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a b s t r a c t

Silica nanoparticles (MSNs) with a highly ordered mesoporous structures (103 Å) with cubic Im3̄m have
been synthesized using triblock copolymers with high poly(alkylene oxide) (EO) segments in acid media.
The produced nanoparticles displayed large specific surface area (∼765 cm2/g) with an average particles
size of 120 nm. The loading efficiency was assessed by incorporating three major antiepileptic active sub-
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eywords:
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stances via passive loading and it was found to varying from 17 to 25%. The state of the adsorbed active
agents was further analyzed using differential scanning calorimetry (DSC) and X-ray powder diffrac-
tion (XRPD). Dissolution studies revealed rapid release profiles within the first 3 h. The viability of 3T3
endothelial cells was not affected in the presence of MSNs indicating negligible cytotoxicity.

© 2009 Elsevier B.V. All rights reserved.

oading
ytotoxicity

. Introduction

In recent years, mesoporous silica nanoparticles (MSNs) have
ttracted increasing consideration as a dynamic drug carrier sys-
em (Slowing et al., 2008; Liong et al., 2008; Vallet-Regi et al.,
007). These materials were discovered by Mobil scientists (Kresge
t al., 1992; Beck et al., 1992) know as MCM-41 or MCM-48 and
sed as molecular sieves. It was firstly Vallet-Regi et al. (2001)
ho proposed the use of MSNs as drug delivery system by loading

buprofen into the mesoporous MCM-41 material. MSNs possess
everal features that render them excellent candidates as drug
elivery systems such as the ordered pore network, with very
omogeneous size that controls the drug load and release kinetics.

n addition the high pore volume and the high surface area facilitate
he adsorption of high active substances amounts. By adjusting also
he pore size slightly larger than the dimension of the drug molecule

SNs can serve as a versatile host of various substances. Finally, the
ilanol-containing surface can be functionalized to induce better
ontrol over drug loading and release properties.

MSNs are synthesized though either the alkaline route (Beck et

l., 1992) or the acid route (Huo et al., 1994) both using amphiphiles
s templates. The acid catalysis accelerates the hydrolysis versus
he condensation rate and promotes mainly condensation at the
nds of silica polymers to form linear silicate ions. On the other

∗ Corresponding author. Tel.: +44 0208 8331 8440; fax: +44 0208 8331 9805.
E-mail address: D.Douroumis@gre.ac.uk (D. Douroumis).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.12.023
hand, the alkaline catalysis favors both hydrolysis and condensa-
tion. Two main synthetic pathways have been proposed so far to
enlighten the formation of the mesoporous structure. The first one,
known as the “liquid-crystal template mechanism”, suggests that
the hexagonal, liquid-crystal surfactant phase exists in the solution
prior the addition of the silica precursors. The silica framework pre-
cipitates around this template, forming a mesoporous structure.
The surfactants are then removed by calcination, thus creating a
porous structure with a high surface area. In the latter, the surfac-
tants are aggregated as single, rod-like micelles before the addition
of the silica precursors. The addition of silica enables these species
to interact with the surface of the surfactant micelles, which sets
off the surfactant rods to assemble into a hexagonal array.

Administration of MSNs can take place through parenteral and
oral route. One of the main advantages is the ability to increase
the solubility of poorly water soluble drugs while they can also be
used for hydrophilic active agents. Thus high drug loading can be
achieved with loading capacities normally varying from 10 to 34%
(Qu et al., 2006) or up to 60% in extreme cases (Heikkilä et al., 2007).
They have been also used for controlled release and drug targeting
providing sustained release for 16 h (Wen et al., 2006).

Carbamazepine (CBZ), oxcarbazepine (OXC) and rufinamide
(RFN) are three major antiepileptic drugs classified by the Bio-

pharmaceutics Classification System (BCS) as Class II active
pharmaceutical ingredients (Amidon et al., 1995; Amidon and
Löbenberg, 2000) because they present low solubility and high per-
meability. They are poorly water soluble drugs and the dissolution
is the rate-limiting factor for absorption. Thus it is important to

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:D.Douroumis@gre.ac.uk
dx.doi.org/10.1016/j.ijpharm.2009.12.023
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ncrease drug solubility resulting to absorption and bioavailability
nhancement. All active agents are broad-spectrum anticonvul-
ants used in the treatment of inadequately controlled partial
eizures in adult patients and in seizures associated with Lennox-
astaut syndrome. Currently, the existing commercial products of
BZ and OXC are under the trade names Tegretol® and Trileptal®,
espectively while RFN is in phase III clinical trials.

