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Functionalizing Mesoporous Bioglasses for Long-Term
Anti-Osteoporotic Drug Delivery

Adolfo Lopez-Noriega,'™" Daniel Arcos,™" and Maria Vallet-Regi*""!

Abstract: Mesoporous bioactive glasses
(MBGs) associated with an anti-osteo-
porotic drug (ipriflavone) have been
prepared. With this aim, MBGs were
functionalised with different organic
groups by following a post-grafting

by means of the proper functionalisa-
tion, most of the drug is retained in the
mesoporous network. By tailoring the
hydrophobicity of the surface with
functional groups, the drug-material
link can be tuned, thereby ensuring the

long-term delivery of ipriflavone. In
vitro bioactive tests demonstrate that
these systems exhibit the same excel-
lent behaviour of non-functionalised
MBGs. The possibility to add a bone
resorption inhibitor such as ipriflavone

method, thus retaining the mesoporous
network of the bioactive substrates.
Drug-delivery tests were carried out by
using ipriflavone as a hydrophobic
model drug. Our results revealed that

Introduction

Bioactive glasses (BGs) are well-known biomaterials that
have been used as bone-tissue regeneration systems since
their discovery some decades ago.! In 2004, a significant
evolution in this field was developed by Yan et al., who syn-
thesised for the first time bioactive glasses that showed an
ordered mesoporous arrangement.?!

The inclusion of mesopores in SiO,—CaO—P,0s-based
glasses opened a wide range of new potential applications
for BGs. Mesoporous bioactive glasses (MBGs) show the
outstanding textural properties of classical silica-based
mesoporous materials such as MCM-41 and SBA-15, that is,
high surface area and pore volume and well-defined meso-
porous diameter.”! The large surface area of MBGs results
in higher chemical reactivity compared to that of BGs. Thus,
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to highly bioactive materials confirms
functionalised MBGs as very promising
bone-tissue regeneration systems.

bioactive kinetics are enhanced, which improves the role of
silica-based bioactive glasses as devices for bone-tissue re-
generation.”! In this sense, several groups have proposed
MBGs as ideal components of scaffolds for bone-tissue engi-
neering.”!

On the other hand, a well-ordered mesoporous arrange-
ment opens the possibility to use MBG as reproducible
drug-release agents analogously to pure silica mesoporous
materials.”! Some tests have already been carried out and
have shown promising results.” Nevertheless, MBGs have
important limitations due to their chemical nature. The sur-
face of MBGs is covered by silanol groups, which imbue
them with a hydrophilic nature. In the case of very hydro-
phobic drugs, the active principle would lead to chemical re-
pulsion and thus the impossibility to carry the drug. This
drawback may be solved by a chemical modification of the
surface of MBGs that could ease the interaction between
the hydrophobic drug and hydrophilic carrier.

Ipriflavone (IP), a drug of the family of flavonoids that
improves bone-tissue regeneration by the inhibition of os-
teoclasts, is a highly hydrophobic molecule. It was chosen as
a model drug for the present work because its biodispensi-
bility in plasma after oral administration is 20 % and thus a
local delivery is desirable on damaged bone tissue.”! It is es-
timated that around 120 mg per day of ipriflavone is re-
quired in plasma.®¥ In the cases of local drug-delivery sys-
tems, this amount would be much lower and loadings of 1.5-
2 g would ensure the biodispensibility of ipriflavone for sev-
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eral weeks if it is not released before. Incorporating a bone-
resorption inhibitor into mesoporous bioactive glasses
would reinforce these materials as excellent potential candi-
dates to be used for bone grafting in osteoporotic-derived
fractures and defects.

MBGs are intended for bone-tissue regeneration and are
resorbable in time inside the body. In this sense, a quick de-
livery of the therapeutic agent (such as few hours or days),
in the case of drugs used for helping bone regeneration, is
not appropriate from a clinical point of view. These agents
might be present in the medium during the replacement of
the implant by new-forming bone, which is a long-term pro-
cess of several weeks. Thus, an efficient drug carrier should
attach the drug to its surface until colonisation by the new
tissue takes place.

