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Anti-Osteoporotic Drug Release from Ordered Mesoporous Bioceramics:
Experiments and Modeling
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Abstract. The release of a potent bone-resorption inhibitor such as zoledronate from a versatile drug
delivery system such as SBA 15 has been modeled. The initial and boundary conditions have been
defined, together with the system parameters, including the determination of equilibrium and transport
parameters. Additionally, the experimental model of the same system has been observed to validate the
prediction here developed. This approach represents a powerful tool for the designing of mesoporous
implantable drug delivery systems because their release kinetics can be predicted in advance, and this
leads to a considerable time and resources saving.
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INTRODUCTION

Drug delivery systems are nowadays one of the most
promising fields in biotechnology. They are based on the process
of administering a pharmaceutical product to achieve the
desired therapeutic effect. The goal of drug delivery systems is
to maintain the concentration of drugs in the precise sites of the
body within the optimal dosage and below the toxicity levels to
improve the therapeutic efficacy and reduce toxicity (1). There
are several organic materials that have been employed as drug
delivery vectors, such as polymeric nanoparticles, liposomes,
and micelles, and other inorganic materials with better chemical
and mechanical stability that are nontoxic and biocompatible,
such as certain porous silicamaterials. In addition, these delivery
vectors are of particular interest when unstable or very poorly
soluble drugs need to be employed.

An important advance on this type of technology has arisen
with the development of targeted delivery systems to direct the
drugs where they are specifically needed. In fact, a great effort is
currently being devoted in biomedicine to deliver the pharma-
ceutical compounds to the patient through the use of the most
appropriated route from the physiological point of view. In
conventional medicine, the most common routes for taking
drugs are oral administration, injection, and transdermal treat-
ments. However, depending on the therapy, these methods
might present a lack of efficiency, as it happens to occur in the

case of bone tissue pathologies where the area is poorly
irrigated. In those cases, for the treatment of bone tissue,
implantable drug delivery systems for local drug release should
be employed. In those cases, the employed materials should
perform the desired biological response when dealing with the
physiological environment together with the ability of releasing
the desired payload of drugs. Regarding these tasks, nano-
structured mesoporous silica materials have been shown to
fulfill both of them: they can regenerate osseous tissue (2,3) and
they are able to act as controlled release systems (4).

The unique properties of ordered mesoporous materials
have promoted their employment on biomedical applications as
implantable drug delivery bioceramics (5,6). Their high surface
area (∼1,000 cm2/g) assures a high potential for drug adsorption.
Their high pore volume (∼1 cm3/g) allows the hosting of a great
amount of biomolecules into their mesostructure of cavities.
Their well-ordered mesopore distribution guarantees
homogeneity and reproducibility on drug adsorption and
release processes. The feasible functionalization of their walls,
which present a high density of silanol groups, allows to design
matrices to improve the adsorption capacity or retard the
release kinetics of the adsorbed biomolecules. In addition to
all of this, their chemical composition, similar to bioglasses (7),
makes them appropriate materials to be employed in osseous
regeneration technologies (8).

In the treatment of bone tissue pathologies, especially on
those osteoarticular disorders associated with increase bone
resorption such as osteoporosis, Paget’s disease, and osteo-
lytic tumors, bisphosphonates like zoledronate (Fig. 1) are
currently being employed (9). However, these pharmaceutical
agents present low intestinal adsorption when orally admin-
istrated (10), with an intestinal adsorption of less than 1%.
Therefore, high doses of these drugs are needed to reach the
action areas which provoke gastrointestinal disturbances (11),
chronic renal failures, and osteonecrosis of the jaws (12). An
alternative for this treatment is employing implantable drug
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delivery vectors to release the pharmaceutical agent exactly
in the place where it is specifically needed. This technology
has been explored using polymeric microspheres (13,14),
organic–inorganic composites (15), and calcium phosphates
(16,17). It is also possible to employ the abovementioned
ordered mesoporous ceramics to exploit all the advantages
that these systems present over traditional systems (18–21).