The available nanoparticulate drug delivery systems include a
arge number of inorganic and organic materials among them lipo-
omes (Schiffelers and Storm, 2008), micelles (Blanco et al., 2009),
olymeric nanoparticles (Lin et al., 2009), quantum dots (Delehanty
t al., 2009), gold nanoparticles (Sperling et al., 2008), and magnetic
anoparticles (Polyak and Friedman, 2009). Each of these systems
as gained interest among the researchers as a potential mean to

ormulate and deliver active molecules. Nevertheless, there is a
ack of nanoparticulate formulations of the aforementioned active
gents and only two studies (Douroumis and Fahr, 2006, 2007) from
ur group have been reported to the literature up to date. The main
bstacle to overcome is the particle size stability of the produced
ano-colloidal systems due to rapid recrystallization by sponta-
eous nucleation. This can lead to premature release of the active
ubstance from the carrier altering the physicochemical properties
f the developed formulation.

In the current study we synthesized highly ordered meso-
orous silica nanoparticles with cubic symmetry using triblock
on-anionic surfactants. Due to the increased surface area MSNs
isplay structural properties required for drug carriers. The drug

oading capacity of the synthesized nanoparticles was assessed
sing the above active agents as model substances. In general,
SNs are biocompatible and do not present long term side effects

Kortesuo et al., 1999) when used as implants. Due to the limited
umber of such reports we also investigated MSNs’ cytotoxicity by
ssessing the viability of 3T3 endothelial cells.

. Materials

.1. Materials

Tetraethyl orthosilicate (TEOS) was obtained from Sigma Aldrich
St. Lewis, USA). The active agents carbamazepine, oxcarbazepine
nd rufinamide were kindly donated from Novartis Pharma
.G. (Basel, Switzerland). Poloxamer F127 was donated from
ASF GmbH (Ludwigshafen, Germany). The HPLC grade solvents
imethylformamide (DMF), ethanol, chloroform and acetonitrile
ere purchased from Fisher Chemicals (Karlsruhe, UK). All materi-

ls were used as received.

.2. Synthesis of mesoporous silica nanoparticles

Silica-block copolymer mesophases were synthesized using
luronic F127 as a structure reacting agent which was reacted at
oom temperature. In a routine preparation, 4.0 g of Pluronic P127
as dissolved in 30 g of water and 120 g of 2 M HCl solution with

onstant stirring at 25 ◦C. Then 8.50 g of TEOS was added into that
olution with stirring at 35 ◦C for 20 h. The mixture was aged at
0 ◦C overnight without stirring. The solid product was recovered,
ashed, and air-dried at RT. Calcination was carried out by slowly

ncreasing temperature from room temperature to 500 ◦C in 8 h and
eating at 500 ◦C for 6 h. For the removal of F127 the solid product
as also washed with copious amounts of ethanol and water after

ow temperature reflux in ethanol.
.3. Loading of active agents

The passive method was used to load SBA-16 nanoparticles
ith the three active agents (Fig. 1 depicts the molecular struc-
Fig. 1. Molecular structures of carbamazepine, oxcarbazepine and rufinamide.

ture). Two different organic solvents were used for the loading
process depending on the drug solubility. For CBZ, 0.1 g of SBA-
16 were added in 1.0 ml CBZ methanolic solution of concentration
Co (Co = 100 mg/ml). The adsorption procedure was carried out
overnight under gentle stirring. Subsequently, the suspensions
were filtered (MFTM membrane filters, pore size 0.05 �m, Millipore)
and CBZ that remained in the filtrate was further determined using
HPLC. The same process was repeated for OXC and RFN by using
dimethylformamide (DMF) solutions of 40 mg/ml, respectively, due
to the low solubility of both active agents in organic solvents.

