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bstract

Six different types of mesoporous silicon microparticles were prepared to evaluate the effect of surface treatment and pore sizes on their properties
s drug carriers. The studied porous silicon particles were as-anodized, thermally carbonized (TCPSi) and thermally oxidized (TOPSi) in addition
o three novel ones: annealed TCPSi, annealed TOPSi and thermally hydrocarbonized porous silicon (THCPSi). Drug dissolution at pH 5.5 and
hysical and chemical stabilities after 3 months of storage were used as experimental models to investigate the loaded particles. Loading degrees
f ibuprofen in the particles were determined by several methods before and after storage, and the results were in good agreement with each other.

oading improved the dissolution rate of ibuprofen in all the studied cases, while the hydrophilic TCPSi material resulted in the fastest dissolution
nd the most stable mesoporous microparticles. The release profiles of ibuprofen did not change markedly during storage. The effect of storage on
he loading degrees of the other PSi microparticles than the unstable (easily oxidized) as-anodized porous silicon was not notable.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Porous silicon (PSi) in different forms, like particles and
lms, has been under extensive interest for its favorable prop-
rties in varied applications (Salonen et al., 2000a) ever since
anham (1990) revealed that PSi exhibits photoluminescence.
he first approaches concerned mostly the light emitting prop-
rties of PSi (Fauchet et al., 1995) followed by interest in PSi
sage as sensor material (Björkqvist et al., 2003) and in other
echnologies (Stewart and Buriak, 2000). Applications of porous

ilicon as a carrier of drugs have later emerged (Foraker et al.,
003; Salonen et al., 2005a; Vaccari et al., 2006), and differ-
nt kinds of organic molecules have been loaded into ordered
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meso)porous structures (Vallet-Regı́ et al., 2001; Anglin et al.,
004; DeLouise and Miller, 2005; Vallet-Regı́, 2006).

When considered as drug carrier, the obtained degree of
oading has been found to depend on the properties of both
he microparticles and the loaded substances as well as on the
oading solutions (Anglin et al., 2004; Salonen et al., 2005a;
allet-Regı́, 2006). These properties have an effect also on the

ate of dissolution of the molecules out of the particles as well as
n the possible dissolution and stability of the supporting matrix.
t has been shown that PSi as such, without any chemical mod-
fications on its surface is not stable even at room temperature
Salonen et al., 1997). This has lead to the development of dif-
erent stabilizing surface treatments (Stewart and Buriak, 2000;
jörkqvist et al., 2003; Salonen et al., 2004; Schwartz et al.,
005). By selecting a proper treatment also the hydrophobicity/-
hilicity of the particles can be modified, which in turn has an

ffect on what kind of materials best match the pores. The spe-
ific carrier properties may also be modulated through the pore
ize of the PSi, as its potential utility as dissolution enhancing
arrier is based on the assumption that the confined space of the

mailto:jouni.hirvonen@helsinki.fi
dx.doi.org/10.1016/j.ijpharm.2007.05.010
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ores prevents crystallization of the loaded drug (Salonen et al.,
005a).

The objective of this work was to study the effects of sur-
ace chemistry and pore size (surface area and pore volume)
n the carrier properties of mesoporous silicon microparticles.
hese characteristics include properties like the attainable load-

ng degree, dissolution, and stability of the loaded substance.
ifferences in the stabilization methods of the particle surface
ay have a significant effect on the process and outcome of drug

oading, as indicated by earlier results (Salonen et al., 2005a).
n this study, the effect of surface treatment and pore size of PSi
n the drug release and stability was studied by preparing pairs
f particle types with a difference either in the surface treat-
ent or pore size. Ibuprofen was chosen as a model compound

ecause of its relatively poor aqueous solubility, and the novel
esoporous silicon microparticles were introduced as potential

issolution enhancer candidates. The dissolution of ibuprofen
as studied in a buffer solution at pH 5.5, which was selected

ccording to the previous results showing that the impact of
oading into mesoporous silicon microparticles on ibuprofen
issolution was the highest at that pH (Salonen et al., 2005a).
everal physical methods and HPLC assay of extracted samples
ere used to determine the loading degree immediately after
reparation and after 3 months of storage at 30 ◦C. Dissolu-
ion behaviour of ibuprofen from the loaded particles was also
tudied after the storage.