In all drug delivery systems, as in the whole pharmaco-
therapy, the development of systems capable of predetermine
the release profile of a drug is an important tool (22). In the
present work, the release of zoledronate from SBA 15
materials has been modeled; to verify this prediction, SBA
15 materials have been loaded with the same bisphosphonate
and release experiments have been carried out aiming to
validate the model here proposed with experimental data.

EXPERIMENTAL

Materials

Tetraethyl orthosilicate (TEOS, Aldrich) was used as
received. Reagent-grade hydrochloric acid (HCl, 37%, Pan-
reac), sodium hydroxide (NaOH, 98%, Panreac), sodium
chloride (NaCl, 98%, Panreac), and tris(hydroxymethyl)
aminomethane ((HOCH2)3CNH2, 99.9%, Aldrich) were used
without further purification. Polyoxyethylene–polyoxypropy-
lene block copolymer (PEO20-PPO70-PEO20, Pluronic®
P123) was kindly supplied by BASF Co. (New Jersey,
USA). Chromasolv® acetonitrile and water for HPLC
(gradient grade) were obtained from Sigma-Aldrich. Zoledr-
onate, (1-hydroxyl-2-imidazol-1-yl-1-phosphonoethyl)phos-
phonic acid, (C5H10N2O7P2), a potent inhibitor of
osteoclastic bone resorption, was kindly provided by Novar-
tis, and it was used without further purification.

Methods

Ordered mesoporous SBA 15 bioceramics were synthe-
sized following the procedure described by Zhao et al.
elsewhere (23). The template solution was produced dissolv-
ing 4 g of the surfactant Pluronic® P123 in deionized water
(104 mL) and 37% HCl (20 mL) under magnetic stirring.
Once the surfactant was completely dissolved, TEOS
(9.6 mL) was added to the template solution to yield a molar
composition of 1.0SiO2:0.017P123:6.03HCl:145H2O. This sol-
ution was magnetically stirred for 12 h at room temperature

in a sealed Teflon container and subsequently aged at 100°C
for 24 h. The obtained solid silica particles were then filtered,
washed with deionized water, and dried at 60°C for 12 h. To
conclude, the obtained powder was thermally treated at 550°C
under N2 flow for 2 h and then under atmospheric air for
further 2 h, leading to the surfactant removal.

Material Characterization

Small-angle X-ray diffraction (XRD) was employed to
confirm the ordered mesostructure of the produced material.
XRD patterns were recorded in a Philips X’Pert diffractom-
eter equipped with Cu Kα (40 kV, 20 mA) over the range 0.6–
10.0° with a step of 0.02° and an analysis time of 5 s.

The surface characterization of materials was carried out
by N2 adsorption/desorption analysis at −196°C using a
Micromeritics ASAP2010 analyzer. To perform the test,
50 mg of material was degassed at 60°C for 24 h under a
vacuum lower than 10−5 Torr before the analysis.

The chemical composition of the silica material was
confirmed using Fourier-transformed infrared (FTIR) spec-
troscopy, which was performed with a Nicolet Nexus spec-
trometer using the KBr pellet method. In addition, the
complete surfactant removal was confirmed by elemental
analysis, in a PerkinElmer 2400 CHN analyzer, and thermog-
ravimetric analysis, in a dynamic nitrogen atmosphere
between 30°C and 950°C (air flow rate of 50 mL min−1 with
a heating rate of 10°C min−1) using a PerkinElmer Pyris
Diamond analyzer.

Zoledronate Loading and Release

Zoledronate adsorption was performed by soaking 800 mg
of powered SBA 15 material in 8 mL of an aqueous zoledronate
solution (40 mg mL−1) buffered at pH 6 for 24 h at 37°C. Then,
the loaded materials were centrifuged, rinsed with deionized
water, and centrifuged again to remove the non-adsorbed drug
molecules. Zoledronate loading was confirmed using FTIR
spectroscopy and quantified using X-ray fluorescence (XRF)
spectroscopy in a Philips PANanalytical AXIOS spectrometer,
in whichX-rays were generated using theRhKα line at λ=0.614
Å. After drying the loaded materials, portions of 100 mg of
zoledronate-loaded materials were then compacted using
uniaxial and isostatic pressures at room temperature to obtain
disks with diameters of 13 mm.

