain size by oligomerization, they are forced to precipitate as an organic–inorganic 
composite. In fact silica precursors contain a fair amount of silanols that dissociate to 
Si-O− and protons. In consequence, they are negatively charged. By contrast, surfactant 
heads have a positive charge. Therefore, silica precursors and surfactants can contact 
each other throughout the reaction. Upon certain size, the oligomeric silica structures, 
with surfactant molecules attached, assemble into small mesoporous silica particles 
with hexagonal regularity (of the type represented in Figs. 7.1 and 7.5), which then 
emerge from solution as primary particles. Any residual silica precursors then react 
preferentially with the surface silanols on the existing particles, eventually preventing 
the generation of new particles. It is not possible, however, that the particles grow by 

Fig. 7.6  Transmission 
electron micrograph (TEM) 
image of a sample 
embedded in an epoxy 
resin. The embedded 
sample was cut by an 
electron beam [75]
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Fig. 7.7  Proposed mechanism for the formation of monodispersed mesoporous silica spheres. 
Progress of TMOS condensation is described above. Precipitation of particles is shown below. 
Short lines represent TMOS. Zigzag lines represent oligomeric TMOS [75]

the co-aggregation of smaller particles of the type represented in Figs. 7.1 and 7.5 
(so as in the Stöber method). In this case the external “bundle structure” shown in 
Fig. 7.6 with mesopores aligned radially from the center to the surface of the particles 
and pointing in all directions could not be formed.

The mechanism proposed suggest that [75] the size of the particles could be 
enlarged by the addition of further TMOS. To confirm this, equimolar amounts of 
TMOS were added every hour for 4 h after the completion of the initial reaction 
(=1 h later). Figure 7.8 shows SEM images [75] of the particles that were obtained 
after two and four additions of TMOS to the initial reaction mixture. The diam-
eters of the particles clearly increased upon the addition of TMOS while retain-
ing their monodispersed characteristics (standard deviation are reported in 
parentheses). This result supports the notion that the additional TMOS would 
react preferentially with the surface silanol groups on the already formed parti-
cles rather than generating new particles and suggests a simple method to make the 
particles to grow. It was also shown [75] a method (hypothesized on the basis of the 
mechanism) to create monodispersed core/shell mesoporous silica spheres.

7.2.3  �Mechanism of Formation of Mesoporous Silica When 
Using Two Immiscible Solvents (Wrinkled Particles)

Wrinkled particles may be obtained when two immiscible solvents are used. In a 
typical synthesis, 0.5 g (1.3 mmol) of cetylpyridinium bromide and 0.3 g (5.0 mmol) 
of urea were dissolved in 15 mL of water. Subsequently, 15 mL of cyclohexane and 
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Fig. 7.8  SEM images of expanded particles obtained by the different TMOS addition times, (a) 0, 
(b) 2, and (c) 4, and schematic illustration of the particle growth. Standard deviations are in paren-
theses [75]

0.46 mL (6 mmol) of isopropanol is added to the solution. A two-phase system is 
obtained consisting of an upper microemulsion and a lower aqueous phase. Fast 
mechanical stirring gives an oil-in-water macroemulsion in which droplets, consist-
ing of bicontinuous microemulsion, are dispersed [71]. With vigorous stirring, 
1.25 g (6 mmol) of TEOS is added dropwise to the mixed solution. After vigorous 
stirring for 30 min at room temperature, the reaction mixture is heated up to 70 °C, 
and this state is maintained for 16 h.

The mechanism is represented in Fig. 7.9.
All reactions occur in the droplets that are, by themselves, bicontinuous microemul-

sions. TEOS dissolved in the oil layer comes into contact with the water at the emulsion 
interface where hydrolysis and condensation reactions occur. Ionized silicate mono-
mers and oligomers have negative charges and bind to headgroups of cationic surfac-
tants by the Coulomb interaction. As the condensation reaction proceeds, the amount 
of partially condensed silica tetrahedra (Q3 = silica tetrahedra with three bridging oxy-
gens and one non-bridging oxygen negatively charged) decreases and that of fully 
condensed (Q4 = silica tetrahedra with four bridging oxygens) increases. As Q4 silicates 
cannot be ionized, the total negative charge density of silicates decreases. In order to 
maintain charge balance, the number of silicate attached to a headgroup of surfactant 
with multidentate binding increases, and, consequently, the headgroup area of the sur-
factant increases. Accordingly, the curvature of the water−oil interface surrounded by 
surfactants increases to the positive direction. The interface can form closed structure 
such of spherical or cylindrical shapes. The aggregation of these surfactant–silicate 
particles leads to the formation of a repetitive mesophase. Finally, through water layers 
that are connected with ridges, newly formed mesophases are deposited on nanoparticle 
seeds, and the overall structure of nanoparticle assumes the wrinkle shape.
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Fig. 7.9  Schematic illustration of the mesophase-forming mechanism from the microemulsion 
interface [71]