2.4. Determination of loading efficiency

The loading efficiency of SBA-16 nanoparticles was determined
by adding 50 mg of loaded samples in 20 ml ACN and stirred for
24 h. The samples were centrifuged in a Sorval RC6 Plus centrifuge
at 7000 rpm for 30 min. The supernatant was collected and deter-
mined with HPLC analysis.

2.5. Particle size measurements

The particle size of the dispersions was measured with Malvern
Masterisizer 2000 (Malvern, UK) combining information from sim-
ple light scattering (LS) and polarization intensity differential
scattering (PIDS). For data evaluation, an optical model based on
the Mie theory was created using the instrumental software assum-
ing 1.45 as the real and 0 as the imaginary part of the refractive
index of the particles. Results given are the mean of 5 successive
measurements of 120 s each.

2.6. Scanning electron microscopy

The morphology of newly synthesized MSNs was examined by
scanning electron microscopy (SEM). The samples were attached to
aluminum stubs with double side adhesive carbon tape then gold
coated and examined using a scanning electron microscope (Jeol
5200, SEM).

2.7. Differential scanning calorimetry
The physical state of the pure drugs and the loaded MSNs sam-
ples were examined by differential scanning calorimetry (DSC).
The thermographs of each powder were obtained by using a Met-
tler Toledo 823e (Greifensee, Switzerland) differential scanning
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tively. The Miller indices of the XRD pattern of SBA-16 have the
(1 1 0), (2 0 0), (2 1 1) reflections corresponding to a cubic structure
74 M.J.K. Thomas et al. / International Jou

alorimeter. Samples accurately weighted (2–3 mg) were placed in
ierced aluminium pans and heated from 20 to 260 ◦C at a scanning
ate of 10 ◦C min−1 in a nitrogen atmosphere.

.8. Powder X-ray diffraction

Samples of MSNs were evaluated using a Kristalloflex 810
iemens diffractometer. The samples were radiated using Ni fil-
ered CuK� radiation operated at 40 kV and 30 mA. The MSNs
amples were scanned from 0.7 to 5 of diffraction angle (2�) at
canning speed of 0.02 2�/s.

.9. BET analysis

BET surface area, pore volume and pore diameter of SBA-16
esoporous material was measured by using Micromeritics Gem-

ni 6 (Norcross, USA) automated gas sorption system model. The
etermination of micropore volume, micropore surface area, and
xternal surface area was estimated by using the standard t-plot
alculations, while the pore size and distribution was estimated
sing Broekhoff and de Boer (BdB) reports.

.10. Dissolution studies

The release of the SBA-16 loaded samples was studied by using a
SP/Ph.Eur. paddle dissolution apparatus (Varian 705 DS, Weston,
SA). All release studies were carried out under sink conditions

n triplicate. The powders were added to 900 ml phosphate buffer
olution (pH 7.4) at 37 ◦C and the paddle speed was set to 100 rpm.
t predetermined sampling times 5 ml aliquots were taken and
ltered through a 0.1-�m filter. The removed fluid was instantly
eplaced with an equal amount of fresh dissolution medium. The
issolution studies carried out for 24 h.

.11. HPLC analysis

The concentration of drug in the samples was determined by
PLC. An Agilent 1200 Series (Waldbronn, Germany) equipped with
multiple wavelength detector (MWD) and a Beckman-Coulter
ucleosil 100 RP, 5 �m × 4.5 mm × 25 cm column was used for
PLC assay. Mobile phase contained ACN/water/phosphoric acid at
ratio of 49.9:49.9:0.2 (v/v/v). Mobile phases were left to stand for
t least 12 h. The flow rate was 1.0 ml min−1 and the injection vol-
me was 20 �L while column temperature maintained at 25 ◦C. The
avelength was monitored at 236, 254 and 261 nm for CBZ, OXC

nd RFN, respectively. Calibration curves were constructed using
tandard solutions of known concentrations from 5 to 50 �g/ml.
he Agilent software calculated the peak area of each standard
olution and sample automatically.

