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In modern societies, the development in science and medicine
has resulted in an increase of life expectancy, which leads to an
aging population and, subsequently, an increase in the incidence
in bone diseases. This fact has raised a general concern about bone
diseases, which has led to declare this decade as the “Bone and
Joint Decade” in the USA. The current tendency in this area has
shifted from tissue replacement to tissue regeneration.1

Today, one of the bone diseases with a major impact is
osteoporosis, in which bones become fragile and are more likely
to break. Within the several research efforts from the scientific
community to find solutions to this disease, bisphosphonates are a
family of drugs that inhibit bone resorption by osteoclasts.
Bisphosphonates are analogues of pyrophosphates, with nonhydro-
lyzable P-C-P groups rather than P-O-P, which makes them
resistant to hydrolysis and therefore showing a poor intestinal
absorption, typically less than 1%.2 They can also be useful to
facilitate the regeneration of skeletal parts when it is needed for
bone defects. Nowadays, bisphosphonates are orally administrated
with the drawback of the very low adsorption. The possibility of
using siliceous ordered mesoporous materials3 for controlled
delivery systems has been reported for a wide range of drugs.4 The
possibility of combining bisphosphonates with these systems seems
to be very attractive. The confinement of bisphosphonates in the
pores of silica-based ordered mesoporous materials for a local and
controlled drug delivery would be a novel application for this kind
of systems, useful for repairing bone defects and presumably
showing a better adsorption behavior. Moreover, and enhancing
this new application, silica-based ordered mesoporous materials
have been found to induce apatite formation in physiological fluids,5

opening the gates to new possibilities in tissue engineering. This
feature together with the possibility of confining bisphosphonates
in the pores suggests novel expectancies in bone tissue repairing
and regeneration, which was the aim of this work.

Two types of hexagonal ordered mesoporous materials, MCM41
(DP ) 3.8 nm) and SBA15 (DP ) 9.0 nm), were used as matrices
for alendronate (bisphosphonate) adsorption and release (Figure 1).6

In both systems, the surfaces of the pore walls were organically
modified with amine groups.7 The amine functionalization was
confirmed by FTIR, N2 adsorption, and elemental analysis (see
Supporting Information). XRD patterns ensured that the ordered
mesoporous framework of the materials was unaffected by the
modification conditions (Figure 2a). However, the total pore volume
and diameter were considerably decreased, ca. 60% for MCM41
and ca. 40% for SBA15, as a consequence of the grafting of PrNH2

to the pore walls in the modification process (Figure 2b).
After 24 h in an aqueous alendronate solution, the amine-

modified materials showed a drug loading almost 3 times larger
than that of the unmodified materials (Figure 3a). This different
behavior could be explained by the different chemical interaction
between the phosphonate groups in alendronate with the silanol

groups in the case of unmodified materials and with the amine
groups covering the surface of the mesopore walls of the modified
materials.8 In the loading conditions, at pH 4.8, the interaction
between silanol in the substrate and phosphonate of the adsorbed
drug is weaker than that of the amine to phosphonate. This leads

Figure 1. Alendronate adsorption on hexagonally ordered mesoporous silica
functionalized with propylamine groups.

Figure 2. (a) XRD patterns of MCM41 materials before and after amine
modification and further alendronate adsorption. (b) N2 adsorption isotherms
of MCM41 materials before and after amine functionalization and further
bisphosphonate adsorption.

Figure 3. (a) Maximum load of alendronate in ordered mesoporous
materials. (b) Release profiles of alendronate from the pure siliceous and
amino-modified ordered mesoporous materials.
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to an adsorption of alendronate molecules when the materials are
amine-modified, 22% in SBA15-NH2 and 37% in MCM41-NH2,
that is greater than that when their surface remains unmodified,
8% in SBA15 and 14% in MCM41.