7.3  �Bioactive Glasses

The first bioactive material was a glass obtained by quenching a melt of SiO2 (45wt%), 
CaO (24.5wt%), Na2O (24.5wt%), and P2O5 (6wt%), denoted bioglass 45S5. 
Successively [29, 33, 49, 53, 61, 83, 104] other compositions in the system SiO2/
CaO/P2O5 and in the quaternary system SiO2/CaO/MgO/P2O5 at low P2O5 content 
were discovered to be bioactive. In Fig. 7.10 the compositional range of bioactive 
compositions in the ternary system SiO2-CaO-P2O5 is reported. Figure 7.10 shows 
also that when produced through sol–gel method, the glasses were more bioactive, 
and the compositional range of bioactivity was extended till pure gel silica [29].

Figure 7.11 shows how good the interface between the bioactive glass and bone 
may be. It shows the SEM micrograph of the interface between the glass S46P0 and 
bone after 8 weeks in rabbit tibia [2]. SEM/EDX analysis shows that a continuous 
change of composition occurs at the interface from the glass to the bone one.

Bioactivity is the result of a complex process occurring at the surface of the glass 
[29]. The interaction [28, 30, 50, 51] is, at the beginning, due to the reactions 
between the glass and the blood plasma, which is an aqueous solution buffered at 
slightly basic pH = 7.2–7.4. The first five steps are:

	1.	 First, the rapid exchange reaction of alkaline or alkaline earth ions with H+ from 
solution:

	 º + « +- + + +SiO Ca SiOH Ca2
2 22 2H 	

It is well known in fact [86] that alkali or alkaline hearth silicate glasses in acidic 
or weakly alkaline (pH < 10) conditions are subjected to leaching of the less tightly 
bonded modifier cations (alkali or alkaline hearth ones) present in their composition

	2.	 Loss of soluble silica in the form of Si(OH)4 to the solution as the effect of 
hydrolysis reaction:

	 º - - º « º -Si O Si +H O 2 Si OH2 	
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This may become possible as the result of pH increase in the reaction layer due 
to the occurrence of step 1

	3.	 Condensation and repolymerization to form a gel SiO2-rich layer on the surface 
depleted in the alkaline and alkaline earth cations:

	 º - + - º« - - +Si OH HO Si Si O Si H O2 	

In fact while some silica may be lost as the result of reactions described in step 
2, some silanols groups may recondense giving a “gel” network, looser than the 
original one

	4.	 Migration of Ca2+ ions to the surface through the gel SiO2-rich layer and forma-
tion of an amorphous CaO–P2O5-rich film by precipitation from the supersatu-
rated solution

	 º - + «º - - +- -Si OH HPO Si O PO H O4
2

3
2

2 	

	5.	 Crystallization of the amorphous CaO–P2O5 film by incorporation of OH− and/
or CO3

2− anions from solution to form a mixed hydroxyl carbonate apatite layer

The described steps give well account of the SEM/EDX results of Fig.  7.11 
showing progressive changes of SiO2, P2O5, and CaO concentrations at the bioactive 
glass/bone interface: a hydroxyl carbonate apatite (HCA) layer forms well anchored 
in the gel silica layer that forms trough degradation of glass surface. The behavior 

APATITE FORMATION
ON GEL-GLASSES IN
7-20 DAYS (CLASS B)

BIORESORBION DURING
BONE REGENERATION

(CLASS A)

APATITE FORMATION
ON GEL-GLASSES IN
1-3 DAYS (CLASS A)

APATITE FORMATION
ON MELT GLASSES IN
7 DAYS (KOKUBO et al)

(CLASS B)

GLASS
FORMING

NON-GLASS
FORMING

SiO2

P2O5 CaO

Fig. 7.10  Compositional range of bioactive gel glasses in the system SiO2/CaO/P2O5 [29]
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strongly depends on the acidic character of silanol groups. When the glass composi-
tion is changed by addition of other components influencing the silanol acidity (like 
oxides of formula M2O3 where M = La, Y, In, Ga, Al), the ability to form a calcium 
phosphate layer is modified [4]. It is believed that the formed hydroxyl carbonate 
apatite is compositionally and structurally similar to the one present in the bone; this 
makes it biologically active and allows the following (6–11) steps to occur [29]:

