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a  b  s  t  r  a  c  t

Mesoporous  materials  have  an  ability  to  enhance  dissolution  properties  of  poorly  soluble  drugs.  In  this
study,  different  mesoporous  silicon  (thermally  oxidized  and  thermally  carbonized)  and  non-ordered
mesoporous  silica  (Syloid  AL-1  and  244)  microparticles  were  compared  as  drug  carriers  for  a  hydrophobic
drug,  itraconazole  (ITZ).  Different  surface  chemistries  pore  volumes,  surface  areas,  and  particle  sizes  were
selected  to  evaluate  the  structural  effect  of  the  particles  on  the  drug  loading  degree  and  on  the  dissolution
behavior  of the drug  at pH  1.2.  The  results  showed  that  the loaded  ITZ  was  apparently  in amorphous  form,
and that  the  loading  process  did  not  change  the  chemical  structure/morphology  of  the  particles’  surface.
Incorporation  of  ITZ  in  both  microparticles  enhanced  the  solubility  and  dissolution  rate  of the  drug,
traconazole
ilica gel
esoporous silicon
issolution

compared  to the  pure  crystalline  drug.  Importantly,  the  physicochemical  properties  of  the  particles  and
the  loading  procedure  were  shown  to  have  an  effect  on  the  drug  loading  efficiency  and  drug  release
kinetics.  After  storage  under  stressed  conditions  (3 months  at 40 ◦C and  70%  RH),  the  loaded  silica  gel
particles  showed  practically  similar  dissolution  profiles  as  before  the  storage.  This  was  not  the  case  with
the loaded  mesoporous  silicon  particles  due  to the  almost  complete  chemical  degradation  of  ITZ  after
storage.
. Introduction

In the last decade the applications of mesoporous based-
aterials as potential drug delivery systems have grown

xponentially, in particular in the field of oral drug delivery (Wang,
009). Most of the new drug molecule candidates suffer from poor
ral bioavailability, and thus, there is a great need for drug delivery
ystems capable of improving the physicochemical properties (e.g.,
issolution and solubility) of drugs.

Recently, the application of mesoporous silica and silicon par-
icles has been widely studied as prospective oral drug delivery
ehicles to improve dissolution properties of hydrophobic drug
olecules. Many of those studies have been performed with MCM-

1, SBA-15 and TUD-1 silica-based mesoporous materials (Ambrogi
t al., 2007, 2008; Charnay et al., 2004; Heikkilä et al., 2007a,b;
orcajada et al., 2004, 2006; Mellaerts et al., 2007, 2008a,b; Muñoz
t al., 2003; Van Speybroeck et al., 2009, 2010). In addition to meso-
orous silica materials, mesoporous silicon particles with different

urface modifications have also been extensively studied as drug
arriers with promising results (Bimbo et al., 2011; Foraker et al.,
003; Heikkilä et al., 2007b; Kaukonen et al., 2007; Limnell et al.,
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2007; Salonen et al., 2005; Wang et al., 2010). The ability of meso-
porous materials to enhance the solubility and dissolution rate of
the incorporated drug is based, e.g. on their small pores (often of
2–10 nm in diameter), which are only a few times larger than the
dimensions of drug molecules, thus preventing drug crystallization
(Salonen et al., 2008).

In practice, the porous silica and silicon materials differ in their
fabrication techniques; porous silica materials are synthesized
through a so-called “bottom-up” approach, whereas porous silicon
(PSi) materials are produced by a so-called “top-down” approach
(Salonen et al., 2008). In the field of drug research, MCM-41 and
SBA-15 are the most studied ordered mesoporous silica materials,
which contain very unidirectional and uniform pore channel struc-
tures (Beck et al., 1992; Zhao et al., 1998). On the other hand, silica
gels or xerogels differ from the ordered mesoporous silica due to
their disordered pore structure, and these materials have also been
studied as systems for sustained and controlled drug release (Ahola
et al., 2000; Böttcher et al., 1998; Chen et al., 2004; Kortesuo et al.,
2000, 2001; Radin et al., 2001; Santos et al., 1999), as well as for
enhanced drug dissolution (Limnell et al., 2011; Monkhouse and
Lach, 1972; Narurkar and Jarowski, 1983; Yang et al., 1979). In addi-

tion, porous silica materials are commonly used as food additives
and pharmaceutical excipients (W.R. Grace and Co.-Conn., 2006).

The surface chemistries of the ordered and disordered silica
materials are similar, consisting of siloxane groups (–Si–O–Si–),

dx.doi.org/10.1016/j.ijpharm.2011.05.021
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
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ith the oxygen on the surface, and of three forms of silanol groups
–Si–OH) (Rigby et al., 2008; Zhao et al., 1997; Zhuravlev, 2000).
ike silica gels, PSi particles also have irregular pore structure, but
he surface of the as-anodized, hydrogen-terminated PSi is not sta-
le, and thus, there is a need for subsequent surface modification
Salonen and Lehto, 2008). The most common surface treatments of
Si are oxidation (thermally oxidized-PSi, TOPSi) and stabilization
y thermal carbonization (TCPSi), or hydrocarbonization (THCPSi)
Bimbo et al., 2010; Kaukonen et al., 2007; Kilpeläinen et al., 2009;
imnell et al., 2007; Salonen et al., 2005; Santos et al., 2010;

ang et al., 2010), which render the PSi materials hydrophilic or
ydrophobic surface properties.