Loading on the mesoporous matrices was performed mainly in
the inner surface of pores without affecting the hexagonal order of
the mesopore channels on both materials, as it was confirmed by
XRD (Figure 2a). Spacing of the main reflections attributed to the
hexagonalp6mm symmetry group remained unaltered after both
the surface modification with PrNH2 chains and further alendronate
adsorption in MCM41 and SBA15 materials. Bisphosphonate drug
loading reduces the available inner surface of mesopores in materials
(Figure 2b) as well as the volume of the primary mesopores, those
produced by the template. The mesopore sizes, corrected using the
KJS procedure,9 show similar behavior, and both the silica surface
modification and bisphosphonate adsorption reduce the mesopore
widths according to the length of the PrNH2 chains (ca. 0.82 nm)
and that of the alendronate molecule (ca. 0.87 nm). The decrease
of the pore size is more significant for SBA15, where amino-
modified substrate shows a pore width 1.5 nm smaller than that of
the raw material, almost twice the size of every PrNH2 chain. For
MCM41, the decrease in pore sizes is less noticeable (ca. 1.1 nm),
which is attributed to some rearrangement of Pr-NH2 groups in
small mesopores. When both pure silica and modified materials
are loaded with alendronate, the pore sizes are also noticeably
reduced in an amount that is related to the total of adsorbed
alendronate in every material. For high-loading materials, such as
MCM41-NH2, the initial pore width reduces to the micropore range
which points out to an almost total occlusion of the pore entrance
due to the adsorbed drug. Likewise, it could be observed that, as
the pore size decreases from unmodified SBA15 to modified
MCM41, the reduction on the pore diameter due to PrNH2 grafting
and sodium alendronate loading also decreases.

The interaction between surface and alendronate changes when
materials are placed at pH 7.4 for testing the release mechanism.
The differences in the polarity between the silica surface and the
bisphosphonate, or between the PrNH2-covered surface and bis-
phosphonate, induce the weakening of the adsorbed molecules, and
the latter are slowly released to the media. Different release kinetics
can be found for the mesoporous matrices as a function of both
their surface areas and mesopore sizes. For current applications, it
is assumed that the alendronate release mechanism is due to
diffusive transport through the ordered array of mesopores since
the silica matrix is virtually insoluble at pH 7.4. In materials with
high surface areas and small mesopores, the diffusion of bispho-
sphonate molecules to the liquid media is a surface-dependent
phenomenon that can be predicted by a first-order kinetics10 (Figure
3b). It is worth mentioning the deviation from the exponential decay
behavior of the bisphosphonate delivery from amino-functionalized
MCM41. In this case, the decrease on the mesopore surface area
due to functionalization as well as the partial surface dissolution
of the amino-modified silica matrix after long periods in the release
medium may involve slight changes in the release mechanism to
different diffusion processes or even a dissolution-diffusion
process.

When the mesoporous silica shows smaller surface area and
larger mesopore size than in the previous case, the solvent accessible
area does not significantly change along the release period and no
equilibrium conditions are achieved. Therefore, the diffusive

behavior of the adsorbed molecule through the mesopores can be
calculated using a zero-order or lineal model10 (Figure 3b). It has
to be noted that alendronate concentration in the media increases
very fast in the initial testing time due to the release of the molecules
adsorbed in the outer surface of silica matrices. This burst effect
has been taken into account in the kinetic analysis of bisphosphonate
desorption in the tested environment. It can be noted that the
previously mentioned electrostatic host-guest interaction induces
the partial retention of bisphosphonate on the silica walls surround-
ing the ordered array of mesopores. The presence of microporous
connection between adjacent mesopore channels11 may also account
for the partial drug retaining.

In conclusion, bisphosphonates, well-known drugs for inhibiting
bone resorption interfering with the action of osteoclasts, have been
loaded in siliceous ordered mesoporous materials in an effort to
design a controlled drug delivery system to be used for repairing
bone defects. Up to date, bisphosphonates have been introduced in
the body through oral ingestion, with the drawback of a very poor
intestinal absorption. With the system presented here, the drug
intake rate can be increased from 1% up to a 40% of bisphospho-
nate. Moreover, the possibility to use alendronate-loaded mesopo-
rous silica to manufacture implants for bone defect repairing/
regeneration represents an added value. This novel feature is
important from the point of view of avoiding a drug overdose on
the whole body. The amount and delivery rate of bisphosphonate
can be modulated through an organic modification on the surface
of the pore walls present in the investigated mesoporous materials.
When amine groups are being covalently grafted to the silanol
groups on the pore surfaces, the bisphosphonate adsorption is
increased almost 3-fold, with the subsequent intensification of the
drug dosage in the required area.
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(11) Impéror-Clerc, M.; Davidson, P.; Davidson, A.J. Am. Chem. Soc.2000,
122, 11925-11933.

JA062286Z

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 128, NO. 25, 2006 8117