Fig. 7.11  Interface between the glass S46P0 and bone after 8 weeks in rabbit tibia [2]
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	 6.	 Adsorption of biological moieties in HCA layer
	 7.	 Action of macrophages
	 8.	 Attachment of stem cells
	 9.	 Differentiation of stem cells
	10.	 Generation of matrix
	11.	 Crystallization of matrix

The formation of HCA layer is considered to be essential for the development of 
bioactivity. This allows to study bioactivity and to select bioactive compositions 
through an “in vitro” methodology allowing to remarkably reduce the number of 
animals used and the duration of animal experiments [52]. In fact in 1980, Hench 
et al. [80] had showed that an SiO2-rich layer and calcium phosphate film form on the 
surface of bioglass when implanted in the body environment, which allows bonding 
to the living bone, and that the in vivo formation of the calcium phosphate film can 
be reproduced in a buffer solution consisting of Tris hydroxymethylaminomethane 
and hydrochloric acid (Tris buffer solution) at pH 7.4. In the early 1990s, Kokubo 
et al. proposed [52] to assess bioactivity by exposing the material to a protein-free 
acellular simulated body fluid (SBF) having pH and ionic composition very close to 
the blood plasma one and verifying the formation of HCA. The composition of SBF 
was successively revised and slightly corrected [52]. Good correlations were found 
between the in vitro and in vivo tests, and the “SBF method” was standardized as the 
solution for in vitro evaluation of apatite-forming ability of implant materials by the 
International Organization for Standardization (ISO 23317:2014). Many bioactive 
materials have been discovered [18, 83, 101]. They are distinguished in two classes 
[29]. Many exhibit only osteoconductivity [42], defined as the characteristic of bone 
growth and bonding along a surface (bioactive materials of class B). An example is 
constituted by synthetic hydroxyapatite. Class A bioactive materials are, instead, 
both osteoconductive than osteoproductive (also said osteoinductive). Osteoproduction 
is linked to enhanced mitosis and differentiation of osteoblast stem cells stimulated 
by slow resorption of the Class A bioactive particles [29]. Ionic products release from 
the glass play, therefore, a fundamental role. Some bioactive glasses are able to bond 
also to soft tissues [29]. The bioactivity of different materials may be compared [29] 
on the basis of the index of bioactivity IB = 100/t0.500, where t0.500 is the time for 50% 
of the interface to be bonded to the bone.

7.4  �Bioactivity of Mesoporous Glasses

Mesoporous silica produced through hydrolysis and polycondensation of alkoxysi-
lanes is bioactive. Recently several more complex mesoporous bioactive glasses 
were produced [25, 34, 41, 43, 63, 90, 107–109, 113, 115].

Mesoporous glasses, also called template glasses, express accelerated bioactive 
response compared with conventional or sol–gel glasses of analogous composition 
[41, 90]. For example in the case of the mesoporous glass, S58 m (58% SiO2–37% 

7  Synthesis and Functionalization of Mesoporous Bioactive Glasses for Drug Delivery



272

CaO – 5%P2O5) formation of calcium hydroxyapatite (HCA) occurs in 8 h, whereas 
in the correspondent sol–gel glass, its formation requires 3 days [41]. Moreover a 
greater amount of calcium phosphate is observed to form and crystallization of the 
initially amorphous phosphate layer occurs through formation of octacalcium phos-
phate (OCP) that successively transforms into the HCA crystalline phase, whereas 
HCA directly forms in the case of conventional and sol–gel glasses. These differ-
ences can be explained [41, 90] considering the higher values of specific surface 
area and pore volume of template glasses as well as the higher concentration of 
silanol (Si–OH) groups on the template glasses surface. The bioactivity mechanism, 
in fact, is similar to the one proposed in paragraph 7.3, except for some differences 
strictly linked to the compositional and structural differences reminded above.  
In fact, with reference to the mechanism reported in paragraph 7.3, we may expect 
and/or observe [41, 90] that:

	(a)	 The exchange of Ca2+ in glass with H+ in the solution (step 1 of the bioactivity 
mechanism) is quicker and produces a higher incorporation of H+ ions and a 
higher density of silanols (Si–OH) groups.

	(b)	 A highly protonated silica gel forms after the condensation of silanol groups 
(steps 1–3 of the mechanism), leading to an acid local pH (possibly pH = 6.7) 
on the glass surface.