Fig. 1. Chemical structure of zoledronate (diameter of ca. 1 nm), a bisphosphonate
employed in the treatment of certain bone tissue diseases
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The in vitro delivery assays were performed by soaking
each disk of SBA 15 material in 10 mL of NaCl 0.9% solution
at 37°C and physiological pH 7.4. To avoid limitation of the
delivering rate by external diffusion constrains, continuous
stirring was maintained during the delivery assays. The
delivered zoledronate concentration was monitored by
reversed-phase high performance liquid chromatography
(RP-HPLC) in a Waters Alliance automatic analysis system
comprising a Model 2695 separations module and a Model
2996 photodiode array detector. The RP-HPLC procedure for
the determination of zoledronate was carried out with a 250×
4.6 mm prepacked analytical column XTerra RP18 (Waters)
containing 5-μm C-18 functionalized silica beads. The iso-
cratic mobile phase was a mixture of a 10 nM phosphate
aqueous solution and methanol (90:10, v/v) at 0.7 mL min−1

and 25°C. The injection volume was 10 μL, and detection was
performed by UV at 210 nm. Under these conditions, the
retention time of zoledronate was 3.8 min. Several
zoledronate solutions at concentrations of 0, 0.125, 0.25,
0.375, 0.5, 0.625, 0.75, 0.875, and 1 mg mL−1 in aqueous
NaCl 0.9% buffered at pH 7.4 were used as standards. The
calibrated plot showed a good correlation coefficient >0.99.
The chromatographic peaks were observed to be stable and
at the same retention time during the analysis.

Modeling

The drug release processes could be described by means
of mass balances, on differential volumes, in transient and
accounting for transport phenomena and reactions. Mathe-
matically, this means that the phenomena were described by
systems of partial differential equations (PDEs). The non-
linearity of the problem, as well as parameter variability and
complex shapes which could be involved, asks for numerical
solutions. The most effective method to solve sets of PDEs is
the class of finite element methods (FEM) (24). The FEM
software used in this work to implement the simulations is
COMSOL Multiphysics® 3.4 (Copyright © 1994–2007 by
COMSOL AB, Tegnérgatan 23 SE-111 40 Stockholm). It is a
powerful interactive environment for modeling and solving all
kind of scientific and engineering problems based on PDEs;
this software allows transforming conventional models for
each kind of physical model into multiphysics models, which
solve coupled physics phenomena simultaneously (25). The
development and implementation of the simulations have
been carried out with the help of a workstation based on the
processor Intel® Core™2 Duo E8500, with a clock rate of
3.16 GHz and a RAM of 3 GB, 800 MHz.

During the release process of a drug loaded into a porous
matrix, the system can be described as a biphasic medium,
constituted by the matrix on which the active principle is
joined (the bio-ceramic) and a fluid phase (initially solute
free) that penetrates porous structure’s cavities and dissolves
the drug, making it capable to diffuse out to the external
medium. Between the two phases, equilibrium and mass
transfer phenomena establish, whose modeling can be
described through equilibrium relations, mass transfer equa-
tions and material balances, implemented with reference to
the transferring component (the drug), on differential vol-
umes of the system (the mesoporous bio-ceramic particle).
The object of modeling is the determination of both the

concentration of the drug immobilized in the solid matrix (Q,
mgdrug/mgmatrix) (Eq. 1) and the concentration of the drug in
the dissolution medium which infiltrates into the pores (C,
mgdrug/mgfluid) (Eq. 2).

Q ¼ Q t; x!;0
� � ð1Þ

C ¼ C t; x!;0
� � ð2Þ

Both the concentrations are functions of independent
temporal (t) and spatial x!� �

variables and of the system’s
physical parameters vector (Λ).