To the best of our knowledge, this work presents for the
first time a controlled incorporation of a drug in a mesopo-
rous bioactive glass by means of surface functionalisation.
Moreover, a stable drug-MBG attachment for long-term de-
livery is also described. This work demonstrates that by
tailoring the drug-surface interactions, an anti-osteoporotic
drug with long-term dispensibility can be incorporated into
osteoregenerative matrices.

Results and Discussion

Figure 1 collects the small-angle XRD patterns of as-syn-
thesised and functionalised MBGs. As expected from previ-
ous characterisation, the pattern of non-functionalised MBG
(Si85) shows three maxima at 20=1.2°, 1.98° and 2.29°,
which can be indexed to the 211, 400 and 322 reflections of
a 3D cubic phase with space group Ia3d.""! XRD patterns of
functionalised materials also show the same maxima.

The N, adsorption isotherms and the pore-size distribu-
tion of the different materials before and after the loading
of ipriflavone are summarised in Figure 2. All of them show
type IV isotherms with H1 hysteresis loops in the mesopore
range, which are characteristic of cylindrical pores open at
both ends. Table 1 collects textural parameters calculated
from the sorption isotherms. Surface area, pore diameter
and pore volume decrease after the functionalisation of
Si85. A further decrease in the textural properties is ob-
served in ipriflavone-loaded materials.

Table 1. Textural parameters obtained by N, porosimetry of non-func-
tionalised Si85 and ipriflavone-loaded materials. Values in parenthesis
are those of functionalised materials before ipriflavone incorporation.

Group/sample SgET Pore diameter  Pore volume
[m’g™] [nm] [em’g™]
non-functionalised/Si85  441.3 4.9 0.52
phenyl/Si85Ph 260.9 (3224) 3.6 (3.8) 0.32 (0.39)
OH-propyl/Si8SOH 246.8 (326) 42 (4.4)1 0.36 (0.39)
NH,-propyl/Si85NH, 245.1 (321) 4.2 (45) 0.31 (0.39)
SH-propyl/Si85SH 263.9 (335.7) 3.1(34) 0.31 (0.36)

[a] Si8SOH and loaded Si8SOH show a minor maximum in the pore-di-
ameter distribution graphic at 4.9 nm.
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Figure 1. Small-angle XRD patterns of as-synthesised mesoporous bioac-
tive glasses and functionalised materials.

Figure 3 shows FTIR spectra of Si85 and ipriflavone-
loaded Si85Ph. The Si85 MBG spectrum shows absorption
bands at around 1050, 800 and 450 cm™!, which are charac-
teristics of the stretching, rocking and bending, respectively,
of Si-O-Si bonds. A low-intensity band that corresponds to
amorphous phosphate is observed at 600 cm™'. New absorp-
tion bands between 550-750, 1150-1250 and 2800-3050 cm ™!
are observed in the spectrum of the material after function-
alisation and ipriflavone loading. Similar spectra are ob-
served for the rest of loaded functionalised materials (see
the Supporting Information). All these new bands can be as-
signed to “CH,—, —CH; and aromatic carbon groups from
the organic groups from both functionalising group and ipri-
flavone.

The mesoporous arrangement is not affected after the
chemical functionalisation, according to the small-angle
XRD results. Functionalised materials keep the Ia3d cubic
mesoporous ordering of Si85. Functionalising groups cover
the inner surface of the mesopores, as revealed by the nitro-
gen-adsorption characterisation, since Brunauer-Emmett—
Teller (BET) surface, pore volume and pore diameter de-
crease after the functionalisation of the material. After the
loading process with ipriflavone, these three parameters un-
dergo a further drop. Taking into account the percentages of
loaded IP (4-12% in weight), pore-volume decrease would
agree with IP incorporation within the pores. However,
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Figure 2. N, adsorption isotherms and pore-size distribution of mesopo-
rous bioactive glasses (<L), functionalised and ipriflavone-loaded mate-
rials.