. Materials and methods

.1. Materials

Silicon wafers Si (1 0 0), of p+-type with resistivity values
f 0.015–0.025 � were used in the preparation of porous sil-
con (PSi). The PSi was prepared by anodizing the wafers in
n HF (38%)–ethanol mixture (HF:EtOH, 1:1); the process was
erformed in darkness. A current density of 50 mA/cm2 was
sed to obtain a porosity of about 60%. Free-standing films
ere obtained by abruptly increasing the current. Ibuprofen
as purchased from Sigma–Aldrich and used as received. Pure

buprofen used in dissolution experiments as a standard was
ieved with a 400 mesh sieve to obtain particle size <38 �m
o correspond with the size distribution of the used silicon

icroparticles.

.2. Production and loading of porous silicon
icroparticles

Porous silicon (PSi) microparticles of four different surface
hemistries were studied: as-anodized PSi (Si–Hx termination),
hermally carbonized PSi (TCPSi), thermally hydrocarbonized
Si (THCPSi) and thermally oxidized PSi (TOPSi) were
repared as described earlier (Salonen et al., 2004, 2005a).
s-anodized microparticles were obtained by ball-milling the
ree-standing porous silicon films and sieving with a 400 mesh
ieve to obtain particles <38 �m. Prior to further surface treat-
ent, annealing of the as-anodized PSi was used to obtain

atches of carbonized (annTCPSi) and oxidized (annTOPSi)

A
t
w
i
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articles of different pore sizes. Treatment of PSi at high tem-
erature in inert atmosphere (N2) leads to pore coalescence, and
his can be used to increase the pore size (Björkqvist et al., 2006).
n this study, treatment at 820 ◦C increased the average pore size
f the as-anodized PSi from 12.9 nm to about 43 nm.

Before the surface was carbonized to obtain TCPSi,
nnTCPSi or THCPSi, the microparticles were treated with
he 1:1 HF:EtOH solution to replace the oxidized surface
ormed during milling (hydrogen termination). A Teflon mem-
rane filter of pore size 1 �m (Whatman Ltd.) was used to
lter the pre-treated microparticles from the HF:EtOH solu-

ion. After that, a two-step thermal carbonization process was
sed to form a stabilizing SiC-terminated surface on the parti-
les (TCPSi). THCPSi particles were prepared with continuous
cetylene flush and at lower temperature than the carboniza-
ion for TCPSi. In THCPSi, there are some hydrogen atoms
eft on the surface (Salonen et al., 2004), while the TCPSi
urface is completely free of hydrogen and, thus, hydrophilic.
hermal oxidation does not require the previously described
ydrogenating process with HF:EtOH solution. Instead, ther-
al oxidation was performed directly after the sieving and

nnealing processes to obtain TOPSi and annTOPSi particles,
espectively.

Drug loading was performed at room temperature
sing ibuprofen in EtOH at 800 mg/ml. The microparticles
100–150 mg) were closed for 1 h in 3 ml glass ampoules
ith 1–1.5 ml of loading solution, which was occasionally

tirred during loading. After the loading, the microparticles
ere vacuum filtered from the solution using pre-described
eflon membrane filters. Solvent was removed by drying the
icroparticles on the membrane filters in a constant tem-

erature oven for 1 h at 65 ◦C. Quantification of drug load
as performed as soon as possible after the loading, and is

xpressed as mdrug/(mdrug + mparticle) × 100%. A part of the pre-
ared batches of the loaded particles were stored (30 ◦C, 56%
elative humidity) for 3 months, after which the loading degrees
ere determined again (no further treatments on the particles)
y both physical and chemical (HPLC) methods.