	(c)	 The precipitation of amorphous calcium phosphate (ACP) layer (step 4) is higher.
	(d)	 The crystallization of ACP by incorporation of Ca2+ and HPO4

2− leads to octacal-
cium phosphate (OCP) formation instead of carboxylate hydroxyapatite (HCA).

	(e)	 OCP converts, later, into HCA through dehydration and hydrolysis reaction.

It is worth remembering that OCP is considered to be a precursor of carboxylate 
hydroxyapatite in the process of the tooth enamel, dentine, and bone formation in 
the living organisms. The formation, at first, of OCP instead of HCA (that directly 
forms in the case of the glasses obtained through melt quenching or sol–gel in the 
absence of surfactant) would occur [41, 90] because of the acidic character the 
surface of mesoporous bioactive glasses do possess when precipitation and crystal-
lization of phosphate layer occurs. It is known in fact that OCP forms in acidic 
conditions. Therefore the process of formation of HCA in mesoporous bioactive 
glass (MBG) more closely resembles the one occurring in nature.

7.5  �Drug Delivery from Mesoporous Bioactive Glasses

Because of their ability to bond to living tissues, bioactive glasses allow to exploit 
the approach of “local delivery” and overcome the problems connected also with 
systemic deliverable vectors [1, 34, 72]. In systemic delivery biomolecules can be 
inactivated by enzymes or chemical reactions in the blood, and so a relatively high 
concentration of drug is needed to provide sufficient dose at the desired location. 
These problems may be partly overcome with the use of vectors; some therapeu-
tics may, however, be lost in other body compartments than the one they are 
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addressed to. Considerable research effort is therefore addressed [34, 90] to the 
topic of using bioactive glasses for the encapsulation, delivery, and controlled 
release of bioactive molecules and therapeutic drugs. Moreover, so as predicted 
by Hench [29], there is today a very great interest and research activity addressed 
to the use of bioactive glasses to produce scaffolds for tissue engineering [11, 13, 
22, 23, 27, 44, 85]. Key properties like drug-delivery ability, biocompatibility, 
biodegradability, osteoconductivity, as well as osteogenic and angiogenic poten-
tial make them [34] excellent candidates for bone tissue scaffolds [76]. However 
a number of other strict requirements may be successfully satisfied by bioactive 
glasses so as described in the first subparagraph. The second paragraph is instead 
strictly related to the therapeutics release.

7.5.1  �Bioactive Glasses for Local Drug Delivery  
and Tissue Engineering

Osteoporosis, fracture healing, defects filling, and spinal lesion reparation affect mil-
lions of people with a very big social cost [24]. The expectations from tissue engineer-
ing are great, particularly to overcome the problem of the shortage of living tissues 
and organs available for transplantation. Tissue engineering needs a scaffold that is a 
porous structure that must guide new tissue formation by supplying a matrix with 
interconnected porosity and tailored surface chemistry for cell growth and prolifera-
tion and the transport of nutrients and metabolic waste [24]. The scaffold should 
mimic the morphology, structure, and function of the bone in order to optimize inte-
gration with surrounding tissues. To do all this, the ideal scaffold should [24, 38]:

•	 Possess high three-dimensional interconnected porosity for cell growth, flow 
transport of nutrients, and metabolic waste and angiogenesis

•	 Be biocompatible and bioresorbable with a controllable degradation and resorp-
tion rate to match cell/tissue growth in vitro and/or in vivo

•	 Possess suitable surface chemistry for cell attachment, proliferation, and 
differentiation

•	 Possess mechanical properties (e.g., stiffness, strength, and fracture resistance) 
to match those of the tissues at the site of implantation

Concerning the first requirement, interconnected pores with a mean diameter (or 
width) of 100 μm or greater and open porosity of >50% are considered to be the 
minimum requirements to permit tissue ingrowth and function in porous scaffolds 
[23, 47]. It may be satisfied through one of the several well-established bioactive 
glass scaffold fabrication methods [23]:

•	 Sol–gel processing
•	 Thermal bonding of particles or fibers
•	 Polymer foam replication
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•	 Solid freeform fabrication
•	 Freeze casting of suspensions

It is expected that by properly selecting composition and fabrication method, 
also the other above reminded requirements may be fulfilled.