.12. Cell culture and cytotoxicity studies

3T3 cell line was kindly donated by Dr. T. Parker (Biomedical
ciences, University of Nottingham). Cells were cultured in DMEM
edium containing 10% FBS and incubated at 37 ◦C in 5% CO2

umidified incubator.
Viability of rodent fibroblasts (3T3) was evaluated using MTT

ssay, which is associated to cell mitochondrial activity. The assay
s based on the ability of viable cells to convert thiazolyl blue tetra-
olium bromide solution to the blue formazan crystals in their
itochondria (Mosmann, 1983). Briefly, the cells were seeded at a
oncentration of 5 × 104 cells/ml/well in 24-well plates and were
ncubated with silica nanoparticles at increasing concentrations
or 1 day. The cells in the first three wells were incubated in the
bsence of the formulation. DMSO (0.5 ml/well) was used as posi-
ive control for cell death. After 24 h of incubation, 100 �L of MTT
f Pharmaceutics 387 (2010) 272–277

solution (concentration 5 mg/ml) was added to the wells and incu-
bated for 2 h at 37 ◦C. The blue formazan salts were dissolved in
100 �L of acidified isopropanol (0.33 �L HCl in 100 ml isopropanol),
which was transferred to 96-well plates and the absorbance was
read on a microplate reader (Bio-Tec Instruments) at wavelength
of 490 nm. Cell viability was calculated by comparing the number of
viable cells in the formulation-treated wells to the non-formulation
treated cells.

All data were reported as the mean ± standard deviation (SD).
Statistical analysis was performed for the experiments conducted
in triplicate using Student’s t-test. Results with p < 0.05 were con-
sidered to be statistically significant.

3. Results

3.1. Silica synthesis and characterization

MSNs were prepared trough the sol–gel process using a
poly(alkylene oxide) triblock copolymer, EO101PO56EO101 as struc-
ture directing agent (Zhao et al., 1998). The process carried out in
acid media below the isoelectric point of silica where the silica pre-
cursors will be present as cationic species. The process described
by Zhao et al. (1998) leads to intermediate mesophases through
a (S0H+)(X−I+) route where S0 is the surfactant, X− is the halide
anion, and I+ is a protonated Si–OH moiety. Initially alkoxysilane
species hydrolyzed and the surfactant EO parts interact with hydro-
nium ions. The cationic silanol groups interact with the charged EO
groups through a combination of electrostatic, hydrogen bonding
and van der Waals interactions. Hydrolysis and condensation of
the silica species continue until the lowest energy silica-surfactant
mesophase structure is formed by solidification of the inorganic
structure.

By altering the percentage of F127 (1–6%) we were able to
manipulate the surface area, the pore volume and the pore size (not
shown). The produced nanoparticles displayed uniform and narrow
particle size distribution of approximately 120 nm as it is depicted
in Fig. 2. Zeta potential measurements gave values of −7.8 mV. The
estimated BET specific surface area was 765 m2 g−1, with a mea-
sured mesoporous volume of 0.61 cm3 g−1 and a narrow pore size
distribution of 35 nm. The obtained value for this pore wall thick-
ness is 0.34 nm. In Fig. 3, the BET isotherm is depicted and also the
pore size distribution in the inset figure obtained by the Broekhoff
and de Boer (BdB) method. As it can be seen it is a characteristic
type IV isotherm of mesoporous materials with a step in the range
of P/P0 = 0.40–0.65 which is typical for the filling of standard meso-
porous systems. The thickness (h) of the pore wall can be estimated
by using the pore volume data (porosity) based on the following
equation (Ravikovitch and Neimark, 2000):

h = 2
�sS

(1)

where �s is the true density of solid obtained from helium pyc-
nometer and S the estimated specific surface area. Using the above
equation the mean pore wall thickness was found to be 11.8 Å.

In Fig. 4, the XRD pattern of calcinated SBA-16 shows a strong
reflection with a large d spacing of 103 Å two strong reflections in
the 2� range of 1–1.4◦ with d spacings of 72.68 and 59.47 Å, respec-
Im3̄m with a large cell parameter, a = 166 Å, for the calcined SBA-16
material.

The above studies demonstrate that the SBA-16 silica nanopar-
ticles used for this investigation exhibit a well-ordered 3D
mesoporous structure.
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Fig. 2. SEM micrographs of SBA-16 nanoparticles.