Despite the active research in the drug delivery field by means
f porous materials, there is still a lack of comparison between the
esoporous silicon and non-ordered mesoporous silica materials.

t has been shown that several properties of the mesoporous mate-
ials affect the loading degree and release rate of the incorporated
rug, such as the surface area, pore size, total pore volume, pore
eometry and surface chemistry (Andersson et al., 2004; Charnay
t al., 2004; Heikkilä et al., 2007b; Salonen et al., 2005; Song et al.,
005). The most common drug loading method for porous materials

s by immersion, which is based on the adsorption of drug molecules
rom a concentrated drug solution into the pore walls. However,
horough and systematic studies to evaluate the ideal drug loading
rocedures and the most suitable properties of the mesoporous
aterials for the drug loading and release are still required.
In this study, we have investigated the effect of the surface

hemistry of mesoporous silica and silicon materials on the itra-
onazole (ITZ, a hydrophobic poorly soluble drug molecule) loading,
nd consequently, on the release and dissolution behavior of ITZ.
wo different mesoporous silicon, TOPSi and TCPSi, and non-
rdered mesoporous silica, Syloid AL-1 and 244, materials were
sed and compared. The stability and drug release profiles of the

TZ-loaded materials were also assessed after 3 months storage
40 ◦C and 70% RH).

. Materials and methods

.1. Materials

Syloid 244 FP EU and Syloid AL-1 FP were kindly provided
y Grace Davison (Grace GmbH & Co. KG, Germany) and used as
eceived.

The PSi materials were fabricated as described in detail else-
here (Salonen et al., 2002; Riikonen et al., 2009; Santos et al.,

010). Briefly, the PSi particles were prepared by anodizing silicon
afers [boron doped, p+-type Si(1 0 0) wafers with a resistivity of

.01–0.02 � cm]  with a current density of 50 mA/cm2 in hydroflu-
ric acid (Merck, 38%)–ethanol (Altia Oyj, 99.5%) mixture (1:1). The
ree-standing films were obtained by sharply increasing the cur-
ent density in the end of the etching process. After the anodization,
he free-standing PSi films were ball milled and dry-sieved with a

esh with nominal pore sizes of 25 and 75 �m.  The milling and
ieving cycles were repeated several times to achieve the desired
article sizes. After the dry-sieving, the particles were rinsed with
thanol on the mesh to remove small agglomerates. Before thermal
arbonization the sieved particles were treated with HF to remove
he oxides formed during the milling. All the particles were dried
or at least 1 h at 65 ◦C. PSi microparticles of two different surface
hemistries were produced: thermally carbonized PSi (TCPSi) and
hermally oxidized PSi (TOPSi).
ITZ was used as received (Apotecnia, Spain) and stored in ambi-
nt conditions protected from light. ITZ is a weak base (pKa = 2 and
.7), an antifungal compound belonging to the Biopharmaceutical
lassification System Class II, and its high crystal lattice energy
harmaceutics 414 (2011) 148– 156 149

and hydrophobic nature make it extremely water insoluble and
pH-dependent (∼5 �g ml−1 at pH 1 and ∼1 ng ml−1 at pH 7) (Van
Speybroeck et al., 2010; Peeters et al., 2002).

2.2. Loading of ITZ into the porous materials

Loading of the particles was  performed by the immersion
method, in which the particles (100 mg)  were immersed into
a concentrated ITZ solution in 5 ml  of dichloromethane (DCM;
Sigma–Aldrich Chemie GmbH, Germany). The drug loading pro-
cedures were performed with two  different drug concentrations
for the silica particles: 235.5 (denoted as “high”) and 117.8 mg/ml
(denoted as “low”). Silicon particles were loaded with the low con-
centration. The high concentration was  selected according to the
pre-determined highest soluble amount of ITZ in the solvent and
the low concentration was  selected as half of the highest solu-
ble amount. The particle suspensions were mixed and stirred for
24 h (high ITZ concentration) or for 3 h (low ITZ concentration) at
room temperature protected from the light. To evaluate the effect
of the particle–solvent interactions, reference particles were also
immersed into the loading solvent without ITZ. After the load-
ing, the samples were vacuum filtrated from the solution with a
polypropylene membrane filter of 0.45 �m nominal pore size (Pall
Life Sciences, USA). To ensure complete elimination of the solvent,
the loaded particle samples were dried at 50 ◦C for 2 h.

To investigate the stability of the loaded particles and possible
degradation of the loaded ITZ, both silica and silicon ITZ-loaded
particles were also stored under stressed conditions for 3 months
(40 ◦C and 70% RH).

2.3. Physicochemical characterization of the mesoporous
microparticles

The physicochemical properties (specific surface area, pore
volume and pore diameter) of the unloaded particles were charac-
terized by N2 sorption method with a Tristar 3000 (Micromeritics,
GA, USA) instrument at −196 ◦C. The specific surface areas of
the particles were determined from the adsorption branch of
the nitrogen isotherm using Brunauer–Emmett–Teller (BET) the-
ory. The pore volume and the average pore diameter were
calculated from the desorption branch of the isotherm with
Barrett–Joyner–Halenda (BJH) theory.