When comparing the strength and elastic modulus of natural and synthetic mate-
rials (typically with a dense microstructure containing no porosity) [23, 105], it 
appears that the mechanical response of the bone is not matched by the biodegrad-
able polymers, ceramics, or alloys currently used in orthopedic applications. 
Recently it was shown that, by optimizing the composition, processing and sintering 
conditions, bioactive glass scaffolds can be created with predesigned pore architec-
tures and with strength comparable to human trabecular and cortical bones [22, 23, 
62]. Moreover the compressive strengths of bioactive glass scaffolds strongly 
depend on composition and fabrication method [23]. In particular porous bioactive 
glass scaffolds can be fabricated with compressive strengths comparable to the val-
ues reported for human trabecular and cortical bones [23]. Toughening of bioactive 
glass scaffolds can be obtained through polymer coating. Biodegradable polymers, 
such as poly(D,L-lactic acid), PDLLA, poly(3-hydroxybutyrate), P(3HB), alginate, 
and PCL, have been used to coat bioactive glass scaffolds [5, 12, 23, 73]. The main 
energy dissipation mechanism was believed [23] to be polymeric fibril extension 
and crack bridging, so as in the bone which is a composite of hydroxyapatite and 
collagen.

The second requirement (biocompatibility and bioresorbability) may also be ful-
filled if we take into account that, so as predicted by the bioactivity mechanisms 
reminded in Sects. 7.3 and 7.4, surface reactions leading to the bond formation of 
bioactive materials and living tissues start with a partial dissolution of the material 
surface. As a consequence bioactive materials may become bioresorbable when the 
sizes are reduced. It has been well demonstrated with bioglass particles. If small 
enough particles of a bioactive ceramic are used, the surface degradation may finally 
produce the total degradation of the particles [90]. Wilson and Noletti [90] found 
that particles of 100 μm in diameter of bioglass were resorbed or phagocytosed by 
macrophages in  vivo, while larger particles were bioactive stimulating the bone 
growth. Schepers and Ducheyne [91] and Salinas and Vallet-Regı [87] indicated that 
particles under 300 μm in size were fully resorbed in vivo. Moreover a peculiar 
characteristic of the glasses is the lack of stoichiometric ratios of the chemical com-
ponents: glass structures may be easily enriched with other components, in contents 
that may be largely changed and optimized with respect to the property required. 
Therefore the structure and chemistry of glasses can be tailored over a wide range, 
by changing either composition or thermal or environmental processing history, 
making possible to design glass scaffolds with variable degradation rates to match 
that of bone ingrowth and remodeling [23].

The requirement about surface chemistry for cell attachment, proliferation, and 
differentiation is treated in more detail in the paragraph 7.5.2.
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7.5.2  �Release of Therapeutics from Mesoporous Bioactive 
Glasses

It is recognized, from a long time, that a biologically relevant release of ionic 
products occurs from the surface of bioactive glasses. They may induce angiogen-
esis in addition to influencing gene expression and promoting osteoblastic differ-
entiation. In addition therapeutic drugs or biologically active molecules may be 
easily introduced. Owing to their high pore volume, mesoporous bioactive glasses 
offer, in this respect, additional exceptional opportunities. In the following these 
three topics will be better addressed. The first two subparagraphs refer generally 
to bioactive glasses. The third one shows the additional great opportunities linked 
to the mesoporous structure.

7.5.2.1  �Ionic Dissolution Products from Bioactive Glasses

Recently, the ionic dissolution products from bioglass (e.g., Si, Ca, P) and from 
other silicate-based glasses were shown to stimulate expression of several genes of 
osteoblastic cells and angiogenesis in vitro and in vivo, while possible antibacterial 
and inflammatory effects of bioactive glasses have also been investigated [31, 34].

A schematic overview of biological responses to ionic dissolution products of 
bioactive glasses is given in Fig.  7.12. Table  7.1 gives a summary of biological 
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Fig. 7.12  Overview of biological responses to ionic dissolution products of bioactive glasses [31]
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responses to single inorganic species. Some ionic species (Ca, Si, P...) are usually 
present because bioactive glasses are often calcium phosphosilicate; the presence of 
other species (like Zn and Mg ions) may be assured by adding their oxides to the 
batch. Glasses, in fact, have not stoichiometric composition; this last may be widely 
and continuously changed like the composition of a solution.

Unfortunately the exact mechanism of interaction between the ionic dissolution 
products of such inorganic materials and human cells is not yet fully understood. Of 
course the favorable effects are expressed in correspondence of specific extracellu-
lar matrix compositions. These topics are nowadays actively investigated [31]. The 
release rates are a function of the glass surface and bulk properties so as indicated 
in Fig.  7.12. Producing glasses with tailored ion release kinetics and controlled 
biological response in the relevant physiological environment is expected to be suc-
cessfully performed in the near future.