pore-size decrease is not as large as expected according to
the size of the molecule of ipriflavone (ca. 1.2 nm). Thus, in
concordance with FTIR spectra, the drug is probably being
incorporated both inside the mesopores as well as in the
outer surface of the materials. The mean pore size (shown in
Table 1) is the average value of those filled, unfilled and
partially filled pores. This scenario has been previously ob-
served for mesoporous silica-based materials with drugs,
mainly due to the high reactivity of silanol groups on the
outer surface.[***]

Chem. Eur. J. 2010, 16, 10879 -10886

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Si-0-si Amorphous

Si85 Rocking PO%
M'\\\ - S )‘\/'“\\ ,'/\ {/\',‘ ol
— \ TR
siosi || |
Stretching \ / w
J |
Ipriflavone-oaded Si85Ph \ /!
\
\ | Si-O-Si
'M m J. \/ Bending
ul’y T ¢&u A
o pt WA
“ W\ \\ // \ / \
CH,- Vo
2 [ \
\ | Ar C—C\r
\'TI:CHZ-
\/ -CH;

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-')

Figure 3. FTIR spectrum of as-synthesised mesoporous bioactive glass
(Si85) and ipriflavone-loaded phenyl-functionalised material (Si85Ph).

Important differences among functionalised materials can
be observed in the amount of ipriflavone loaded and are
summarised in Table 2. Phenyl-functionalised MBG loads

Table 2. The percentage of functionalisation (by mass) and ipriflavone
loading obtained by thermogravimetric differential thermal analysis (TG-
DTA) and CHN elemental analysis and the percentage of loaded iprifla-
vone released from the different materials.

Group/sample Functionalised  Ipriflavone Ipriflavone

material [%] loaded [%]  released [%]
non-functionalised/Si85 - 1.29 N/A
phenyl/Si85Ph 4.56 11.7 3
OH-propyl/Si850H 479 6.08 6.02
NH,-propyl/Si85SNH, 6.78 6.14 7.27
SH-propyl/Si85SH 429 4.05 13
Cl-propyl/Si85Cl 4.16 1.68 N/A
butyl/Si85C4 344 1.06 N/A

around 12 % weight of the drug; Si8SOH and Si85SNH, load
6% of ipriflavone whereas Si85SH loads 4 %. No significant
variations in the carbon content or differences in the ther-
mogravimetric profile (data not shown) were observed in
the analyses before and after the ipriflavone-loading process
in non-functionalised mesoporous glasses, Si85Cl and
Si85C4, though it is worth pointing out that insignificant
drug amounts (around 1% weight) are loaded in these sam-
ples.

The amount of ipriflavone incorporated strongly depends
on the chemical nature of the surface of MBGs. Two main
factors determine the degree of drug charge: the hydropho-
bicity of the surface and the presence of a chemical group
able to form a stable interaction with the drug molecule.
Ipriflavone is a very hydrophobic drug and thus the charging
solution must be carried out in an organic solvent such as
acetone. The surface of non-functionalised MBG (Si85) is
covered by silanol groups, which confer a hydrophilic profile
to these materials. Although these silanol groups have hy-
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droxyl terminals that are able to form hydrogen bonds with
the oxygen atoms of ipriflavone, the difference in hydropho-
bicity between Si85 and acetone causes ipriflavone to
remain in the solvent rather than interact with the biomate-
rial. Functionalisation of the surface of MBGs with organic
chains may diminish this difference in hydrophobicity be-
tween solvent and biomaterial. However, functionalised ma-
terials such as Si85C4 and Si85Cl do not load ipriflavone,
thereby indicating that chemical bonding between the func-
tionalising group and ipriflavone is required. In this sense,
Si850H, Si85SH or Si85NH,, which bond to drug by means
of hydrogen interaction, or Si85Ph, which bonds ipriflavone
through n—m stacking interactions between phenyl groups as
shown in Scheme 1 charge ipriflavone from the solution. It

Scheme 1. Molecule of ipriflavone and interactions with the different
functionalising groups (hydrogen bonds or m— stacking interactions).

is well known that among other factors (pore size, surface
area or pore volume, for example) the amount of drug
loaded in mesoporous materials strongly depends on the
strength of the newly formed bond between the drug and
the surface.l®® m—m stacking interactions seem to be very ef-
ficient bonds since phenyl-functionalised materials load
more ipriflavone than Si8SOH, Si85NH, and Si85SH and
they show almost identical textural properties.