Accounting for the flux from the solid phase toward the
fluid phase and for the diffusion in the fluid phase, within the
mesoporosity into the bio-ceramic particle, Galdi and Lam-
berti (26) proposed the following model (Eq. 3):
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where kc is the drug molecule transfer coefficient from the
pore surface to the fluid phase (per second): the greater its
value, the smaller the resistance to the transport encountered
by the drug. C* represents the drug concentration at solid–
fluid interface (fluid side), in equilibrium with the solid-side
concentration Q* (supposed as uniform on the whole internal
channels’ surface, i.e., Q=Q*), according to the simple
partition relation in which K is the partition factor. The
water molecule is very small in comparison with the drug
molecule, so the diffusion of water within the pores is faster
than the drug desorption and diffusion, at least of some order
of magnitude. A largely faster phenomenon does not have
any effect on the overall release kinetics, and thus, it can be
neglected from the modeling point of view.

To be solved, the model requires the definition of
appropriate initial and boundary conditions, the knowledge
of the system’s parameters (geometry, porosity ε=0.76,
estimated on the basis of pore volume; solid density ρs=
2,600 mg cm−3; fluid density ρf=1,000 mg cm−3) and the
determination of equilibrium and transport parameters. To
simplify the problem and to reduce the number of model
parameters, the partition coefficient can be assumed to be
unity. Thus, so forth in this work, K was taken as equal to 1.
The matrix is initially loaded with a homogeneous drug
concentration, Q0; the fluid phase is initially pure (C0=0). On
the external surface of the particles, a perfect sink condition is
assumed. Particles’ dimensions, in absence of erosion and
swelling phenomena, are constant. For each time, the overall
drug mass contained into the matrix (mF) can be calculated as
the sum of the mass contained into the solid phase and the
mass contained into the liquid, i.e., Eq. 4:

mFðtÞ ¼
Z

V
�s 1� "ð ÞQdV þ

Z

V
�f"CdV ð4Þ

where V is the particle volume. Therefore, the fractional
release can be calculated as (Eq. 5):

RðtÞ ¼ 1�mFðtÞ=mF0 ð5Þ
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where mF0 is the initial drug mass loaded in the device.
The model given by system (3) was successfully applied

to the release of ibruprofen from MCM-41 bio-ceramic (26), a

real case physically very close to the one considered here.
The differences between these two systems, in term of drug
molecular size, pore size, and matrix tortuosity, will be

Fig. 2. Small-angle XRD patterns of SBA 15 before and after loading
with zoledronate molecules

Fig. 3. N2 adsorption isotherms of SBA 15 (bottom) and SBA15 loadedwith zoledronate (top). In both plots, as
insets at the right hand bottom corner, it displayed the pore size distributions obtained using the BJH method
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accounted for in the model parameters, in particular in the
diffusivity coefficient DL. Once the model was found able to
describe the present case (zoledronate in SBA 15), the model
proposed should be considered able to describe this class of
systems (drug in bioceramics), which seems to be very
important in the frame of drug delivery systems.

RESULTS AND DISCUSSION

The ordered mesostructure of the produced SBA 15
material was confirmed by small-angle X-ray diffraction
(Fig. 2). The XRD pattern of SBA 15 material was well
resolved with a prominent maximum at 0.9° and two other weak
maxima at 1.6° and 1.8° 2θ. This maxima can be assigned to
typical [100], [110], and [200] reflections of a two-dimensional
hexagonal symmetry (p6mm). The hexagonal planar mesopo-
rous structure was preserved after the zoledronate loading
process, as can be observed in the XRD patterns, where similar
diffraction maxima were observed (Fig. 2).