Table 7.1  Effect of selected metallic ions on human bone metabolism and angiogenesis: summary 
of literature studies [31]

Biological response in vivo/in vitro Reference

Si Essential for metabolic processes, formation, and calcification of bone tissue [9, 10]
Dietary intake of Si increases bone mineral density (BMD) [45]
Aqueous Si induces hydroxyapatite (HAp) precipitation [16]
Si(OH)4 stimulates collagen I formation and osteoblastic differentiation [87]

Ca Favors osteoblast proliferation, differentiation, and extracellular matrix 
(ECM) mineralization

[66]

Activates Ca-sensing receptors in osteoblast cells and increases expression 
of growth factors, e.g., IGF-I or IGF-II

[69, 100]

P Stimulates expression of matrix gla protein (MGP) a key regulator  
in bone formation

[46]

Zn Shows anti-inflammatory effect and stimulates bone formation in vitro by 
activation protein synthesis in osteoblasts

[111]

Increases ATPase activity and regulates transcription of osteoblastic 
differentiation genes, e.g., collagen I, ALP, osteopontin, and osteocalcin

[59]

Mg Stimulates new bone formation [121]
Increases bone cell adhesion and stability (probably due to interactions 
with integrins)

[121, 112]

Sr Shows beneficial effects on bone cells and bone formation in vivo [69, 67]
Promising agent for treating osteoporosis [70]

Cu Significant amounts of cellular Cu are found in human endothelial cells 
when undergoing angiogenesis

[20]

Promotes synergetic stimulating effects on angiogenesis when associated 
with angiogenic growth factor FGF-2

[26]

Stimulates proliferation of human endothelial cells [32]
Induces differentiation of mesenchymal cells toward the osteogenic lineage [88]

B Stimulates RNA synthesis in fibroblast cells [77, 19]
Dietary boron stimulates bone formation [99]
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7.5.2.2  �Therapeutic Drug or Biologically Active Molecule Release 
from Bioactive Glasses

An effective drug-delivery system should assure a controlled release of carried drug 
molecules in active form. Small molecule therapeutic drugs may cause, in fact, 
unwanted adverse events and systemic toxicity so as described and studied by phar-
macokinetics (PK), determining the fate of substances administered to a living 
organism, and pharmacodynamics (PD), studying how the drug affects the organ-
ism. A therapeutic index is defined:

	 TI LD / ED= 50 50 	

where LD50 is the dose lethal in 50% of subjects and ED50 is the dose efficacious in 
50% of subjects. Other adverse factors in systemic delivery are low aqueous solubil-
ity due to drug hydrophobicity, rapid clearance and extensive metabolism of the 
drugs in  vivo, and nonspecific tissue accumulation. All these problems may be 
solved with the use of drug-delivery platforms. A very great interest is nowadays 
addressed to the bioactive glasses, especially the mesoporous ones, for the possibil-
ity they offer to have local delivery. The synthesis of them through sol–gel chemis-
try appears particularly valuable because it can be performed at room temperature. 
Therefore proteins, drugs, or other bioactive molecules can be incorporated by add-
ing them directly to the synthesis batch since room temperature processing pre-
serves their functionality. Another approach is soaking bioactive glass samples 
(eventually produced through melt quenching) in a solution of the desired loading 
molecule, which can be entrapped inside pores with or without chemical bonding . 
It’s worth reminding, in fact, that molecules can be physically adsorbed on the pore 
or external glass surfaces; alternatively chemical bonding can be accomplished by 
the interaction of hydroxyl and amino groups of the molecules with the Si–OH 
groups and P-OH groups present on the bioactive glass surface.

Sol–gel bioactive glasses were successfully charged with antibiotics added to the 
initial alkoxide solution [34]. This is an important topic: antibiotics may avoid the 
consequences associated with the application of bone-filling materials, orthopedic 
implants, or bone replacements, inflammatory response or infections, e.g., osteomyeli-
tis. A good example of the other approach is reported for melt-derived borate glass 
powders of composition 6Na2O–8K2O–8MgO–22CaO–54B2O3–2P2O5 mol%. They 
were added [34] to a phosphate-buffered solution (PBS) with 80 mg/g vancomycin. 
The mixture was placed into rubber molds without compression and dried for 24 h, 
forming pellets which were ready to use. In vivo results showed that these borate glass 
delivery systems were effective in the treatment of chronic osteomyelitis in rabbits.