Fourier transform infrared spectrometer (FTIR) was  used to
examine the effect of drug loading on the chemical structure of
the particles, and also to evaluate the success of the drying treat-
ment. The FTIR studies were carried out using a Bruker VERTEX 70
series FTIR spectrometer (Bruker Optics, Germany) with a horizon-
tal ATR sampling accessory (MIRacle, Pike Technology, Inc.). In all
measurements the resolution used was  4 cm−1. Opus 5.5 software
was  used for collecting the measured data.

Differential scanning calorimeter (DSC) and X-ray powder
diffractometer (XRPD) were used to study the state of the loaded
drug (crystalline or amorphous). The DSC analysis was  carried
out with Mettler Toledo DSC823e (Mettler Toledo, Columbus,
OH) using a heating rate of 10.0 ◦C/min under N2 gas purge of
50 ml/min, in 40 �l aluminum sample pans with holes. The heat-
ing range for the measurements was  selected from 25 to 220 ◦C.
STARe software was used for collecting the measured data. The
XRPD measurements were performed using a variable tempera-
ture XRPD (VT-XRPD, Bruker AXS D8, Karlsruhe, Germany). The
experiments were performed in symmetrical reflection using Cu

K�-radiation. The scattered intensities were measured with a scin-
tillation counter. The angular range used was  from 5◦ to 35◦ with
steps of 0.02◦ and measuring times of 0.5 s/step. Samples were
heated to 25, 49, 105, 110, 135, 143, 170 and 220 ◦C with a heating



150 P. Kinnari et al. / International Journal of Pharmaceutics 414 (2011) 148– 156

Table 1
Physical characterization of the mesoporous silica and silicon microparticles.

Particles Particle size (�m) Surface area (m2/g)b Pore volume (cm3/g)c Average pore diameter (nm)d

Syloid AL-1 6.5–8.1a 683 ± 11 0.130 ± 0.005 3.2 ± 0.02
Syloid  244 2.5–3.7a 311 ± 14 1.42 ± 0.04 19.0 ± 1.1
TCPSi 25–75 253 ± 5 1.06 ± 0.04 12.9 ± 0.5
TOPSi  25–75 226 ± 6 0.73 ± 0.04 9.1 ± 0.5

a Product specifications, Grace Davison Discovery Sciences, Grace GmbH & Co. KG.
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cal for the free hydroxyl groups, free silanols, and vicinal silanols
(Jesionowski et al., 2004). Because the siloxane groups provide a
much stronger intensity band (broad band from 1300 to 1000 cm−1)
b BET surface area.
c BJH total pore volume.
d BJH average pore diameter.

ate of 0.167 ◦C/s. VT-XRPD measurements were performed for the
TZ-loaded particles and also for pure ITZ.

The surface morphologies of the unloaded and loaded particles
ere studied by scanning electron microscope (SEM; Zeiss DSM

62, Carl Zeiss, Oberkochen, Germany). The samples were sputter
oated with platinum before the imaging.

.4. Determination of the ITZ loading degree

The total amount of ITZ loaded in the silica and silicon particles,
nd the ITZ amount after storage in the particles were quantified
y HPLC. Particle samples of 1–2 mg  were extracted in 10 ml  of
ethanol under vigorous stirring for at least 45 min.
Drug concentrations in the samples were analyzed with Agilent

100 series HPLC system (Agilent Technologies, Germany) consist-
ng of a binary pump (Agilent G1312A), a column compartment
Agilent G1316A), a multi-wavelength detector (Agilent G1365B),

 well plate autosampler (Agilent G1367A) and a degasser (Agilent
1379A). The separation of ITZ was achieved by using a Gemini
18 column (Gemini-NX, 3 �m C18, 110 Å; Phenomenex, USA) and

 flow rate of 1 ml/min. The mobile phase during determination
� = 261 nm,  retention time ∼1.9 min) consisted of acetonitrile and
.1% trifluoroacetic acid pH 2.0 (55:45). Injection volumes of 20 �l
ere used for analysis. The determined loading degrees were fur-

her used for calculation of percentage-released drug amount in the
issolution tests.

.5. Drug dissolution and release experiments

The release of ITZ from the porous silica and silicon particles
as compared with the dissolution of pure crystalline ITZ. The
issolution tests were carried out with the Ph. Eur. paddle appa-
atus method (Sotax AT7, Sotax AG, Basel, Switzerland) at 250 rpm
ith 500 ml  of pH 1.2 medium (hydrochloride acid buffer, Ph. Eur.

.8) at 37 ◦C. The loaded particles (<0.7 mg)  were weighted in open
elatin capsules and a small magnet was used as a sinker inside
ach capsule. For each time point, 1 ml  of dissolution medium was
ollected during the experiments and replaced with 1 ml  of fresh
re-warmed (37 ◦C) medium.

The tests were performed under sink conditions, meaning that
he volume of the medium was at least three times greater than
hat required to form a saturated solution of the drug. All the exper-
ments were performed for 120 min  and were repeated for at least
our times. All the aliquots collected were analyzed with HPLC in
rder to quantify the amount of ITZ released over time.