The N2 adsorption isotherms of SBA 15 materials, both
zoledronate loaded and unloaded, can be clearly attributed to
a type IV in the BDDT classification (27), with the typical
hysteresis loops of this type of mesoporous materials (Fig. 3).
The shape of the hysteresis loops, with parallel adsorption
and desorption branches, indicates cylindrical mesopores with
very narrow pore size distributions. Attending to the obtained
isotherm plots in Fig. 3, three different regions can be
observed: (1) a linear region due to multilayer formation
onto the external surface of the particles; (2) a step region
due to capillary condensation within the mesopores; and (3) a
linear region due to a multilayer adsorption in the mesopores.
It should be highlighted that after loading the mesoporous
matrices with zoledronate molecules, the mesostructured
arrangement of the matrices survived the process, since the
hysteresis loops present similar shape.

These types of N2 adsorption analyses have been tradi-
tionally employed to confirm that the adsorbed molecules
were into the inner part of the mesopores. This was assessed
attending to the variation of some textural parameters, such
as pore volume reduction and surface area reduction, as a
consequence of drug molecules intake (Table I).

The available pore volume decreased after loading the
matrix with zoledronate molecules, which is commonly used
to verify that guest molecules is confined into the inner part
of the mesopores. However, this is not a direct evidence of

the presence of zoledronate into the pores. To do so, high-
resolution Cs corrected STEM microscopy can be employed
because it allows the qualitative determination of the
presence of organic molecules into the inner area of
mesoporous systems (28).

FTIR spectroscopy of SBA 15 materials (not shown)
presented the typical vibration bands of siliceous materials: the
asymmetric stretching Si–O–Si (νSiOSi) vibration bands at ca.
1,085 cm−1, the symmetric stretching Si–O (νSiO) vibration bands
at ca. 800 cm−1, the Si–O–Si bending (δSiOSi) vibration at ca.
470 cm−1, and the stretching vibrations of Si–OH (νSiOH) groups
at ca. 960 cm−1. In addition to those vibration bands, a broad
band at ca. 3,400 cm−1 was observed, which is characteristic of
O–H stretching bands. They can be attributed to both Si–OH
groups present on the surface of the matrix and/or some
physisorbed water, which can be confirmed by the presence of
HOH deformation band at ca. 1,620 cm−1.

Unfortunately, the most characteristic vibration bands of
bisphosphonates, stretching P=O (1,200–1,160 cm−1), stretching
P–OH (≈1,000 and ≈925 cm−1), and deformation POH (ca.
1,080 cm−1), were overlapped by SBA 15 vibration bands.
However, the successful loading of zoledronate can be
confirmed by the appearance of a small shoulder in the broad
OH band commented above at ca. 2,900 and 2,800 cm−1, which
unequivocally represents the presence of C–H bonds (anti-
symmetric and symmetric C–H stretching bands) and,
consequently, confirms the presence of the alkyl chain from the
drug. In addition to this, the presence of zoledronate within the
matrix can be assured by the presence of the typical imidazole
ring skeleton vibrations at ca. 1,500 cm−1 and the asymmetric and
symmetric ring CC stretching vibrations at ca. 1,450 cm−1.

The quantification of zoledronate loading was carried
out using XRF, which is a method previously reported for the

Table I. Textural Parameters of SBA 15 Before and After Zoledr-
onate Loading

Material SBET (m2/g) Vp (cm3/g) Vμp (cm3/g) Dp (nm)

SBA 15 903 1.21 0.046 7.4
SBA 15-zol 239 0.56 0.004 7.4

SBET is the surface area determined by using the BET method between
the relative pressures (P/P0) 0.05–0.25. Vp and Vμp are, respectively, the
total pore volume and micropore volume obtained using the t-plot
method. The total pore volume was estimated from the amount
adsorbed at a relative pressure of 0.99. The average diameter of
mesopores, DP, was obtained from the maximum of a pore size
distribution calculated using the Barrett−Joyner−Halenda (BJH)
method applied to the desorption part of the isotherm (insets in Fig. 3)

Fig. 4. Zoledronate release from SBA 15 materials. Symbols are the
experimental data, and each point is the average over three
independent measurements, the data being reported as the average
value with its standard deviation as vertical error bars; the curve is the
model calculation. The Pearson correlation coefficient between
experimental data and model calculation is R2=0.992
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quantification of bisphosphonates (18–20). Thus, attending to
the total amount of elemental phosphorous contained after
drug uptaking, SBA 15 materials loaded 120 mg of zoledro-
nate per gram of mesoporous matrix.