Bone morphogenetic proteins (BMPs), especially recombinant human BMP 
(rhBMP), are the main growth factors playing an important role in bone regenera-
tion and in tissue engineering. Their addition should enhance [34] the bone regen-
eration capability of scaffolds leading to successful healing of critical bone defects. 
These proteins may be added to bioactive glasses in the above described manners. 
An example was documented by Tolli (2016) [98]. Different amounts of reindeer 
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bone extract (till 40 mg) were added to carboxymethyl cellulose (CMC) to form a 
gel that was combined with granules of bioactive glass S53P4 (composition of 53% 
SiO2, 23% Na2O, 20% CaO, and 4% P2O5 in wt%) at a ratio of 40:60wt%, shaped 
into rods with diameter of 5 mm and lyophilized. Bone proteins were expected to 
adhere to the surface of the bioactive glass granules and released upon bioactive 
glass dissolution. A beneficial effect of these composite implants in filling rabbit 
tibia defects was documented [98].

7.5.2.3  �Drug Release from Mesoporous Bioactive Glasses

Enhanced in  vitro and in  vivo drug-delivery properties of mesoporous bioactive 
glasses (MBG) with respect to the non-mesoporous ones were well proved [34, 
107–109]. This can be correlated, first of all, with the greater pore volume of 
MBG. A correlation, sometimes of direct proportionality, between the efficiency of 
drug loading and the pore volume of the material was found [34].

Drug molecules can be easily incorporated within the mesopores using the 
immersion technique. The drug release pattern is influenced by the pore diameter. 
It’s worth remembering in fact that there are four different states of molecules 
hosted in MBG [34, 110]:

	1.	 Molecules lying at the window of the mesopore
	2.	 Molecules entrapped inside the mesopore without bonding
	3.	 Molecules entrapped in the mesopore with bonding
	4.	 Molecules adsorbed on the external MBG surface

As a consequence three drug release behaviors may be detected [34, 110]:

	(a)	 An initial fast release rate due to molecules in the state described at points 1 and 4
	(b)	 A reduced rate when molecules in the state 2 are released
	(c)	 A final release stage, with an even more reduced rate, involving molecules in 

the state 3

A marked influence of the pore diameter is observed on the transition from 
regime b to c. In fact when reducing the pore diameter, the pore-specific surface 
(ratio of surface to volume of the pore) increases; the result is that the proportion of 
molecules entrapped in the mesopore with bonding (type 3) increases with respect 
to the nonbonded ones (type 2) with the consequent effects on the duration and rela-
tive relevance of stages b and c.

Taking into account that the bonding within the mesopores is accomplished due 
to the interaction of the hydroxyl and amino groups of the biomolecules with the 
Si–OH groups and P-OH groups in MBG, the effects of pH may be predicted. In 
fact the changes with pH of the silanol groups protonation and deprotonation equi-
librium (Si ‐ O ‐ H ⇔ Si ‐ O -  + H+) make the interaction with biomolecules to change.

Recently on-demand release processes (also termed “switch on/off”) were pro-
posed which, in principle, allow tailored release profiles with excellent spatial, tempo-
ral, and dosage control [74, 103]. On-demand drug delivery is becoming feasible 
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through the design of stimuli-responsive systems that recognize their microenviron-
ment and react in a dynamic way, mimicking the responsiveness of living organisms.

The literature relative to nanodelivery systems that carry therapeutic molecules 
attached through covalent linkers (“conjugated”) was recently thoroughly and 
smartly reviewed [106]. It was recognized that there are numerous mechanisms of 
drug release via linker cleavage [74, 106]: ester, amide, or hydrazone hydrolysis, 
disulfide exchange, hypoxia activation, Mannich base, self-immolation, photo-
chemistry, thermolysis, and azo reduction. The conditions that control drug release 
by triggering linker cleavage involve [74, 106] pathophysiological features and sub-
cellular properties specific to diseased cells. Triggering mechanisms [74, 106] 
include tumor hypoxia (low oxygen levels due to increased metabolic rates in tumor 
cells), low intracellular pH (endosomes and lysosomes where targeted nanomateri-
als are taken up), lowered extracellular pH for tumor cells, tumor-specific enzymes 
(matrix metalloproteinase, prostate-specific membrane antigen) overexpressed on 
the cell membrane, and upregulation of glutathione.

Extracorporeal physical stimuli can be also applied. Sustained drug release can 
also be achieved by thermo-, magnetic-, light- or ultrasound-sensitive nanoparticu-
late systems.