. Results and discussion

.1. Characterization of the mesoporous materials
The commercially available mesoporous silica microparticles
sed in this study differed from each other in their particle size,
urface area, pore size and pore volume. Fig. S1 shows the SEM
ictures of the mesoporous particles. It can be observed that the
PSi particles are larger and have more angular structures than the
mesoporous silica particles that are more spherical-like. The Syloid
244 and Syloid AL-1 are amorphous gel-type silicas with typically
randomly oriented pores. Syloid AL-1 particles have a surface area
and particle size more than twice larger than Syloid 244 particles,
whereas Syloid 244 particles have a much larger pore volume and
average pore diameter than Syloid AL-1 particles (Table 1). The sur-
face areas of the mesoporous silicon particles are similar and as
large as the surface area of Syloid 244 particles. The pore volumes
and the average pore diameters of TCPSi particles are slightly larger
compared with those of TOPSi. The pore volumes and pore diame-
ters of Syloid 244 particles are the largest of all the studied particles,
which may  allow higher payloads of drug molecules. The size of one
ITZ molecule is about 0.69 nm × 0.93 nm × 2.97 nm (Mellaerts et al.,
2008b) and, thus, there may  be enough space in the wide pores of
Syloid 244 and PSi particles for ITZ to crystallize, which can decrease
the drug release rate (Riikonen et al., 2009).

The two PSi materials have different surface chemical struc-
tures; TCPSi particles have carbon atoms attached on the silicon
surface, while TOPSi particles have siloxane and a few silanol
groups on their surface (Salonen et al., 1997a, 2002). As a result
of their surface chemical structure, these mesoporous silicon par-
ticles are hydrophilic in nature and rather stable. Amorphous silica
materials have a large number of silanol groups on their surface
which also render them hydrophilic properties (Zhuravlev, 1987).

No structural changes were observed in the FTIR spectra on the
surface of the mesoporous silica or silicon particles after treat-
ment with DCM, which also indicates that the drying process of
the particles was sufficient to remove any excess of the organic
loading solvent (data not shown). The FTIR spectrum of Syloid AL-1
(Fig. 1) showed a broad band in the range 3550–2500 cm−1 typi-
Fig. 1. FTIR spectra of pure ITZ (a), ITZlow + TOPSi (b), unloaded TOPSi (c),
ITZlow + SylAL-1 (d), and unloaded ITZlow + SylAL-1 (e).
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F icles, pure ITZ (b), and physical mixtures of ITZ and Syloid 244 (a) or TCPSi particles (b).
T e pointed downwards.
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ig. 2. DSC thermograms of loaded and unloaded Syloid 244 (a) and TCPSi (b) part
he  solid black arrow indicates the position of the Tg of ITZ. Endothermic signals ar

han the silanol groups, the later groups cannot easily be seen at this
cale. The FTIR spectrum of TOPSi exhibited a broad band around
000 cm−1 typical for Si–O–Si (siloxane) stretching bonds (Salonen
t al., 1997b).

In addition, no extra bands in the FTIR spectra of the loaded
yloid AL-1 and TOPSi particles were observed after ITZ load-
ng, which indicates that the surface of the particles remained
nchangeable after loading. Some of the bands characteristic to ITZ
an be distinguished at 1700 and 1510 cm−1, which also appear in
he FTIR spectra of the loaded microparticles (the absorption bands
f ITZ are however weaker due to the low weight ratio of the drug
n the particles). Similar results were also obtained for Syloid 244
nd TCPSi particles (data not shown).

All the loaded samples were also analyzed with DSC and com-
ared to unloaded mesoporous particles, pure ITZ and physical
ixtures of ITZ and mesoporous particles. The physical mixtures

f ITZ and the mesoporous particles were prepared by mixing
he crystalline ITZ and the particles with weight ratios that corre-
pond to the lowest ITZ loading degrees obtained in the particles:
TZlow + SylAL-1 (20% of ITZ: 80% of particles), ITZlow + Syl244
20:80%), ITZlow + TOPSi (10:90%) and ITZlow + TCPSi (10:90%).
ig. 2 shows the DSC thermograms of both pure ITZ and the physical
ixtures with the corresponding melting transition of crystalline

TZ at 168 ◦C. No ITZ melting point was detected for the loaded
esoporous particles, which indicates that the drug loaded was in

n amorphous form after the loading. A rather small glass transi-
ion (Tg) around 60 ◦C (Fig. 2, black arrow) was, however, observed
or the sample ITZhigh + Syl244. Mellaerts and co-workers (2007,
008a,b) have demonstrated that ITZ is molecularly dispersed as
ulk phase transitions, including endothermic transitions of amor-

hous ITZ (at 60, 70 or 90 ◦C), and melting of crystalline ITZ are
ot shown in the DSC thermograms. The XRPD patterns (Fig. 3) of
he ITZ-loaded mesoporous silica particles and pure ITZ at 25 ◦C
upported the DSC results and did not show any diffraction peaks

able 2
bbreviations, total ITZ content of the loaded particles determined by HPLC (w-%, n ≥ 4) be

heoretical maximum loading degrees and monolayer capacities.

