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Mesoporous silica particles prepared through a simplified Stöber method and low temperature solvent-
promoted surfactant removal are evaluated as dissolution enhancers for poorly soluble compounds, using a pow-
erful anticancer agent belonging to pyrroloquinolinones as a model for anticancer oral therapy, and anti-inflam-
matory ibuprofen as a reference compound. Mesoporous powders composed of either pure silica or silica
modified with aminopropyl residues are produced. The influence of material composition and drug chemical
properties on drug loading capability and dissolution enhancement are studied. The two types of particles display
similar size, surface area, porosity, erodibility, drug loading capability and stability. An up to 50% w/w drug load-
ing is reached, showing correlation between drug concentration in adsorption medium and content in the final
powder. Upon immersion in simulating body fluids, immediate drug dissolution occurred, allowing acceptor so-
lutions to reach concentrations equal to or greater thandrug saturation limits. Thematrix composition influenced
drug solution maximal concentration, complementing the dissolution enhancement generated by a mesoporous
structure. This effect was found to depend on both matrix and drug chemical properties allowing us to
hypothesise general prediction behaviour rules.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Scarce solubility of bioactive compounds is an important issue in
pharmaceutical sciences since it has a negative impact on bioavailability
and efficacy. Given that poor solubility is a common feature formany ac-
tive molecules, several approaches have been suggested to improve
their dissolution. Most of these rely on colloidal complex systems that
act by enhancing the local solubility of the complexed drug— e. g. inclu-
sion complexes, microemulsions, self-emulsifying drug delivery sys-
tems, solid solutions and dispersions, and salt formation [1–6]. More
recently, an alternative/complementary strategy to implement drug
availability has originated from the use of mesoporous silica-based ma-
terials. Such inorganic powder materials are characterized by a very
large surface area, allowing for the adsorption of large amounts of
drugs, which display enhanced dissolution thanks to the stabilization
of their amorphous state and the large surface area available for the pro-
cess [7,8]. Thesematerials were originally developed as catalysts byMo-
bile (MCM41=Mobile Composition of Matter 41) [9] but their use has
orpurgo).
expanded to several other areas, including the pharmaceutical industry
[8]. Since the pioneering work of the group of Vallet-Regi in 2001, sev-
eral papers have demonstrated the usefulness of diverse types of meso-
porous silica, prepared through different routes, in improving drug
dissolution [7–15]. Mesoporous silica is characterized by a stable and
rigid framework, an ordered pore network, a large surface area and a
pore volume which can change depending on the type of template
used in the synthesis [8,16–18]. The pore network is generated by the
polymerization of silica around cetyltrimethyl ammonium bromide
(CTAB-MCM-41) [9] or PPO (SB-15) [19] micelles and by successive
template removal, achieving pore diameters in the 2–6 nm range for
MCM-41 and 4–13 nm range for SBA-15.

Classically, these materials are obtained through a high pressure
condensation step, which is followed by calcination to remove the or-
ganic template. The resulting powders have a non-homogenous shape,
while the calcination step does not permit inserting organic functional
residues during the synthesis process. As a consequence, if organic func-
tional residues need to be inserted onto the silica surface additional syn-
thetic steps [20] are to be performed.

Herewe investigated the potentials of a kind ofmesoporousMCM41
sub-micron sized particles obtained through a low temperature Stöber-
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like synthetic process [21–23], in which template removal is achieved
through a HCl/EtOH washing procedure, bypassing calcination [24].
This method, which was introduced by Etienne [24] in 2001, not only
generates mesoporous materials directly in round-shaped particles,
but also allows inserting organic moieties in the silica network directly
along the one step synthetic process. So far, this kind of matrix has not
been investigated as a pharmaceutical excipient. In this work, the po-
tential of these MCM41 materials has been addressed through a series
of experiments in whichwe evaluated a) if and how the spheres are ca-
pable of acting as dissolution enhancers for poorly soluble drugs; b) if
and how the presence of an alkylamino function in the silica network
and the drug chemical properties (namely the hydrophobic, and
ionisable residues) affect the drug adsorption and dissolution enhance-
ment properties; and c) if the material's properties are preserved along
storage.

To this end, we selected two poorly soluble drugs as model com-
pounds: the first one is a cytotoxic compound, 7-phenyl-3H-pyrrolo
[3,2-f]quinolin-9(6H)-one (MG-2477), characterized by high potency
[25,26] but very low solubility. It is a non-ionic molecule and – as the
majority of anticancer compounds – it is characterized by extremely
poor solubility in an aqueous environment. Indeed, despite the strong
biological activity of this class of compounds, their hydrophobic nature
generally leads to poor aqueous solubility and low bioavailability. For
this reason they are normally administered through the slow infusion
of large volumes of low concentrated solutions. Recently, the oral ad-
ministration of anticancer agents (anticancer oral therapy — AOT) has
also been investigated and, indeed, there has been an increase in the
number of approved oral drugs for cancer therapy. AOT is in principle
more convenient and allows better patient compliance. However, in
order for it to be successful, immediate bioavailability of the active com-
pound after oral administration is necessary, thus necessitating improv-
ing the slow dissolution profile. In particular, MG-2477 is a powerful
chemotherapeutic molecule, actingmainly through the inhibition of tu-
bulin polymerization, that displays strong cytotoxicity towards fast rep-
licating cells, but low toxicity for resting ones [25,26]. Its anti-
proliferative properties make it a good candidate for use in anticancer
oral therapy, therefore justifying the search for an oral formulation
strategy capable of improving its bioavailability after administration.