.3. Physical characterization of the microparticles and
etermination of drug load

The samples were characterized utilizing thermogravimetry
TG; TGA 7, PerkinElmer, 10 ◦C/min, N2 gas purge), dif-
erential scanning calorimetry (DSC; Pyris Diamond DSC,
erkinElmer, 2 ◦C/min, N2 gas purge), helium pycnometry
AccuPyc 1330, Micromeritics) and N2 ad/desorption studies
TriStar 3000, Micromeritics). The pore size values were calcu-
ated utilizing BET and BJH theories. Details and rationale on
he use of TG, DSC, He pycnometry and N2 ad/desorption to
etermine drug loadings have been reported previously (Lehto
t al., 2005; Salonen et al., 2005a,b). FTIR studies were carried
ut using a Spectrum BX II (PerkinElmer) with a horizontal

TR accessory (MIRacle, Pike Technology, Inc.). The resolu-

ion was 4 cm−1 in all the measurements. The total drug load
as also determined by HPLC from extracted samples accord-

ng to Ref. (Salonen et al., 2005a). These drug load values were
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sed as a basis for the calculation of % released of ibuprofen in
he dissolution experiments.

.4. Dissolution experiments

The dissolution experiments of the fresh and for the 3 months
tored ibuprofen loaded mesoporous silicon microparticles were
erformed in buffered (10 mM MES) Hanks balanced salt solu-
ion (HBSS) at pH 5.5 at +37 ◦C with orbital shaking of 75 rpm.
ranswell® cell culture inserts (polycarbonate membrane, pore
ize of 0.4 �m, 4.7 cm2 area; Corning Costar Corp., Cambridge,
A, USA) and six-well plates were utilized as donor and accep-

or compartments, respectively. The protocol of the dissolution
xperiments has been described earlier (Salonen et al., 2005a).
ll the experiments were performed at least in triplicate (n = 3–6)
ver 150 min, and performed under thermodynamical sink con-
itions in terms of solubility. The samples were analyzed by
PLC to determine the cumulative amount of ibuprofen released
ersus time. Dissolution of the sieved (<38 �m) ibuprofen at
H 5.5 was used as an external control to PSi loaded ibupro-
en.

.5. HPLC analysis

Ibuprofen concentrations in the samples were analyzed by
PLC (Waters Millennium, Milford, USA) using a Waters 486
unable Absorbance Detector, a Waters 717 Plus Autosampler,
nd a Waters 510 pump. The mobile phase during determination
λ = 222 nm, retention time 6.3 min) consisted of acetonitrile and
.03% phosphoric acid (50:50). A �Bondapak C18 reversed-
hase column (300 mm × 3.9 mm; 10 �m) with a �Bondapak
18 guard column (Waters, USA) was used with a flow rate
f 2 ml/min and samples were injected using 20 �l injection
olumes.

. Results and discussion

Dissolution of the sieved (<38 �m) ibuprofen at pH 5.5 was
sed as an external control in all the experiments. Loading into
he mesoporous PSi microparticles clearly improved the disso-
ution rate of ibuprofen in all the cases (see the chapters below).
ecause of the small pore size (Table 1), ibuprofen maintains
he non-crystalline form inside the pores and, thus, dissolves
aster. Also, the high surface area of the particles (Table 1)
nhances the dissolution rate of poorly soluble compounds like
buprofen.

able 1
urface area (As), pore diameter (dp) and pore volume (Vp) of microparticles

As, (m2/g) dp (nm) Vp (cm3/g)

s-anodized 253.5 12.9 1.33
CPS1 246.2 15.1 0.956
nnTCPSi 58.9 46.5 0.631
OPSi 222.4 8.53 0.624
nnTOPSl 71.5 40.7 0.671
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.1. Properties of the mesoporous silicon microparticles