.2. Drug inclusion into SBA-16

One of the main objectives of the current study was to produce
SNs with increased specific surface area and pore volume and
ence to achieve high loading of drug molecules (Slowing et al.,
008). The chosen SBA-16 nanoparticles presented high surface
rea and good pore volume prior to the loading studies. Passive
oading was chosen as the preferred method to load the active

olecules and to increase the loading efficiency. In this process

ig. 3. Nitrogen adsorption isotherm for synthesized SBA-16. The inset image shows
he pore size distribution.
Fig. 4. Typical XRD pattern of SBA-16 materials.

a certain amount of SBA-16 nanoparticles is placed in a supersat-
urated organic solution of the active substance to facilitate drug
adsorption. The active molecules are then diffused in the SBA-16
channel pores and onto the outer surface. SBA-16 pore dimensions
are large enough to host the loaded material.

Among the influential features of the loading process is the
polarity of the organic solvent. In some cases more polar solvents
hamper the drug loading and essentially the whole process depends
on the solvent properties (Charnay et al., 2004). In our studies CBZ
was dissolved in methanol and OXC, RFN in DMF, respectively. Each
solvent was selected in respect to the highest drug solubility in the
appropriate solvent. OXC and RFN with log P = 1.76 and log P = 7.5,
respectively, are slightly soluble in any solvent but DMF. Attempts
to use acetone, methanol and dichloromethane showed negligi-
ble drug loading. Although CBZ (log P = 1.31) is soluble in several
organic solvents, methanol was proved the most suitable solvent
due to the highest solubilisation capability.

The loading process revealed substantial drug loading (DL) effi-
ciency for each active substance varying from 17 to 25% and a
decreasing order of CBZ > RFN > OXC. In Table 1, CBZ showed high
DL in less polar solvents in contrast to the other two drugs that
achieved better DL in highly polar solvents.

3.3. Physicochemical characterisation

Fig. 5a and b shows the representative DSC thermograms of
pure CBZ, TLP and RFN and drug loaded SBA-16, respectively. Car-
bamazepine exhibits enantiotropic polymorphism, which means a
transition temperature can be observed below the melting point of
either of the polymorphs at which both these forms have the same
free energy. Above the transition temperature, the higher melting
form (I) has the lower free energy and is more stable.
However the lower melting form III is more stable below the
transition temperature since it has the lower free energy. The tran-
sition temperature of CBZ enantiotropic forms has been reported
to be around 71 ◦C (Behme and Brooke, 1991). Hence, under ambi-
ent conditions form III is the most stable form. According to other

Table 1
Drug loading percentage (n = 3) of the three active substances with different log P
values.

Drug Drug loading (%) Solvent log P

CBZ 25.2 ± 0.25 MeOH 1.31
OXC 17.38 ± 0.18 DMF 1.76
RFN 18.34 ± 0.34 DMF 7.50
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ig. 5. DSC thermograms of (a) pure active substances and (b) drug loaded SBA-16
anoparticles.

esearchers (Katzhendler et al., 1998; Grzesiak et al., 2003) the
SC thermograms of CBZ form III shows two endotherms. The first
ndotherm is present in the range 170–175 ◦C and is not followed
y any exothermic event while a sharp endotherm occurs at the
ange 189–192 ◦C.

Pure carbamazepine (Fig. 5a) showed a small melting
ndotherm at 175.98 ◦C followed by a second endotherm at
92.35 ◦C. These two endotherms correspond to form III and I of
arbamazepine, respectively. The melting endotherm at 192.35 ◦C
ndicates that the used carbamazepine herein was form III. Oxcar-
azepine showed a melting endotherm at 229.7 ◦C where no signs
f occurrence of polymorphism have been observed up to date. The
SC studies of RFN revealed a melting endothermic peak at 241.9 ◦C.