The second drug is ibuprofen ((RS)-2-(4-(2-methylpropyl)
phenyl)propanoic acid), an acidic (pKa = 4.49) poorly soluble com-
pound that has often been used as a model in mesoporous silica gel in-
vestigations [10,11,14,27,28]. The two drugs display opposite pH
dependence in their solubility behaviour, namely ibuprofen ismore sol-
uble in a neutral–basic environment, whereasMG-2477 is more soluble
in an acidic solution (see Supplementary data). By using in parallel
these two drugs with both pure mesoporous silica and amino-
functionalized mesoporous silica particles, we investigated the effect
of both the drug and thematrix chemical properties on the drug adsorp-
tion and dissolution behaviour. In addition, we performed a preliminary
investigation on the effect of storage on the stability of the matrices,
before and after drug adsorption, in view of a potential industrial
application.

2. Materials and methods

2.1. Materials and instrumentations

Hexadecyl-trimethyl-ammonium bromide (CTAB) (99+%) and
tetraethoxysilane (TEOS) were obtained from ACROS (Geel, Belgium).
Ammonia solution (NH4OH) (30 wt.%), 3-aminopropyltriethoxysilane
(APTES), and all other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO). Double-distilled grade water was used in all experi-
ments, except for matrix erosion assays, which were carried out in
ultra-pure water obtained by inverse osmosis (milli-Q grade). FUI-
grade ibuprofen was obtained from FRANCIS (Varese, IT). Ibuprofen
concentration in aqueous buffers was determined by UV–vis analysis
(264 nm) (Varian Cary 50) on the basis of calibration curves measured
for each investigated buffer. The detection limit was about 100 μg/ml.

MG-2477was synthesized at the Department of Pharmaceutical and
Pharmacological Sciences (Dr. Ferlin lab) of the University of Padua.
MG-2477 is a strongly fluorescent compound and its concentration in
solution was assessed by means of fluorescence measurements
(λexc = 272 nm, 5 nm bandwidth, λem = 495 nm, 10 nm bandwidth)
(Jasco FP 6200) on the basis of calibration curves experimentally obtain-
ed. The detection limit was below 100 ng/ml.

2.1.1. XRD
X-ray diffraction patterns (XRD)were registered on a Bruker AXSD8

Advanced X-ray (Bruker, Germany) diffractometer, with a copper Kα
radiation (0.15418 nm). Angular scans in the 1.5–9° range were collect-
ed with a step size of 0.02° using 100 mg samples of mesoporous
powder.

Fourier Transform Infrared (FT-IR) absorption spectra of mesopo-
rous powders dispersed in KBr were recorded in the 4000–400 cm−1

range by Fourier transform infrared spectroscopy (FT-IR) (Jasco FT/IR-
620.) with an accuracy of 4 cm−1.

Surface area and porosity properties were calculated starting from
nitrogen adsorption-desorption isotherms obtained at 77 K, using a
Quantachrome Autosorb iQ. Samples were degassed at 120 °C for at
least 12 h under vacuum (before starting data acquisition, all samples
displayed a pressure variation lower than 5mTorr in a 15min interval).
For each sample three different batches of powder were measured,
obtaining definitely compatible results within the experimental error.
Nitrogen absorption isotherm data were analysed by the BET
(Brunauer–Emmett–Teller) method to retrieve the specific surface
area [29], and the plots of the corresponding pore size distribution
were obtained from the desorption branches of the isotherms by using
BJH (Barrett–Joyner–Halenda) model [30] and from a NLDFT (non-line-
ar density functional theory) model applied to the adsorption branches
[31,32].

TEM analysis has been performed with a Jeol 3010, operating at
300 kV equipped with a Gatan slow-scan CCD camera (Mod. 794), in
order to investigate the film structure. S-TEM analysis has been per-
formed at CNR-IMM Institute (Bologna, Italy) with a field-emission
gun (FEG) scanning microscope (FEI Tecnai F20 Super Twin) operating
at 200 kV with an electron beam size of about 1 nm FWHM and
equipped with an high-angle annular dark field (HAADF) detector.

2.2. Synthesis of mesoporous silica

Mesoporous silica particles were obtained at room temperature
through the ammonia-catalysed hydrolysis of alkoxysilanes in the
presence of CTAB as the template. A typical synthesis involved the
dissolution of CTAB in a round bottom flask in a water:ethanol:30% am-
monia (100:100:25 volume ratio) mixture, to a final concentration of
21 mg/ml (5.8 mM), followed by the addition of the alkoxysilane pre-
cursor(s). After 2 h stirring at room temperature, the resulting solution
was centrifuged for solid precipitation. Powders were washed with
water, then with absolute ethanol, dried under vacuum, and finally
heated at 70 °C for 3 h. Template removal was performed suspending
powders in a 1 M solution of HCl in ethanol (1 g/100 ml) and stirring
for 24 h at room temperature. Such mixtures were centrifuged, the sol-
vent removed, the powders dried under vacuum and analysed by FT-IR
spectroscopy. This procedurewas repeated until the characteristic CTAB
IR absorption bands in the spectral range of 2900–2800 cm−1 progres-
sively disappeared.