Abbreviation of the
loaded particles

Particles cdrug

(mg/ml)a
Loading
time (h)

Load 

ITZhigh + Syl244 Syloid 244 235.5 24 32.8 

ITZlow + Syl244 Syloid 244 117.8 3 21.9 

ITZhigh + SylAL-1 Syloid AL-1 235.5 24 25.1 

ITZlow + SylAL-1 Syloid AL-1 117.8 3 21.0 

ITZlow + TCPSi TCPSi 117.8 3 11.3 

ITZlow + TOPSi TOPSi 117.8 3 11.2 

a Drug concentration of the loading solution.
b Loading degrees before storage.
c Amount of drug remained after storage under stressed conditions (40 ◦C/70% RH).
d Theoretical maximum loading degree (Rowe et al., 2003).
e Theoretical monolayer capacity (Mellaerts et al., 2007).
Fig. 3. XRPD patterns at 25 ◦C of the ITZ-loaded silica particles and pure ITZ.

characteristic for the crystalline form of ITZ. The diffraction pattern
of pure ITZ showed the typical reflections of crystalline ITZ from
25 ◦C to 143 ◦C and from 170 ◦C to 220 ◦C ITZ was  melted (data not
shown). Heating of the loaded mesoporous materials did not elicit
any change in their diffraction patterns (data not shown).

In addition, SEM pictures did not show any significant changes in
the morphology and shape of the particles before and after loading
(data not shown).

3.2. Quantification of ITZ loaded into the mesoporous particles
In addition to the determination of the loading degrees by
HPLC, the theoretical maximum loading degrees and monolayer
capacities were also calculated for all the particles (Table 2). The
theoretical maximum loading degrees were calculated based on

fore and after storing the particles at 40 ◦C and 70% RH for 3 months (average ± SD),

(w-%)b Amountstressed

(w-%)c
Theor max  load
(w-%)d

Theor monolayer cap
(w-%)e

± 1.4 30.4 ± 8.7 66.1 14.0
± 1.5 16.6 ± 1.2
± 8.6 21.3 ± 0.3 15.1 30.7
± 3.4 19.1 ± 0.4
± 1.3 1.3 ± 0.05 59.2 11.4
± 1.7 0.10 ± 0.09 50.0 10.1
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he pore volume and on the density of crystalline ITZ (Rowe et al.,
003). The crystalline bulk drug has been shown to have a slightly
igher density than the amorphous bulk drug, however the dif-

erences are not significant (Hancock et al., 2002). The monolayer
apacity of ITZ on the particles’ surface was calculated based on the
rug molecule size and the BET surface area of the particles which
overs both the mesopore surface and the outer surface (Mellaerts
t al., 2007). The monolayer capacity is useful for the comparison
f the results and it has been associated with the generation of
aximum ITZ-dissolution rate enhancement.
The amount of ITZ loaded into the mesoporous silica micropar-

icles with low-loading concentrations of ITZ, ITZlow + SylAL-1
21.0 w-%) and ITZlow + Syl244 (21.9 w-%), was higher than that
nto the mesoporous silicon microparticles (about 11% for both
OPSi and TCPSi) using the same loading procedure. Interestingly,
he two Syloids showed similar loading degrees when the low-
oading concentrations of ITZ were used, despite their significant
ifferences in pore size, surface area and pore volume. As expected,
t high-loading concentrations of ITZ for 24 h, the loading degrees
f Syloid AL-1 and 244 were increased to 25.1 and 32.8 w-%, respec-
ively.

Apparently, the affinity of ITZ towards the Syloid particles was
igher than towards the PSi microparticles, despite the larger pore
izes of PSi compared to Syloid AL-1. The difference in the loading
fficiency between the mesoporous silica and silicon may  partly
esult from the fact that the mesoporous surfaces of silica par-
icles contain large amounts of silanol groups that are favorable
or interaction with ITZ through hydrogen bonds (Horcajada et al.,
006; Song et al., 2005; Zhuravlev, 1987). This may  be impor-
ant to achieve higher drug payloads. It has been shown that
ttractive interactions between the solvent and the drug molecule
r between the solvent and the adsorbent can weaken the drug
dsorption to the particle surfaces due to possible competition on
he adsorption sites (Fisher et al., 2003; Rosenholm and Lindén,
008). Thus, weaker PSi–ITZ interactions and stronger solvent–ITZ
r solvent–PSi interactions could also affect the ITZ-loading into PSi.

The different pore geometry could also explain some of the dif-
erences observed in the loading degrees between the mesoporous
ilica and silicon particles. PSi particles, produced with high-doped
i substrate, have branched, fir tree-type pore structures (Salonen
nd Lehto, 2008), whereas silica gels are composed of a vast net-
ork of interconnected pores (Nakanishi et al., 2000). Therefore,

he mesopore network of the mesoporous silica materials is possi-
ly more accessible (Heikkilä et al., 2007a; Song et al., 2005) for
fficient ITZ adsorption than the pore structure of PSi. In addi-
ion, the smaller particle sizes of Syloids could allow more efficient
oading of the drug than the large PSi particles (Aerts et al., 2007).