The loaded SBA-16 thermogram of CBZ showed an increased
ndothermic peak at 175 ◦C (Fig. 5b) with a decrease in the enthalpy
f form III at 192.35 ◦C. An increase of the enthalpy at 175 ◦C indi-
ates transformation of form III to trigonal form II (Katzhendler et
l., 1998) and the transition occurs by solid liquid transformation.

he decrease of the second endothermic peak 192.35 ◦C suggests
hat part of form III was not converted to form II but only a frac-
ion. This type of transformation is directly related to the solvent
sed for CBZ loading and could result substantial differences on
he crystal and molecular structure (Lowes et al., 1987). On the
Fig. 6. Dissolution profiles of CBZ (�), OXC (�) and RFN (�, inset) loaded SBA-16
nanoparticles (n = 3).

same reasoning OXC was found to be amorphous in the absence
of an endothermic peak of the DSC thermogram. In contrast, RFN
retained its crystalline structure and the RFN/SBA-16 thermogram
showed a distinct endothermic peak at 235.3 ◦C. As it can be seen
there is a shift from the melting point of the bulk RFN. This effect has
been previously reported indicating the presence of RFN inside the
pores of the silica nanoparticles (Riikonen et al., 2009). The melting
of crystalline RFN inside the porous is observed at lower tempera-
tures compared to the melting point of RFN outside the pores. This
effect is due to the crystal size which inside the pores is restricted
by the pore size. A decrease in the pore size results lower melt-
ing points of the active substance. This observation confirms the
presence of crystalline RFN within the silica pores.

3.4. Dissolution studies

Dissolution profiles of SBA-16 loaded nanoparticles with CBZ,
OXC and RFN were investigated in phosphate buffer dissolution
medium. Accurately weighed amounts of the prepared samples
were used under sink conditions (C < 0.2Cs). Interestingly as it
shows in Fig. 6 rapid release patterns were observed for CBZ and
OXC, respectively. In both cases the active substance was released
in 5 h following almost identical profiles. In contrast, RFN displayed
prolonged release patterns for 48 h. As it can be seen in Fig. 6 (inset)
a burst release of RFN was observed in the first 3 h where 50% of
the active was released. After the initial burst release, RFN exhib-
ited slower release rate. This first order release mechanism has been
also previously observed and it is related to drug diffusion process
(Vallet-Regi et al., 2007). The inclusion of the three antiepileptic
drugs within the silica nanoparticles resulted an efficient particle
size reduction and hence improved dissolution rates. The above
release profiles and the drug loading efficiency are of great interest
for pharmaceutical application in order to improve the delivery of
poorly soluble drugs by increasing absorption and bioavailability.

3.5. Cell cytotoxicity

Nowadays, nanomaterials are widely used in several biophar-
maceutical applications and in many cases SiO2 nanoparticles are

considered to induce cytotoxicity in various cell culture lines (Lin
et al., 2006). In the current study we carried out cytotoxicity studies
using 3T3 cells. As a result the SBA-16 nanoparticles demonstrated
very low cytotoxicity (Fig. 7) and the reduction of the fibroblast
activity at concentrations higher than 800 �g/ml. Furthermore, the
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Fig. 7. Dose-dependent toxicity of silica nanoparticles on 3T3 cells (fibroblasts).
3T3 cells were treated with various concentrations of silica nanoparticles for 24 h.
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ell viability was determined by MTT assay. Control cells cultured in absence of
anoparticles in parallel to the treated groups. Values were the mean ± SD from
hree independent experiments. Significance indicated by: *p < 0.05 versus control
ells.

ell activity did not decrease below 67% even after incubating the
ells with 1 mg/ml of nanoparticles. This result agrees to the one
eported by Napierska et al. (2009) who studied the effect of the
ize of silica nanoparticles on cell toxicity on human endothelial
ells (EAHY926). According to the group findings, cell viability was
educed progressively as the nanoparticle size decreased. Our data
oincide with those reported for the toxicity induced by particles
f 104 nm. Cytotoxicity results indicate that SBA-16 could be effec-
ively used as a platform for delivery of other active substances such
s anticancer drugs.

. Conclusions

In the present study we used synthesized SBA-16 nanoparticles
ith high surface area and cubic mesoporous structure for load-

ng of three antiepileptic active substances. The results obtained
howed that all drugs could be loaded with great efficiency into
he SBA-16 and provide sustained release at least in the case of RFN.

ore importantly, cell culture studies 3T3 cell demonstrated very
ow cytotoxicity. Based on the above results, SBA-16 nanoparticles
ould be used as a model drug delivery carrier of various active
ubstances.
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