At this point, it must be mentioned that surface modifica-
tion with organic groups is an appropriate method for regu-
lating both the uptake and delivery of drugs in mesoporous
materials.® However, the potential toxicity of organic com-
pounds should be considered. Avoiding the transference of
the organic functional groups to the systemic circulation
through the formation of a strong covalent bond with the
matrix is an appropriate strategy. In this sense, the covalent
bond between organic groups and MBGs achieved by the
post-grafting method ensures that is links to the mesoporous
matrix. Some recent studies have demonstrated that certain
surface functionalisations with groups such as amino or mer-
capto can even reduce the cytotoxicity of silica mesoporous
materials.”**! Regarding phenyl and hydroxypropyl groups,
some studies have been carried out with very limited infor-
mation about their cytotoxicity."*?

The in vitro release profile of ipriflavone from the differ-
ent materials as a function of time is shown in Figure 4. A
similar pattern that consists of a first fast release followed
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Figure 4. Ipriflavone delivery profiles of different functionalised materials
(% of loaded ipriflavone released vs. time; e =SH-propyl, m=NH,-
propyl, *;=OH-propyl and 4 =phenyl).

by a slow delivery is observed in all the materials. Neverthe-
less, the amount of ipriflavone released from the materials
shows differences. Whereas Si85SH delivers up to 13% of
the loaded drug after ten days of essay, phenyl-functional-
ised materials release only 3 %, thus revealing that iprifla-
vone is strongly attached to the material. The small initial
burst release confirms that most of the drug is chemically at-
tached to the functional groups and not physisorbed to the
surface of the MBG.

Drug-delivery profiles are in agreement with ipriflavone-
loading capability, thereby demonstrating the high chemical
affinity of the drug toward the new functionalised surface.
During the drug-release essay, ipriflavone must be solved in
an aqueous medium such as an isopropanol/water mixture.
Isopropanol/water is the usual delivery medium chosen for
release tests of ipriflavone.'” This experimental medium,
very far from biological conditions, is used only for compa-
rative purposes among different materials. Ipriflavone is
almost completely insoluble in water and thus is not expect-
ed to be easily solved in plasma. This feature would ease the
permanence of the drug in the biomaterial until the coloni-
sation by the newly formed tissue in in vivo conditions.

In in vitro delivery tests, ipriflavone must leave a hydro-
phobic environment to be delivered into a hydrophilic sol-
vent. In this case, the strength of the bonding molecule bio-
material will determine the amount of ipriflavone to be re-
leased. Si85Ph releases less drug than those that have hydro-
gen bonds with the drug since, as also observed from drug
loading, m—mn stacking creates more efficient bonds to link
this molecule and the biomaterial. Within Si85SH, Si85NH,
and Si850H the strength of the hydrogen-bonded iprifla-
vone-biomaterial depends on the electronegativity (y) of
the atom bonded to H. Consequently, ipriflavone will be re-
leased more easily from Si85SH than Si85NH, and Si850H
(x is 2.58, 3.04 and 3.44 for S, N and O, respectively). Iprifla-
vone delivery tests determine that the drug will not be re-
leased quickly into the aqueous medium and it will thus be
present during the formation of the new bone tissue. More-
over, results shown in the present work demonstrate that ap-
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propriate chemical functionalisation of the surface is com-
pulsory to use MBGs as hydrophobic drug-carrier systems
(Table 2). In addition, by choosing a specific functionalising
agent, it is possible to tune the dosage of ipriflavone in the
material.

