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Abstract: Ordered silica-based mesoporous materials could be specially designed and chemically modified for the ad-

sorption of drugs that would be locally released. The drug adsorption and release kinetics are controlled by several factors 

such as pore size, volume, architecture and chemistry of the silica walls.  
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INTRODUCTION 

 The drug release from bioceramic matrices has a double 
scope. One is aimed to locate organic molecules on biomate-
rials the application of which is to reconstruct or regenerate 
living tissues together dealing with infections or inflamma-
tions, consequence of chirurgical implantation. The second 
one consists on the more traditional systems of introducing 
drugs for oral use. Considering the first approach, the main 
interest is the introduction of drugs, peptides, proteins or 
bone growth factors in ceramic materials that will be em-
ployed for the production of implants. 

 The ceramics with medical applications is an interesting 
research and development field for obtaining biomaterials 
useful for the implant production and/or fixation [1-4]. With 
biomaterials, and more specifically with bioceramics, many 
parts of human body can be replaced or repaired [1,5]. Inde-
pendently of the type of the ceramic used and the way of 
implantation, the introduction of an implant in a living body 
always causes inflammation phenomena and, frequently, 
infection processes. These problems can be overridden by 
using local drug delivery systems to confine pharmaceuti-
cals, as antibiotics, anti-inflammatory, anti-carcinogens, etc. 
[6-8]. The possibility of introducing certain drugs into the 
ceramic matrices employed for bone and teeth repair is, un-
doubtedly, an added value to be taken into account. 

 The utilization of the conventional high temperature pro-
cedures to conform ceramics in the desired form is a very 
common strategy. The degradation temperature of pharma-
ceutical compounds is normally around 100ºC, which is very 
low compared to the high temperature needed for the pieces 
to be compacted, that is around 1000ºC. Consequently, this 
is the main problem to include pharmaceuticals in these con-
ventional ceramic implants. So the scientific community is 
currently demanding new procedures for incorporating drugs 
into implantable biomaterials.  

 The possibility of ceramic implants to work as drug de-
livery systems is an added value in addition to all the ce-
ramic properties. For this purpose, firstly, drug molecules 
have to be confined into the empty pores of the ceramic  
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matrix (drug-loading) and then the drug is released in a con-
trolled fashion (drug-delivery). In this way, the first step 
consists on designing the ceramic with high porosity and 
tailored pore number, size, shape, distribution and connec-
tivity. This design is carried out depending on the drug to be 
confined and subsequently released on the chemical nature 
of the wall to achieve a greater control of the chemical inter-
action between the silica and drug. With this aim, the size of 
guest drug molecules included into the bioceramic matrix 
has to be considered. In general, the size of drug molecules 
falls within the nanometer scale and consequently, every 
porous material showing pore sizes higher than one nanome-

ter is expected to host these drug molecules. 

ORDERED MESOPOROUS MATERIALS VS CON-

VENTIONAL CERAMICS 

 Conventional ceramics have been used as host materials 
for a variety of drugs against inflammation after material 
implantation. Imaginative drug loading strategies have been 
developed to avoid high temperature treatments that would 
decompose the loaded drugs [9,10]. Using such procedures, 
controlled drug loading and delivery have been achieved 
through room temperature routes. Therefore, ceramic pieces 
that could act as drug delivery systems have been produced 
to be used as implants to regenerate bone tissues. When gen-
tamicin was confined in bioactive sol-gel glasses, which 
were implanted into rabbit femur, the maximum gentamicin 
levels were observed in the proximal bone. Other vital or-
gans were almost gentamicin-free, which confirmed the local 
delivery of the drug where the implant was fixed (Fig. (1)) 

[9,10].  

 In some cases, high homogeneity can be reached, but 
traditional ceramic synthesis procedures usually lead to het-
erogeneous drug loading because the ceramic porosity is not 
specially designed. For the sake of obtaining a better effi-
ciency in the drug loading and release and reproducible re-
sults, the used matrices should have homogeneous porous 

systems. 