Six batches of differently treated silicon microparticles were
ompared. Three of them are novel, presenting treatments that
ave not been introduced in the context of drug carriers before.
he particles varied in their surface chemistry, pore volume, pore
rea and pore diameter (Table 1). Due to the native oxidation,
he as-anodized particles contained hydrophobic, easily oxidiz-
ng hydrogen atoms on the surface (Salonen et al., 1997). They
ave the largest pore volume and area of all the studied particles
Table 1). TCPSi and TOPSi particles have a hydrophilic sur-
ace, which in the TCPSi is chemically more stable than in the
s-anodized PSi or TOPSi (Salonen et al., 2000b, 2002). This
roperty makes the TCPSi a preferred PSi-type for drug loading
hypothesis). Annealing results in larger pores in the particles,
ut at the same time, it melts some pores together in the process
f coarsening and, thus, result in a smaller overall pore volume
Table 1). For small molecules the pores of the annealed particles
ay even be too large if fast release of the amorphous drug is

he desired effect. The larger pores may enable ibuprofen crys-
allization, although the diffusion of drug molecule is faster in
he larger pores, which might lead to slower release rates. The
ptimal pore size would be the largest possible still preventing
he crystallization of the loaded drug.

On the other hand, the annealed particles may provide an
deal carrier material for larger molecules. Because annealing
s performed before the surface treatment, it does not affect
he hydrophilic properties of the particles. When this treatment
as done before the thermal carbonizing and thermal oxidizing,
ovel PSi types were attained, which give the loaded substance
ore space to get ordered in the pores while the total pore volume

emains nearly the same or lower than that of the un-annealed
ounterpart (Table 1). A major difference between the prepared
wo pairs of particles is that the pore volume of TCPSi is about
.5 times that of the annealed one, while annealing of TOPSi on
he contrary increased the pore volume mariginally (8%).

The third novel PSi particle introduced in this paper, THCPSi,
s more hydrophobic than TCPSi because of the hydrogen atoms
eft on the surface. Thermally hydrocarbonized particles were
ifficult to handle: they did not wet properly and generated elec-
rical charges that caused adherence to preparation vessels and
eighing instruments. Because of these properties and incon-

istent dissolution behavior of the THCPSi particles loaded
ith ibuprofen, only preliminary experiments and measure-
ents were performed with THCPSi. The hydrophobicity of
HCPSi, as well as of the as-anodized PSi particles, was revealed

n practice when the aqueous buffer solution was added on top
f them in the dissolution experiments. Due to the poor wetting
roperties, most of the particles floated on the surface of the
iquid. All the other particle types wetted immediately and were
asy to handle.

.2. Loading degrees
In addition to the extraction method (analysis by HPLC), the
otal drug load was also determined by several physical methods
n order to obtain information on both the loading degree and
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Table 2
Extent of drug loading (%, w/w) determined from different PSi microparticles before and after storage utilizing different methods

Particle TGa TGb DSCa,c DSCb,c Pycnometrya HPLCa HPLCb Average
loada,d±S.D.

Theoretical
max loade

Theoretical
max loadf

as-anodized PSi 33.2 34.7 0.2 0.2 31.5 40.7 29.7 36.8 ± 4.8 51.6 59.8
TCPSi 34.7 33.1 0.1 0.4 27.6 30.3 31.9 30.9 ± 3.6 43.3 51.7
AnnTCPSi 41.3 43.8 u u 38.5 38.9 38.1 39.6 ± 1.5 33.5 41.4
TOPSi 33.8 36.8 6.9 10.5 38.2 37.6 31.6 36.5 ± 2.4 33.3 41.1
AnnTOPSi 34.2 34.1 u u 29.6 28.8 29.9 30.9 ± 2.9 34.9 42.9
THCPSi 32.9 – 3.6 – – 30.9 – 31.9 – –