The variation observed in the loading degrees of Syloid AL-1
articles (Table 2) could be attributed to the fact that part of the

TZ molecules did not physically fit inside the pores (only slightly
arger than the ITZ molecule) and the drug was possibly adsorbed
artially on the surface of the particles (Wang and Li, 2006). How-
ver, since the DSC and XRPD results did not show any melting of
rystalline ITZ (Figs. 2 and 3) it is possible that if adsorbed on the
uter surface of the particles, ITZ was likely molecularly dispersed
nd did not form a clear crystal structure. This is further corrobo-
ated by the low theoretical ITZ-loading degree (15.1 w-%) and the
arge theoretical monolayer capacity (30.7 w-%) of Syloid AL-1 par-
icles, which also indicates that ITZ could be molecularly dispersed
n the surface of the Syloid AL-1 particles as a monolayer (Mellaerts
t al., 2007). Furthermore, the variation could also be related to the
ess homogeneous loading degrees of Syloid AL-1 particles. In the

ase of the Syloid 244 particles the ITZ-loading degree exceeded the
heoretical monolayer capacity (14.0 w-%), which can be attributed
o the high pore volume (1.420 cm3/g) and large pore size (19.0 nm)
f the particles.
Fig. 4. HPLC chromatograms of stressed (3 months, 40 C and 70% RH)
ITZlow + TOPSi and non-stressed ITZlow + TOPSi. The loaded particles were dissolved
in MeOH prior to HPLC measurements.

After storing the particles under stressed conditions (40 ◦C/70%
RH) for 3 months, only a small decrease in the amount of ITZ
was  observed for the Syloid particles (21.3, 19.1, 30.4, and 16.6 w-
% for ITZhigh + SylAL-1, ITZlow + SylAL-1, ITZhigh + Syl244, and
ITZlow + Syl244, respectively) compared to the non-stressed sam-
ples (Table 2). Surprisingly, the amount of ITZ found in the PSi
particles after storage was very low compared to the non-stressed
samples. This is attributed to the chemical degradation of ITZ during
the storage of the loaded PSi particles (Fig. 4).

Overall, we  have shown that the structures of the mesoporous
materials and the loading parameters are crucial factors for efficient
drug loading. The surface chemistry, pore geometry and particle
size of the mesoporous particles were the most crucial physical
properties when loading ITZ into the non-ordered mesoporous sil-
ica and PSi particles. Although important, the surface area, the pore
volume and the pore diameter affected to a lesser extent the loading
efficiency of ITZ into those particles. However, more studies are still
needed to verify the most optimal loading parameters to achieve
maximum loading of a particular drug molecule with certain types
of particles.

3.3. Release of ITZ from the mesoporous microparticles

The ITZ release from all the loaded mesoporous microparticles
was  faster than the dissolution of pure ITZ at pH 1.2 (Figs. 5 and 6),
as a result of the amorphous form of ITZ when loaded to the
mesoporous materials (Mellaerts et al., 2007, 2008a,b). The rapid
release of the drug is a result of the fast dissolution of the confined
molecules, followed by a fast diffusion into the bulk medium. This
is also in very good agreement with both the DSC and XRPD results
(Figs. 2 and 3, respectively). The ITZ release profiles of the non-
ordered mesoporous materials used in this study are also in line
with those obtained for the ordered mesoporous silica reported
elsewhere (Mellaerts et al., 2007, 2008a,b). However, in contrast
to those studies, we did not use any dissolution enhancing sur-
factants, such as sodium lauryl sulfate. Enhanced dissolution of
loaded ITZ from the mesoporous materials can be achieved in the
absence of surfactants and with non-ordered mesoporous materi-
als.

Comparison of the loaded mesoporous materials show very fast
initial drug release profiles; 50% of the loaded ITZ was  dissolved

within 3 min  and more than 80% of the drug was dissolved after
5 min  comparing to only 14% of pure ITZ. The ITZ release was the
fastest when loaded into TCPSi and Syloid AL-1 microparticles. The
drug release from Syloid 244 and TOPSi was  slightly slower than
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ig. 5. Comparison of the release profiles of ITZ from silica and silicon micropar-
icles, loaded at low drug concentration solutions, at pH 1.2 and 37 ◦C (lines n ≥ 4,

ean ± SD). The dissolution curve of bulk ITZ are also presented as reference.

CPSi and Syloid AL-1, but was still significantly faster compared
o bulk ITZ.

Interestingly, when comparing the loading methods of ITZ into
esoporous silica particles performed at low and high ITZ concen-

rations, it could be observed that for the same type of particles
he faster drug release profiles were obtained for loadings with
he lower amounts of drug (Fig. 6). The surface chemistry of the

esoporous material may  also decrease the drug release rate as
 result of the interactions between the drug and the functional
roups of the mesopores (Limnell et al., 2007). On the other hand,
hen the drug loading concentration is rather high, partial pore

lockage can take place during the release experiments due to drug
rystallization on top of the pores (Riikonen et al., 2009), particu-
arly for particles with large pore sizes (Syloid 244), which may  also
etard the drug release.