Figure 5 shows the FTIR spectra of the different iprifla-
vone-loaded materials before and after being soaked in si-
mulated body fluid (SBF) for one day. SBF contains the

— = Before soaking

Non-functionalised After soaking in

Temeesy SBF for 1 day

.o

1400 1200 1000 800 600
Wavenumber (cm-')

Figure 5. FTIR spectra of as-synthesised and ipriflavone-loaded function-
alised mesoporous bioactive glasses before and after one day of immer-
sion in simulated body fluid.

same ionic composition as human plasmal'!l and it is widely
accepted as an adequate test of the in vitro bioactivity of
biomaterials for bone-restoring purposes.'? The bioactive
behaviour can be tested through the formation of an apa-
tite-like phase at the surface of the materials. This new
phase is very similar to the mineral component of bone and
teeth and is easily followed by the crystalline phosphates re-
vealed in FTIR spectroscopy.’®! Before soaking, characteris-
tic bands of Si-O-Si bonds, organic and amorphous phos-
phate groups absorption bands are observed (see above).

After one day of immersion in SBF, the spectra of all the
materials except for Si8SNH, reveals that the amorphous
phosphate band splits into a doublet at 560 and 600 cm’,

Chem. Eur. J. 2010, 16, 10879 -10886
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which corresponds to crystalline phosphate. This doublet is
not clearly distinguishable until 3 days of immersion in
amino-functionalised samples, thereby suggesting that the
process is slowed in these materials. Materials undergo a
similar surface evolution until the end of the bioactive essay
(see the Supporting Information).

The evolution of pH and calcium concentration of SBF as

a function of soaking time of the different materials is dis-
played in Figure 6. The analysis of SBF as a function of time

allows one to follow the first stages of the bioactive behav-
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Figure 6. Evolution of calcium concentration and pH levels of simulated
body fluid after different times of soaking of as-synthesised and function-
alised materials (A =non-functionalised, o= phenyl, 0 = OH-propyl, ¥ =
SH-propyl and ¢ =NH,-functionalised).

iour, which is in agreement with the theory developed by
Hench.'"¥ Similar evolution is obtained in all the essays.
Both calcium and pH levels increase in the first hours of ex-
periment. This increase is delayed in essays carried out with
Si85NH, relative to the rest of materials. After this initial
rise, calcium concentrations decrease until the end of the
essay. The pH levels also diminish slightly after the initial in-
crease.

One day after soaking in SBF, a new apatite phase is
formed. This means that MBGs exhibit excellent in vitro
bioactive behaviour, which can be attributed to: 1) chemical
composition based on a SiO,—~CaO—P,0s bioactive system,
2) outstanding surface area and porosity values and 3) a hy-
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drophilic surface that facilitates ion exchange when soaked
in a hydric environment. In addition, these materials exhibit
added value due to the incorporation of ipriflavone. As
demonstrated by the very low release rate, the low diffusion
towards hydric media allows for long-term local administra-
tion. Consequently, the drug remains associated with the
bioactive matrix and the release will be closely associated to
the biodegradation of the MBGs. Moreover, the formation
of an apatite layer on the surface of the materials in a bio-
logical environment would hinder the release of the drug,®
which reinforces the role of functionalised MBGs as long-
term drug-delivery devices. The incorporation of hydropho-
bic substances onto hydrophilic MBGs can seriously affect
the bioactive behaviour since it strongly depends on the ion
exchange with the hydric environment. In this sense, both
functionalisation and drug-loading methods have been de-
veloped to retain this bioactive performance.

As an example of this, calcium has shown to be an essen-
tial component for the obtainment of highly bioactive mate-
rials. Ca’* immediately exchanges with HT from the
medium when MBGs come into contact with an aqueous en-
vironment. As a result, all the chemical processes for func-
tionalisation and drug loading detailed in the present work
were carried out using non-polar solvents to keep the chemi-
cal composition of the materials. The process to achieve sur-
face modification may not only retain the chemical nature
of the material, but also both the textural and structural
characteristics of the mesoporous glasses. The extensive
characterisation carried out in the present work shows that
the functionalisation process employed is not significantly
modifying the mesoporous network and the very fast bioac-
tivity kinetics of MBGs are maintained.