 If drugs have to be placed into pores, a material with a 
homogeneous ordered pore distribution should be specially 
designed. In such material, the drug adsorption and subse-
quent delivery will be more regular and reproducible than 
that coming from a disordered pore distribution. A step for-
ward to this type of systems is the transition from non-
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designed materials (conventional ceramics) to specially de-
signed porous matrices (ordered mesoporous materials). 

 In 1992, a research team from Mobil Oil Company syn-
thesised a new family of materials, the so-called M41S that 
presents ordered pore distributions, with homogeneous sizes 
(Dp) ranging between 2 nm and 10 nm [11,12]. These mate-
rials present a very high pore volume (Vp), ca. 1 cm

3
/g, and 

a surface area (SBET) between 500 m
2
/g and 1000 m

2
/g. All 

these properties make these materials as potential candidates 
to adsorb a large amount of molecules such as drugs and 
then release them during long periods of time in an appropri-
ate medium [8]. The possibility of using silica-based meso-
porous materials to confine drugs and then release them in a 
controlled manner and their bioactive behaviour are two out-
standing properties of these materials. The combination of 
these two particular properties opens the gates for using this 
type of ceramics in the biomedical research area [3,13]. 
Thus, these materials would be able to act as cellular scaf-
folds where proteins, peptides or growth factors can be easily 
incorporated and subsequently released to the surrounding 
environment promoting cell proliferation and differentiation. 
Since 2001, around 100 publications have been reported on 
this application field. 

 From the starting M41S family, novel mesoporous sys-
tems have been developed by modifying the synthesis meth-
ods. These new mesoporous materials normally show homo-
geneous and ordered mesopore architecture with different 
structures, from simply hexagonal planar (MCM-41, SBA-
15) [14,15] to more complicated 3-dimensional frameworks 
with interconnected porosities (MCM-48, SBA-16) [16,17]. 

Although cubic structures have been used for the adsorption 
and release of drugs [18], the 2-dimensional hexagonal pla-
nar matrices seem to show more effective and reproducible 
results, since the diffusion paths are promoted for the drug 
molecules. The drug loading produces a remarkable reduc-
tion of the pore size and volume that can be observed in the 
N2 adsorption isotherms in Fig. (2) where ibuprofen was 
loaded onto MCM-41 mesoporous materials [8].  

Fig. (2). Ibuprofen confinement in MCM-41 mesoporous matrices 

(SBET is the specific surface area calculated using the BET method 

[19]. Vp is the total pore volume measured at P/P0 0.998).

Fig. (1). Examples of ceramics used for drug release in implants for bone repairing and reconstruction. The table in the upper part shows data 

of gentamicin confined in a bioactive glass implant [10]. 
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DRUG CONFINEMENT AND DELIVERY IN OR-

DERED MESOPOROUS MATRICES 

 Once the mesoporous matrix has been selected attending 
to the characteristics of the drug and the application, the drug 
loading is performed by direct impregnation methods. The 
mesoporous matrix is placed either as powder particles with 
regular sizes or as compacted pieces into the solution of the 
drug with a given concentration. In this impregnation proce-
dure several factors have to be considered like the solution 
pH, temperature, drug solubility and polarity and generally 
its chemical nature. The release process is then carried out 
placing the drug-loaded mesoporous matrices into a solution 
and monitoring the drug concentration along the test time. In 
particular, a good election is a simulated body fluid, [20] 
which is related to the human blood plasma or even a 
physiological serum for facilitating the detection procedure 
(Fig. (3)). 

Fig. (3). Experimental methods for the loading and release of drugs 

from ordered mesoporous matrices.

 The selection of the loading solvent will have an effect 
on the amount of loaded drug. Thus when polar drug mole-
cules such as amoxicillin [21] or gentamicin [22] are tar-
geted, a polar solvent like water have to be used to enhance 
the concentration of drug into the pores. Sodium alendronate 
[23,24] is a water-soluble salt, so an aqueous saline solution 
buffered at pH 4.8 was used to load this drug into meso-
porous matrices. On the other hand, when a non-polar drug is 
aimed like ibuprofen, the chosen solvent also needs to be 
non-polar like hexane. Intermediate cases can also be found 
like erythromycin [25] that has to be loaded using acetoni-
trile. In any case, all these parameters should be always fixed 
before the drug adsorption and release (Fig. (4)).  