The experimental zoledronate release profiles, shown in
Fig. 4, denoted that in the tested conditions, there was a fast
drug release at the beginning of the experiment (initial burst
effect) followed by a more stationary release.

As it has been mentioned in above, the possibility of
predicting the drug concentration within the body is one of
the key aspects of pharmacology. In fact, the pharmacokinetic
models try to predict the hematic concentration of drugs after
the administration, and to do so, the in vivo experiments are
the main source of information. However, due to their
complications in terms of resource and time consuming, it is
also possible to carry out in vitro experiments that provide
modeling tools avoiding or minimizing the use of in vivo
models (29,30). Thus, to model the release kinetics of this
type of mesoporous matrices, it is necessary to take into
account that the particles of loaded materials were shaped as
tablets (disks). During the compaction process, small tunnels
were produced between the particles. However, these micro-
pores are considerably larger than the mesopores present
within the bio-ceramics particles. Therefore, it is reasonable
to assume that the drug encounters most of the resistance to
its transportation within the mesopores into the particles and
it was transported easily within the macro-pores between the
particles. Thus, the pseudo-diffusion phenomena stated in the
first of Eq. 3 and the pseudo-diffusion coefficient DL are both
referred to the transport in the mesopores. In conclusion, the
system (3) was written for spherical particles of a mean radius
RS=500 nm (the mean size expected for the particles), and
the code was numerically solved.

The two parameters of the model were estimated on the
basis of the same analysis performed on a similar system
(MCM-41 bioceramics loaded with ibuprofen (26)). In
particular for kc, which represents a local transfer coefficient
and is not correlated to the pore dimensions, the value of the
mass transfer coefficient suggested by (26), equal to
1·10−4 s−1, was used. The pseudo-diffusivity DL was
optimized by comparison with experimental data, and the
value which gives the best agreement is DL=1.65·10

−19 m2s−1.
The value of DL optimized is of the same order of magnitude
of the values found for the same parameter on the MCM-41/
ibuprofen system. In particular, the linear dependence
discovered for the MCM-41 matrices between DL and
pore’s diameter returns, for a pore of 7.4 nm (pore size in
the SBA-15 matrix), a DL value of about 4·10−18 m2s−1. The
optimized value is about 20 times smaller, probably because
of the larger molecular size of zoledronate compared with the
molecular size of the ibuprofen or because of a higher
tortuosity in the SBA-15 matrix with respect to the MCM-
41 matrix due to the presence of micropores connecting the
mesopores. The experimental data along with the model best
fitting were reported in Fig. 4.

Summarizing, it should be noted that practically just one
parameter has been optimized here, the diffusivity coefficient
DL, and its value is of the same order of magnitude found in
the analysis of similar cases. Therefore, being the model in
the present form descriptive of the phenomena observed, it
could be used as a predictive tool for systems not too different

from the present one, also guided by some role of thumb. For
example, studying the release from a larger molecule from
SBS-15 ceramics, the model will still hold in the calculation of
release kinetics, maybe asking for a lower value of DL.

CONCLUSIONS

The release of a potent bone-resorption inhibitor,
zoledronate, from ordered mesoporous materials, SBA 15,
has been modeled. The obtained result for the prediction has
been verified in an experimental model, which validates the
modeling here presented. The significance of this work relies
on the development of a very useful tool for the designing of
implantable drug delivery systems allowing to predict the
release kinetics of a biomolecule with anticipation. Conse-
quently, in the near future, research capabilities would be
more efficiently applied predicting release kinetics on
advance, with the subsequent savings on time and resources.
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