All the particles released about 100% of ITZ during the dissolu-
ion test (120 min), whereas only 52% of pure ITZ was  released (data
ot shown). The lowest required sampling time to reach 95% release

rom the particles was 10, 15, and 20 min  for TCPSi, ITZlow + SylAL-
 and ITZ + TOPSi, respectively. For the samples ITZhigh + Syl244,
TZlow + Syl244 and ITZhigh + SylAL-1 the 95% release was  achieved
fter 90 and 60 (data not shown), and 30 min, respectively. In previ-

us studies the larger particle size has been related to slower drug
elease rate (Aerts et al., 2007; Böttcher et al., 1998; Qu et al., 2006a).
owever, in this study we did not observe a significant effect of the
article size on the drug release kinetics.

ig. 6. Comparison of the release profiles of ITZ from silica microparticles, loaded
t  low and high drug concentration solutions, at pH 1.2 and 37 ◦C (lines n ≥ 4,
ean ± SD). The dissolution curve of bulk ITZ are also presented as reference.
Fig. 7. Higuchi model analysis for the release of ITZ at pH 1.2 from ITZlow + TOPSi,
ITZlow + TCPSi, ITZlow + SylAL-1, and ITZlow + Syl244 particles.

In general the ITZ release from Syloid AL-1 particles was faster
than from Syloid 244 particles. Besides the reasons discussed above,
the differences observed in the drug release of Syloid AL-1 com-
pared to Syloid 244 could also be explained by the smaller pore
size of the former. Drug release from amorphous silicon dioxides
with wide range of pore diameters (2–21 nm)  has been shown to be
slower for particles with larger pores due drug entrapment (Yang
et al., 1979). Furthermore, adsorbed ITZ on the external surface
of mesoporous silica has been shown to enhance the drug dis-
solution (Van Speybroeck et al., 2009), which could support the
results obtained for the Syloid AL-1. In the case of PSi particles, the
different release profiles are most likely linked to the different sur-
face chemistries of the particles and their interactions with drug
molecules during dissolution (Muñoz et al., 2003; Salonen et al.,
2005; Song et al., 2005).

Interestingly, although the physical properties (pore volume,
surface area and pore diameter) of TCPSi particles were more close
to Syloid 244 than Syloid AL-1 (Table 1), similar ITZ release profiles
were obtained for TCPSi and ITZlow + SylAL-1 particles. This could
be explained by the lower loading degrees of ITZ in the TCPSi par-
ticles compared to the ITZlow + SylAL-1 particles, and also by the
different particle surface chemistries.

To better compare the drug release profiles obtained at pH 1.2,
the results of Fig. 5 were fitted with the Higuchi model (Higuchi,
1963), which can be used to describe the release of a drug from an
insoluble matrix, and has previously been employed for the evalu-
ation of the drug release kinetics from mesoporous silica particles
(Andersson et al., 2004; Kim et al., 2006; Qu et al., 2006b). The math-
ematical model is based on Fickian diffusion and it describes the
amount of released drug, f t, at a certain time, t [Eq. (1)]:

ft = KH

√
t (1)

where KH is the Higuchi dissolution constant. This model was
selected over, for example, Korsmeyer–Peppas and the first-order
kinetics models, because it gave the best fittings for the dissolu-
tion data in this study. The dissolution data of the mesoporous
materials fitted with the Higuchi model are shown in Fig. 7 and
Table 3. Accordingly, the drug was released from the particles by
diffusion in a two-step drug release profile, which is in very good
agreement with previous reports (Andersson et al., 2004; Kim et al.,
2006; Qu et al., 2006b).  The two-step drug release indicates that
the slower release rate in the second stage is related to chemi-
cal bonding between the drug and the surface of the mesoporous

materials, whereas in the first stage the physically entrapped drug
molecule is released faster (Kim et al., 2006). In addition, the drug
molecules located on or near the surface of the porous material
can be released fast due to the instant dissolution and release in
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Table 3
Higuchi release constants (KH) and correlation coefficients (R2) for the ITZ release from ITZlow + TOPSi, ITZlow + TCPSi, ITZlow + SylAL-1, and ITZlow + Syl244 particles.

Particles First step Second step

Duration kH R2 Duration KH R2

ITZlow + SylAL-1 0–5 min 42.2 0.9313 5–20 min 6.2 0.9643
0.
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ITZlow + TOPSi 0–5 min 38.2 

ITZlow + TCPSi 0–10 min 30.9 

ITZlow + Syl244 0–15 min 23.3 

he medium, whereas the drug molecules packed deeper inside
he pore network are released much slower (Doadrio et al., 2004;
an Speybroeck et al., 2009). The Higuchi release constants suggest

hat the drug release from TOPSi and Syloid AL-1 was faster than
rom TCPSi, but the slow release step started earlier with TOPSi and
yloid AL-1 (at 5 min) than with TCPSi (at 10 min), which slowed
own the overall release from TOPSi and Syloid AL-1 (Table 3).
ecause the rapid release during the first step with TCPSi lasted

or 10 min, TCPSi particles released 95% of ITZ within 10 min, while
5% release took longer for all the other particles. The first step

asted the longest with Syloid 244, but due to the lowest release
onstants, the overall release profile was the slowest with these
articles.