The stimuli-responsive approach takes advantage of the existence of a great 
number of commercially available organoalkoxysilane molecules that allow easy 
surface functionalization of silica and silicates. The most popular one is amino
propyltrietoxysilane (APTS): (C2H5O)3Si(CH2)3NH2. The hydrolysis of the three 
ethoxy groups to silanol (Si-O-H) allows this molecule to graft to silica surfaces 
through condensation with silanols therein present. The non-hydrolyzable group 
linked through Si-C bond (in the case of APTS, the aminopropyl one) remains there-
fore exposed on the silica surface. This is a simple functionalizing process that 
allows to have at the surface of silica a great number of reactive groups. Examples 
of alternative commercially available organoalkoxysilane molecules are:

•	 Vinyltriethoxysilane: CH2  = CHSi(C2H5O)3

•	 3-(Trimethoxysilyl)propyl methacrylate: H2C = C(CH3)CO2(CH2)3Si(OCH3)3

•	 3-Glycidoxypropyltrimethoxysilane: CH2(O)CHCH2O(CH2)3Si(OCH3)3

As an example, a smart application of these concepts exploits [89] the low melt-
ing temperature of a nucleic acid duplex and the ability of superparamagnetic nano-
crystals covalently linked to a nucleic acid strand to capture external electromagnetic 
energy: the energy released under an alternating magnetic field allows to break the 
hydrogen bonding pattern with its complementary strand. To do this, oligonucleotide-
modified mesoporous silica, encapsulating magnetite superparamagnetic nanopar-
ticles, was capped with magnetic nanocrystals functionalized with the complementary 
strand. The chosen DNA duplex had a melting temperature of 47 °C, which corre-
sponds to the upper limit of therapeutic magnetic hyperthermia. Magnetite 
nanoparticles, produced through the Massart method and surface functionalized 
with APTS, were incorporated into mesoporous silica matrices by simply adding 
them to the synthesis reaction batch of silica. These magnetic silica particles were 
surface aminated through reaction with APTS. The oligonucleotide was anchored to 
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the aminated surfaces with the aid of a sulfo-SMCC linker (sulfosuccinimidyl-4- 
[N-aleimidomethyl]cyclohexane-1-carboxylate); 4-(N-maleimidomethyl)cyclo-
hexane-1-carboxylic acid-3-sulfo-N-hydroxysuccinimide ester). The magnetic 
component of the whole system allowed reaching hyperthermic temperatures (42–
47 °C) under an alternating magnetic field. Progressive double-stranded DNA melt-
ing, as a result of temperature increase, gave rise to uncapping and the subsequent 
release of a mesopore filling model drug, fluorescein. This example is a smart appli-
cation in which magnetic and thermal stimuli-responsive materials are coupled to 
have a remote-controlled release of drug from mesoporous materials.

Other examples are reported in the literature [74, 89, 106].

7.6  �Conclusions

Recently mesoporous bioactive glasses were synthesized for which outstanding 
applications in the biomedical field are expected.

The coupling of bioactivity to mesoporous structure allows local drug-delivery 
applications. The structure and chemistry of glasses can be tailored over a wide 
range, by changing either composition or thermal or environmental processing 
history, making possible to design glass scaffolds that match the requirements of 
porosity, bioresorbability, mechanical properties, and surface chemistry for cell 
attachment, proliferation, and differentiation.

The delivery of therapeutics is complex and offers unique perspectives. Bioactive 
glasses degrade by releasing ionic species of different types able to activate relevant 
biological responses that span from the stimulation of expression of several genes to 
angiogenesis and antibacterial effects. Some ionic species (Ca, Si, P...) are usually 
present because bioactive glasses are often calcium phosphosilicate; the presence of 
other species (like Zn and Mg ions) may be assured by adding their oxides to the 
batch. Glasses, in fact, have not stoichiometric composition; this last may be widely 
and continuously changed like the composition of a solution. Antibiotics and proteins 
may be easily added to bioactive glasses through soaking techniques. When using the 
sol–gel synthesis, they can be directly added to the synthesis reaction batch, thanks to 
the low synthesis temperatures at which their functionalities are preserved.

Enhanced in vitro and in vivo drug-delivery properties are recorded in the case of 
bioactive glasses possessing mesoporous structure, thanks to their high pore volume 
and possibility of modulating pore size. High pore volumes assure high payloads. 
The release kinetics are sensitive to the pore size. Finally mesoporous glasses may 
be easily surface functionalized. This makes possible to design “switch on/off’” 
release platforms.
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