According to the results from the in vitro bioactivity tests,
surface functionalisation of MBGs does not considerably
affect the bioactive performance of these materials. All
functionalised and ipriflavone-loaded glasses, excepting
Si85NH,, show a similar surface evolution to that observed
in MBGs: fast formation of an amorphous phosphate phase
that crystallises after one day of essay. In the case of amino-
functionalised mesoporous glasses, the process seems to be
slowed down due to the presence of positive charges from
functionalising groups on the surface of the material, which
may make the exchange of calcium and protons between the
glass and SBF more difficult. In any case, at the end of the
experiment, after three days of soaking in SBF, all materials
developed a new layer of crystalline phosphate over their
surface, as revealed by FTIR analyses (see Figure S1 in the
Supporting Information). These bioactive kinetics are faster
than the one of conventional sol-gel glasses and are in con-
cordance with previous bioactivity investigations carried out
with functionalised MBGs.*f! For non-functionalised MBGs,
this outstanding bioactive behaviour is explained as a result
of the high reactive surface area shown by these materials.
Although chemical functionalisation and drug loading lead
to a decrease in the surface area of the materials, textural
parameters shown by ipriflavone-loaded functionalised
MBG are high enough to keep an excellent bioactive kinet-
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ics. Moreover, calcium concentration and pH evolution of
SBF during the essay follow the trend expected of the bioac-
tive process (i.e., an initial increase due to Ca’*-H* ex-
change between material and medium followed by a de-
crease as a result of calcium phosphate crystallisation). This
fact suggests that the functionalisation degree and iprifla-
vone loading are not high enough to hinder the reactions
that take part in the bioactive process, and it would ensure
long-term drug dispensibility when implanted.

Conclusion

Mesoporous bioactive glasses have been functionalised to
incorporate ipriflavone, a highly hydrophobic anti-osteopor-
otic drug. For the first time, it is shown that by tailoring the
hydrophobicity of the surface with chemical groups, it is pos-
sible to attach a drug to the surface of MBG to achieve
long-term drug delivery. Moreover, functionalised MBGs
show outstanding bioactive behaviour despite the presence
of hydrophobic groups on their surface.

The possibility of incorporating a bone-resorption inhibi-
tor added to the bioactive behaviour of mesoporous glasses
enhances the potential of these materials as promising com-
ponents in bone-tissue regeneration.

Experimental Section

A mesoporous bioactive glass (MBG) of composition SiO,/CaO/P,Os
(85:10:5 % mol) was synthesised following an evaporation-induced self-
assembly (EISA) method.™! This material was denoted as Si85. A post-
synthetic grafting procedure was used to perform the functionalisation of
the surface of the MBG with different chemical groups. Phenyl, hydroxy-
propyl, aminopropyl and mercaptopropyl groups were attached to MBG.
The resulting materials were denoted as Si85Ph, Si85OH, Si85NH, and
Si85SH. respectively. For purposes of comparison, butyl (Si85C4)- and
cloropropyl (Si85Cl)-functionalised materials were also synthesised.
Tetraethyl ortosilicate (TEOS), triethylphosphate (TEP), calcium nitrate
(Ca(NO;),4H,0) and ipriflavone (7-Isopropoxy-3-phenyl-4H-1-benzo-
pyran-4-one) were purchased from Aldrich. Functionalisation agents phe-
nyltriethoxysilane, (3-aminopropyl)triethoxysilane, (3-mercaptopropyl)-
trimethoxysilane, (3-chloropropyl)triethoxysilane and n-butyltrimethoxy-
silane were purchased from ABCR. Pluronic P123 was obtained as a gift
from BASF. All these chemicals as well as all those detailed in the pres-
ent work were used without further purification.

Synthesis of the mesoporous bioactive glass: A highly ordered mesopo-
rous glass with a composition SiO,/CaO/P,05 (85:10:5 % mol) was syn-
thesised following an EISA method described before.[*] Briefly, Pluronic
P123 (2 g) was dissolved in ethanol (30 g) with 0.5 ~ HCI (0.5 mL). After-
wards, TEOS (3.7 g), TEP (0.34 g) and calcium nitrate (Ca(NO;),-4H,0)
(0.49 g) were added under continuous stirring in 3 h intervals. Sols were
cast in Petri dishes at room temperature over 7 d, when homogenous
transparent membranes were obtained. Dried gels were calcined at
700°C for 3 h to obtain the final glass powder.