 The drug loading into the mesoporous matrices is con-
trolled by the chemical nature of the pore walls. The inor-
ganic network of silica-based ordered mesoporous materials 
is plenty of silanol groups (Si-OH) that would interact with 
the functional groups of the drug. Depending on the strength 
of this attracting interaction, the drug retention will be modu-
lated. Thus, ibuprofen that has a carboxylic acid group 
would form hydrogen bonds with the silanol groups and con-
sequently drug molecules would be retained into the 
mesopores [8].

 Silanol groups on the pore walls are also susceptible of 
undergoing a chemical modification with a large variety of 

organic groups through a functionalisation process. Indeed, 
the pore-wall modification would be performed depending 
on the functional groups of the drug molecules to be ad-
sorbed. Thus sodium alendronate, a drug employed for os-
teoporosis treatments, has two phosphonate groups that would 
undergo stronger attracting interactions with amine groups 
than with silanols [23]. Therefore, if the pore wall surface is 
covered by amine groups, there would be a larger alendro-
nate loading than in unmodified materials. In the case of 
hexagonally-ordered SBA-15, the alendronate loading was 
increased from 8% in unmodified matrices (Dp = 9.0 nm) up 
to 22% for amine-grafted materials (Dp = 7.5 nm). The same 
trend was observed for MCM-41 (Dp = 3.8 nm), ranging 
from 14% (unmodified) upto 37% (amine modified, Dp = 
2.7 nm) [23], as it can be observed in Fig. (5). A similar ef-
fect on the ibuprofen loading and delivery kinetics was ob-
served when amine-modifying the silica walls of MCM-41 
[26,27].  

 A greater alendronate adsorption was achieved when 
amine modification was carried out on MCM-41 and SBA-
15 mesoporous matrices. The chemical design of the pore 
walls is always aimed to increase the loading degree, though 
in some cases the pore size reduction due to functionaliza-
tion decreases it. Nevertheless, the functionalisation process 
also affects the release kinetics of the adsorbed drugs, effec-
tively reducing the delivery rate in the same testing condi-
tions. For unmodified SBA-15 matrices, the release of ad-
sorbed alendronate is completed after 10 days of assay, while 
for amino-functionalised SBA-15 matrices ca. 70% of the 
total drug loading is released within the same time (Fig. (5)). 
Similar behaviour was observed for MCM-41 materials 
where amino-grafted matrices developed a slower delivery 

rate of the total amount of adsorbed alendronate [23].  

CONCLUSIONS 

 Silica-based ordered mesoporous materials with designed 
porosity have been used as drug delivery systems in homo-
geneous and reproducible performances. The drug loading 

Fig. (4). Conditions employed with several drugs for their anchoring 

on mesoporous matrices. 
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and delivery conditions have been established depending on 
the drug chemistry. All these procedures enhance the drug 
adsorption and control release in the physiological condi-
tions. The chemical nature of the silica pore walls has been 
modified to modulate the confinement and delivery kinetics 
of the drug. 

ACKNOWLEDGMENTS 

 Authors thank the financial support by Spanish CICYT 
(MAT2005-01486) and CAM (S-0505-MAT-0324) research 
projects. 

REFERENCES 

[1] Vallet-Regí, M. J. Chem. Soc. Dalton Trans., 2001, 2, 97. 
[2] Vallet-Regí, M.; Arcos, D. Curr. Nanosci., 2006, 2, 179. 

[3] Vallet-Regí, M. Chem. Eur. J., 2006, 12, 5934. 
[4] Vallet-Regí, M. Mat.-Wiss. U. Werkstofftech., 2006, 37, 478. 

[5] Black, J.; Hastings, G. Handbook of Biomaterial Properties. Chap-
man & Hall: New York, 1998.

[6] Ragel, C. V.; Vallet-Regí, M. J. Biomed. Mater. Res., 2000, 51,
424. 

[7] Arcos, D.; Ragel, C. V.; Vallet-Regí, M. Biomaterials, 2001, 22,
308. 

[8] Vallet-Regí, M.; Rámila, A.; del Real, R. P.; Pérez-Pariente, J. 
Chem. Mater., 2001, 13, 308. 