u, unclear melting peaks; –, not detected.
a Before storage.
b After storage.
c Crystalling substance found on the surface of the microparticles.
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annTOPSi due to the above-mentioned problems in the inter-
pretation of DSC curves, but the phenomenon may be due to
the better chemical stability of TCPSi compared to TOPSi, as
d Average load is a mean value of TG, pycnometry and HPLC results.
e Theoretical maximum load, when pores are filled with loading solution 800
f Theoretical maximum load = (Vp × � ibuprofen)/(1 g + Vp × � ibuprofen); �

hysical state of the loaded ibuprofen (Table 2). After storing
he particles, the degree of drug load was again measured by
G, DSC and HPLC. For the annealed particles, the overlap-
ing of ibuprofen melting peaks in the heat flow curves made
he interpreting of the DSC measurements impossible. The other
esults were in good agreement with each other, even though
here were some differences between the results determined by
ifferent methods, the basis of which has been discussed in pre-
ious papers (e.g. Salonen et al., 2005a). Theoretical maximum
oad of ibuprofen inside the particles was determined by two

ethods based on pore volume: (1) by calculating how much
buprofen would go into the pores by simply filling the pores
ith the loading solution (800 mg/ml ibuprofen) and (2) by uti-

izing the density of crystalline ibuprofen. The latter presents the
ighest possible theoretical maximum load and overestimates
he real situation with the density of crystalline ibuprofen versus
he density of amorphous ibuprofen inside the pores.

The average load obtained in annTCPSi and TOPSi particles
as even higher than the theoretical maximum load when the
ores are filled with loading solution (Table 2). This suggests that
nnTCPSi and TOPSi particles attract ibuprofen to accumulate
nside the pores of the particles instead of the loading solution. A
imilar phenomenon has previously been observed when griseo-
ulvin was loaded into TCPSi particles from an ethanol loading
olution (Salonen et al., 2005a). This type of behavior would
iminish the need of high concentrations in the loading solution
nd would therefore be highly desirable. The loading degree of
ll the particles is at least 60% of the highest possible theoretical
aximum load.
Storage affected most the loading degree of the as-anodized

Si, which decreased from 40.7% to 29.7% (quantified by
PLC) in extracted samples. To clarify the origin of the
ecreased drug load, ibuprofen was extracted from the pores
fter the storage to obtain drug-free empty particles, which were
hereafter measured with FTIR. A clear evidence of oxidation
f the as-anodized PSi could be observed in the FTIR spec-

ra measured after the ibuprofen extraction compared to those
btained before the loading (Fig. 1). A strong broad peak above
000 cm−1 arisen after the storage verifies the growth of oxide
n the surface. Also, the decrease of the three Si–Hx peaks above

F
a
5

l.
ofen = 1.118 g cm−3.

000 cm−1 indicates oxidation. In addition to the reduction of
he pore size, the pore wall oxidation could cause degradation of
he loaded ibuprofen (Caviglioli et al., 2002), although this was
ot seen in the HPLC-chromatograms of this study. Although
o traces of ibuprofen reacted with the as-anodized PSi could be
ound in the FTIR spectra of the particles, the loaded ibuprofen
ad most likely oxidized the pore walls and degraded to some
xtent by the reaction. However, as a range of different end
roducts may result from the ibuprofen oxidation (Caviglioli et
l., 2002), the individual concentrations may be too low to be
iscerned in the FTIR data. The other five particle types were
easured likewise with FTIR, and no traces of changes in any
aterials (PSi particles, ibuprofen) were detected.
The effect of storage on the overall loading degrees of the

ther PSi microparticles was not notable. Interestingly, the
rystallized substance found on the surface of TOPSi parti-
les increased 3.6% units during the storage, while there was
ractically no change in the amount of crystallized ibuprofen
n the case of TCPSi. The effect could not be observed in the
ig. 1. FTIR spectra of the as-anodized PSi measured before the loading (solid)
nd after the ibuprofen extraction done after storage (3 months, +30 ◦C, RH
6%; dashed).
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Table 3
Slope of the first 30 min dissolution of ibuprofen before and after storage ± S.D.
at pH 5.5