The dissolution profiles of ITZ release from the mesoporous
articles after being kept under stressed conditions for 3 months
40 ◦C/70% RH) showed only a slight decrease in the drug release
ate for the Syloids compared to the non-stressed samples (Fig. 8),
videncing physical stability of the formulations similar to those
eported for the ordered mesoporous silica (Van Speybroeck et al.,
009). However, in the present study the storage conditions used
ere harsher than those reported before. In contrast to the silica
articles, a significant decrease in the release profiles of ITZ was
bserved from the stressed PSi particles when compared with the
on-stressed samples. This can be explained due to the almost com-
lete chemical degradation of ITZ in the TCPSi and TOPSi (Fig. 4)
articles after storage, whereas only slight degradation of ITZ from
he Syloid particles was observed in the HPLC chromatograms
data not shown). Although the phenomenon is not fully under-
tood yet, it is probable that the surface chemistry of PSi induced
ome reactions during storage, which could have led to the chem-
cal degradation of the ITZ molecules loaded inside the pores, or
he increased moisture inside the pores could have also led to the

elease of great part of the loaded ITZ. We  have previously reported
hat azo-based compounds (Laaksonen et al., 2007) undergo redox
eactions when in contact to PSi surfaces. The ITZ molecule contains
riazole-derivate groups which overtime and under high relative

ig. 8. Comparison of the release profiles of ITZ from ITZlow + TCPSi and
TZlow + Syl244 particles at pH 1.2 and 37 ◦C before and after storage under stress
onditions (40 ◦C and 70% RH) (lines n ≥ 4, mean ± SD).
9731 5–20 min 8.5 0.9476
9746 10–20 min 3.0 0.9398
9658 15–60 min 2.6 0.9629

humidity and temperature could trigger reactions between the ITZ
and the particle’s pore walls leading to possible degradation of the
drug molecule. ITZ has also several functional groups that are sus-
ceptible to oxidation. For example, the piperazine ring can degrade
by oxidation; the dioxolane ring can go through oxidative scission;
the ether group can oxidize into aldehydes, ketones, alcohols and
carboxylic acids; and the methyl groups can hydroxylate into alde-
hydes and carboxylic acids and the benzyl ring can hydroxylate
into phenol (Beule, 1996; Feng et al., 2001; Lhomme et al., 2007).
After ITZ-loading the hydrophilicity of the PSi particles are slightly
higher than of the silica particles due to the lower loading degree
of ITZ in the PSi particles. Therefore, under stress conditions the
PSi surface could also have more affinity for water than the sil-
ica particles which would contribute for an extended degree of
oxidation of the ITZ molecule and its consequent degradation. Fur-
ther studies are being undertaken to understand what chemical
modifications are taking place during storage when ITZ is loaded
into PSi microparticles. Despite of that, DSC results did not show
any crystallization of ITZ during storage for any of the mesoporous
materials (data not shown), and therefore drug recrystallization of
the entrapped molecules seems to be ruled out in this case. Further-
more, FTIR studies did not evidence any surface structural changes
in the particles after storage (data not shown). Nevertheless, in the
case of PSi particles the water taken up during storage seemed to
have extensively affected the drug-loaded carrier, leading to the
chemical degradation of ITZ, which strongly contrasts earlier TCPSi
storage studies when loaded with ibuprofen molecules (Limnell et
al., 2007). These dissimilar results are likely to be caused by the
different chemical structures of the drugs with different functional
groups.

4. Conclusions

The aim of this study was  to evaluate the structural effects of
mesoporous silicon and non-ordered mesoporous silica materi-
als on the loading degrees and dissolution behavior of the poorly
soluble drug itraconazole (ITZ). The release of ITZ at pH 1.2
from thermally carbonized porous silicon (TCPSi) and Syloid AL-
1 microparticles was faster than from the thermally oxidized-PSi
(TOPSi) and Syloid 244 particles. This was  described as a result of
smaller pore size of Syloid AL-1 compared to Syloid 244, and of
the more favorable surface chemistry of TCPSi compared to TOPSi.
Interestingly, the particle size did not affect the drug release kinet-
ics. The adsorbed drug fraction was  found to be non-crystalline in all
the samples, even after 3 months storage at 40 ◦C and 70% RH,  and
resulted in a significant improvement in dissolution rate as com-
pared to the crystalline ITZ. The surface structure of the mesoporous
silica particles containing large amounts of silanol groups, together
with the silica gel pore structure and the small particle size were
revealed to be advantageous properties for the efficient loading of
ITZ. On the other hand, the high pore volume was advantageous
for high loading degree. Loadings at lower drug concentrations

were demonstrated to be more suitable for a faster drug release
than loadings at high drug concentrations. No major changes in
the release profiles of ITZ were observed from Syloid samples after
3 months storage under the stressed conditions. In contrast, PSi
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aterials revealed to be inefficient to protect ITZ from chemical
egradation during the storage. Encapsulation of ITZ into the non-
rdered mesoporous silica and PSi is as efficient and promising as
n the cases of ordered mesoporous silica materials (e.g., MCM-41
r SBA-15 materials), but caution is warranted in PSi use for longer
torage times of ITZ. Non-ordered siliceous mesoporous materials,
uch as Syloids, are currently widely used as food additives and
harmaceutical excipients. Therefore, the non-ordered siliceous
aterials are also rather promising for physical stability and dis-

olution enhancement of drug formulations, which renders them
lternatives for carriers of hydrophobic drug molecules. The physic-
chemical properties of the particles are the crucial parameters for
he drug loading efficiency, the drug release kinetics, and the sta-
ility of loaded drug. By adjusting the drug loading parameters, the
ffects on both the drug loading efficiency and the drug release
inetics can be tailored.
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