[9] Meseguer-Olmo, L.; Ros-Nicolás, M. J.; Clavel-Sainz, M.; Vicen-
te-Ortega, V.; Alcaraz-Baños, M.; Lax-Pérez, A.; Arcos, D.; Ragel, 

C. V.; Vallet-Regí, M. J. Biomed. Mater. Res., 2002, 61, 458. 
[10] Vallet-Regí, M.;Ragel, C. V.; Arcos, D.; Clavel, M.; Meseguer, L. 

Spanish Patent no. P22001-01386. 2181593 
[11] Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, 

J. S. Nature, 1992, 359, 710. 
[12] Beck, J. S.; Vartuli, J. C.; Roth, W. J.; Leonowicz, M. E.; Kresge, 

C. T.; Schmitt, K. D.; Chu, C. T-W.; Olson, D. H.; Sheppard, E. 
W.; McCullen, S. B.; Higgins, J. B.; Schlenker, J. L. J. Am. Chem.

Soc., 1992, 114, 10834. 
[13] Vallet-Regí, M.; Ruiz-González, L.; Izquierdo, I.; González-Calbet. 

J. M. J. Mater. Chem., 2006, 16, 26.  
[14] Firouzi, A.; Atef, F.; Oertly, A. G.; Stucky, G. D.; Chmelka, B. J.

Am. Chem. Soc., 1997, 119, 3596.  
[15] Zhao, D.; Feng, J. P.; Huo, Q.; Melosh, N.; Fredrickson, G. H.; 

Chmelka, B. F.; Stucky, G. D. Science, 1998, 279, 548. 
[16] Sakamoto, Y.; Kaneda, M.; Terasaki, O.; Zhao, D. Y.; Kim, J. M.; 

Stucky, G. D.; Shin, H. J.; Ryoo, R. Nature, 2000, 408, 449. 
[17] Ravikovitch, P. I.; Neimark, A. V. Langmuir, 2002, 18, 1550. 

[18] Izquierdo-Barba, I.; Martinez, A.; Doadrio, A. L.; Pérez-Pariente, 
J.; Vallet-Regí, M. Eur. J. Pharm. Sci., 2005, 26, 365. 

[19] Brunauer, S.; Emmett, P. H.; Teller, E. J. Am. Chem. Soc., 1938,
60, 309. 

[20] Kokubo, T.; Kushatani, H.; Sakka, S.; Kitsugi, T.; Yamamuro, T. J.
Biomed. Mater Res., 1990, 24, 721. 

[21] Vallet-Regí, M.; Doadrio, J. C.; Doadrio, A. L.; Izquierdo-Barba, 
I.; Pérez-Pariente, J. Solid State Ionics, 2004, 172, 435. 

[22] Doadrio, A. L.; Sousa, E. M. B.; Doadrio, J. C.; Pérez-Pariente, J.; 
Izquierdo-Barba, I.;Vallet-Regí, M. J. Control. Rel., 2004, 97, 125. 

[23] Balas, F.; Manzano, M.; Horcajada, P.; Vallet-Regí, M. J. Am.
Chem. Soc., 2006, 128, 8116. 

[24] Vallet-Regí, M. Dalton Trans., 2006, 5211. 
[25] Doadrio, J. C.; Sousa, E. M. B.; Izquierdo-Barba, I.; Doadrio, A. 

L.; Pérez-Pariente, J.; Vallet-Regí, M. J. Mater. Chem., 2006, 16,
462. 

[26] Babonneau, F.; Camus, L.; Steunou, N.; Rámila, A.; Vallet-Regi, 
M. Mater. Res. Soc. Symp. Proc., 2003, 775, 3261. 

[27] Babonneau, F.; Yeung, L.; Steunou, N.; Gervais, G.; Rámila, A.; 
Vallet- Regí, M. J. Sol-Gel Sci. Tech., 2004, 31, 219. 

Received:  31 July, 2006 Revised: 24 October, 2006 Accepted: 05 December, 2006 

Fig. (5). Adsorption and release of alendronate from hexagonally 

ordered mesoporous matrices with different pore sizes. Comparison 

between unfunctionalised matrices and amino-grafted matrices. 