Before After

Free 0.44 ± 0.12 –
as-anodized 0.90 ± 0.23 0.84 ± 0.07
TCPSi 1.24 ± 0.05 0.93 ± 0.24
AnnTCPSi 0.58 ± 0.05 0.30 ± 0.08
TOPSi 0.77 ± 0.03 0.63 ± 0.06
A

a
r
c
(
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iscussed in chapter 3.1. The total amount of ibuprofen deter-
ined with HPLC was slightly decreased in the case of TOPSi

uring the storage. Although the thermally oxidized surface is
ore stable than the as-anodized hydrogen terminated surface,

t has been found to be chemically reactive in certain chemical
nvironments (Salonen et al., 2007).

.3. PSi particles as dissolution enhancing carriers

Dissolution from all the used silicon microparticles was faster
han that of the unloaded ibuprofen at pH 5.5 (Fig. 2). Thermally
arbonized particles (TCPSi) resulted in a markedly faster disso-
ution of ibuprofen than the other silicon microparticles used. At
H 5.5, the slope of the ibuprofen dissolution from the TCPSi
as 2.8 times that of the free ibuprofen (Table 3). The small
ore size of TCPSi particles, which leads to a decreased level of

rder of ibuprofen molecules, and the stabilizing surface treat-
ent could both affect positively the dissolution of ibuprofen.

t is known that disordered/amorphous material dissolves faster
han its crystalline counterpart (Hancock and Parks, 2000). In

ig. 2. Dissolution profiles of loaded and unloaded (free) ibuprofen in HBSS at
H 5.5, + 37 ◦C (A) before storage (n = 3–6, mean ± S.D.) and (B) enlargement
f the first 30 min.
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nnTOPSi 0.79 ± 0.06 0.76 ± 0.13

ddition, the hydrophilic TCPSi particles resulted in the most
eproducible results, which further increases their value as a
onceivable drug delivery vehicle. It has been shown previously
Salonen et al., 2005a) that loading into TCPSi particles dimin-
shes also the pH dependency of ibuprofen dissolution rate. As
ompared to the other particles, the pore volume of TCPSi is
0% of the as-anodized PSi, and since the surface is hydrophilic,
he interior of the particle wets more easily compared to the as-
nodized PSi with larger pore volume but slower dissolution
ate. TOPSi is also hydrophilic like TCPSi, but higher propor-
ion of the ibuprofen loaded into TOPSi resides in crystalline
orm on the particle surface than in the case of TCPSi. Thus, the
ffects of poor wetting and higher portion of ibuprofen on the
xternal surface of the loaded particles results in the attenuated
issolution properties, but also the physical state of the structure
f ibuprofen inside the particles is a major factor affecting the
issolution rate.

When the effect of pore size on ibuprofen dissolution was
tudied, two pairs of particles were compared. The particles
f each pair had the same surface treatment, i.e. thermal car-
onization or thermal oxidation, but different pore dimensions
Table 1). Annealing the samples before the surface treatment
esulted in threefold to fivefold changes in the pore diameters
nd surface areas, so that in the annealed samples the diame-
ers were larger and the areas smaller than in the un-annealed
articles. Interestingly, the pore volume of TCPSi was 1.5 times
he volume of the annealed one, while the volume of TOPSi
as even slightly smaller than that of the annealed one. When
CPSi, TOPSi and their annealed counterparts were compared,