Functionalisation of the materials: MBG was functionalised following a
post-synthetic grafting method. According to the surface area of Si85, the
amount of silanol groups was estimated to be 3.6 mmol of SiOH per
gram of mesoporous material.'! To ensure an excess amount of function-
alising agent, the SiOH/functionalising agent molar relationship was
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fixed to be 1:1 during the functionalisation process. Si85 (1 g) was de-
gassed overnight at 110°C and then suspended in toluene (20 mL). The
corresponding amount of functionalisation agent was diluted in toluene
(10 mL), which was added dropwise to the suspension of Si85 under con-
tinuous stirring. Solution was kept stirring overnight at 60 °C under reflux
conditions. All the process was carried out under a nitrogen atmosphere.
The suspension was filtered and gently washed with trichloromethane
and dried at 70°C.

Si8SOH was obtained by further modification of Si85Cl following a
method detailed elsewhere.'”) Briefly, Si85CI (1 g) was degassed over-
night at 110°C. Afterwards, hydrated methanol (30 mL) was added and
the resulting suspension was heated under continuous stirring at 70°C
during 2 h at reflux. The suspension was filtered, gently washed with eth-
anol and dried at 70°C.

In vitro drug release essay: Ipriflavone was loaded into the MBG by an
impregnation method from a highly concentrated solution of the drug, in
an analogous way to that used for loading active principles into silica
mesoporous materials.” The different mesoporous glasses (400 mg) were
added to a solution of ipriflavone (2 g) in anhydrous acetone (30 mL).
This suspension was vigorously stirred over 24 h at room temperature
while the evaporation of acetone was prevented. The material was gently
washed with acetone after the drug loading and dried at 40°C overnight.
Due to the almost complete water insolubility of ipriflavone, a mixture of
isopropanol/water (60:40 v/v), already used in previous ipriflavone deliv-
ery essays,'”) was chosen as release medium. The loaded material
(100 mg) was immersed in the mixture isopropanol/water (10 mL) at
37°C. Samples of 0.1 mL were taken at different time intervals and were
replaced by preheated solution. Samples were analysed by HPLC at
273 nm.

The determination of the ipriflavone loading in the material was carried
out by thermogravimetric (TG) analyses using a Seiko Thermobalance
TG/DTA 320, as well as CHN elemental microanalyses.

Assessment of bioactive behaviour: Mesoporous material (100 mg) was
soaked in filtered simulated body fluid (SBF; 20 mL) in polyethylene
containers at 37°C under sterile conditions. SBF has a composition and
ionic concentrations similar to those of human plasma.l'!! Samples were
removed at given time intervals and the evolution of their surface was
analysed by Fourier transform infrared (FTIR) spectroscopy. The evolu-
tion of calcium concentration and pH levels of SBF during the essay
were also analysed using an Ilyte Na* K* Ca’>* pH system.

Characterisation: Powder X-ray diffraction (XRD) experiments were car-
ried out with a Philips X’pert diffractometer equipped with Cuy, radia-
tion (wavelength 1.5406 A). XRD patterns were collected in the 26
ranges between 0.8 and 6° with a step size of 0.02° and a counting time of
Ss.

Textural properties of the materials were determined by nitrogen sorp-
tion porosimetry by using a Micromeritics ASAP 2020 device. To per-
form the N, measurements, samples were previously degassed under
vacuum for 24 h at 70°C. The surface area was determined using the Bru-
nauer—-Emmett-Teller (BET) method. The pore-size distribution between
0.5 and 40 nm was determined from the desorption branch of the iso-
therm by means of the Barret-Joyner-Halenda (BJH) method.

FTIR analyses of the glass were carried out using a Nicolet Magma IR
550 spectrometer with KBr as sample inert medium.

HPLC measurements were performed using a Waters Alliance automatic
analysis system (Waters Co. Massachusetts, USA) composed of a model
#2695 separations module and a model #2996 photodiode array detector.
The employed column was a Mediterranea Sea 18, 5 pm, 150x2.1 mm
(Teknokroma). The mobile phase was a mixture of acetonitrile and 0.1 %
H;PO, solution (80:20 v/v) delivered at 0.4 mLmin~" at 50°C.
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