t seemed that not only the pore size affected the release rate
ut also the surface chemistry had a role in it. Although TCPSi
howed the fastest release rate of all the studied particles (Fig. 2),
buprofen release was clearly slower in the case of annTCPSi. In
nnTOPSi the pore size is quite close to that of annTCPSi, but
nstead of slower release rate, annTOPSi showed faster release
ates compared to TOPSi. Although the pore sizes in TCPSi
nd TOPSi were different, this indicates clearly that the sur-
ace chemistry affects the release rate. Based on the previous
SC measurements, the oxidized PSi surface has been found to
revent the crystallization of loaded ibuprofen better than the
arbonized surface. In the DSC measurements, a larger portion
f crystallized ibuprofen has been detected from TCPSi than

rom TOPSi particles with the same pore sizes. Obviously this
s affecting the release rate too. If the crystalline portion was
learly larger in annTCPSi than in annTOPSi, the release rate
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Fig. 3. Dissolution profiles of ibuprofen loaded into AnnTCPSi and TCPSi
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parameters on porous p + -type silicon morphology. Phys. Status Solidi, A
efore (open symbols) and after (solid symbols) storage (3 months, +30 ◦C,
H 56%) in HBSS at pH 5.5, +37 ◦C (n = 3, mean ± S.D.).

ould be slower from annTCPSi. But, if the crystalline por-
ion remains similar, the fastest release rate would be obtained
rom the particles with the largest pores. This rationale also
xplains why the annTOPSi showed a faster release rate than
OPSi.

The hydrophobic particles, as-anodized PSi and THCPSi,
esulted in the largest variability of the dissolution profiles. This
s possibly due to unequal wetting of the inner parts of the parti-
les, which results in unequal release rate of the ibuprofen out of
he particle. Due to the erratic dissolution behavior of THCPSi-
oaded ibuprofen as well as problems in repeatability due to the
ifficulties in handling and wetting, THCPSi results have not
een presented in the figures. Due to these poor carrier proper-
ies, THCPSi was also excluded from the characterization and
issolution experiments after storage.

Comparison of the degrees of drug loading before and after
he 3-month storage (Table 3) showed that the amount of ibupro-
en in the particles was not remarkably changed due to the
torage, with the exception of as-anodized PSi (see Section 3.2).
he differences between ibuprofen dissolution from the differ-
ntly treated PSi particles were not as clear as before storage, but
he release rate from the TCPSi was still the fastest. After storage,
he slope of the ibuprofen dissolution from the TCPSi was 2.1
imes that of the free ibuprofen (Table 3). Some differences can
e seen when the release curves from TCPSi and annTCPSi par-
icles are compared before and after storage (Fig. 3). AnnTCPSi
roduced the largest change in dissolution before and after stor-
ge, although the particles still remained quite stable during the
xperiments. The other three particle types produced TCPSi-like
hanges in the release rates before and after storage. Overall, the
bility of the PSi particles to improve dissolution remains also
fter storage and no evidence of chemical changes of ibupro-
en were observed during the 3 months in the pores of surface

reated PSi microparticles. This is a very important feature when
onsidering the delivery of poorly soluble drugs with PSi carri-
rs.

S
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. Conclusions

Loading and release properties of the studied untreated,
s-anodized porous silicon and the thermally carbonized or oxi-
ized PSi as well as their annealed counterparts show that surface
hemistry and pore size affect the dissolution enhancing prop-
rties and stability of these particles. Of the surface treated
articles, the ability of TCPSi microparticles to improve the
issolution of ibuprofen was the highest and the enhancement
ffect was maintained after the 3 months storage at 30 ◦C. As-
nodized PSi was found unsuitable for drug delivery purposes
ue to its instability (oxidation). In the future, more experiments
re needed to find out what kind of drugs and particles make the
est combinations; whether the aim is to control (sustain) or
mprove (fasten) the dissolution rate of drugs.
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T., Vähä-Heikkilä, K., Hirvonen, J., Lehto, V.-P., 2005a. Mesoporous silicon
microparticles for oral drug delivery: loading and release of five model drugs.
J. Control. Release 108, 362–374.
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