Two different types of powders were obtained: 1) a silica-based
system, in which only TEOS was used as an alkoxysilane precursor
(“T” formulation), and 2) an amino-functionalised silica-based matrix
(“TA” formulation), in which TEOS and APTES were used as precursors
in 90:10 M ratio. For the TA formulation, the two synthesis precursors
were mixed together in a separate vessel prior to addition to the CTAB
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solution. In all syntheses, 0.142 mmol of alkoxysilane were added to
each ml of CTAB solution. The amounts of reagents used for the prepa-
ration of 1 g of final powder are summarized in Table 1. The final formu-
lations were also tested via the ninhydrin test. The positive blue
colouration was observed on the surface of TA powders only, thus
confirming the incorporation of primary amines in this formulation
[33].
2.3. Matrix erosion

MCM-41matrix erosionwas investigated by immersing thepowders
(5 mg) into 10 mM tris hydroxymethylaminomethane, 150 mM NaCl,
pH 7.4 (TRIS) buffer at 37 °C, in a shaking water bath. The ratio between
matrix and buffer was 1mg/8ml, andwas selected to avoid reaching si-
licic acid saturation in themedium (2mM) [34,35]. At scheduled times,
small fractions of the solution (800 μl) were removed for silicic acid
quantification and replaced by fresh buffer. Silicic acid concentration
was quantified using the molybdenum-blue colourimetric test [36].
Erosion data were mathematically elaborated and were plotted as
(Mt/Mtot)% vs time, where Mt is the amount of silica released at time
t, and Mtot is the total silica contained in the sample. Tests were per-
formed the day after gel preparation and thirty days later, to verify the
stability of the formulations upon storage (in closed vials and at room
temperature).
2.4. Matrix loading with MG-2477 and ibuprofen

Drugs were adsorbed using the “immersion method” [16]. Several
organic solutions with different concentrations of ibuprofen in dry eth-
anol and MG-2477 in dry dimethylsulfoxide (DMSO) were generated
(Supplementary data, Table S-2). The mesoporous powders were im-
mersed at room temperature in such solutions under gentle mixing.
The ratio between the powder and the organic solution was kept con-
stant at 40 mg/ml in all experiments. After overnight incubation, mix-
tures were centrifuged (16,600 g, 10 min, room temperature) and the
supernatant removed. In order to remove non-physisorbed molecules
(and in the case of MG2477 samples, DMSO residuals) powders
were quickly treated with ethanol/methanol (vortexing 50 mg of
powder/ml of solvent for 10 s), whichwas removed after centrifugation
(16,000 g, 1 min, room temperature). Due to the risk of removing also
physisorbed drug molecules with the washing step, the conditions of
this procedure (volume ratios, timings and temperatures) were strictly
controlled and kept constant for all samples. Powders were finally dried
under vacuum. Several loading experiments were carried out using
varying the drug concentration in solution in the 4–400 mg/ml range
(Supplementary data, Tables S-2 and S-3).

Drug loadwas assessed by immersing small aliquots of the adsorbed
samples (in the 5–120 mg range, depending on the drug and its load—
Tables S-2 and S-3 in the Supplementary data) in organic solvent (0.2–
1 ml) (ethanol for ibuprofen and methanol for MG-2477). After over-
night incubation, the organic solution was removed by centrifugation
and analysed for drug content. The same procedure was repeated until
total powder exhaustion.
Table 1
Amounts of reagents used in the preparation of T and TA powders.

T TA

CTAB solution (ml) 113 113
TEOS (ml) 3.47 3.11
APTES (ml) 0.38
Final solution (ml) 116.47 116.49
TEOS:APTES:H2O:CTAB 1:0:178.6:0.42 0.9:0.1:179.6:0.43
2.5. Drug dissolution

Drug dissolution was followed at 37 °C using a shaking water bath.
The drug loaded powders (17.7% w/w in ibuprofen and 13.3% in
MG2247) were added to the buffer solution (30 mL) and at scheduled
times, 1 ml of themediumwas removed for drug quantification and re-
placed with fresh buffer. In order to minimize material losses, the ali-
quots were centrifuged (16,600 g, 1 min, 37 °C) prior to analysis and
the residue at the bottom of the microtube was re-suspended into the
replacing fresh buffer aliquot. Dissolution experiments were carried
out in 0.1 M HCl (the medium indicated by the pharmacopoeia to
simulate the acidic gastric environment) or the physiological 10 mM
phosphate, 150 mM NaCl, pH 7.4 (PBS) for ibuprofen or MG-2247, re-
spectively, namely the pH conditions in which each drug displays
lower solubility (see Supplementary data). We carried out different as-
says varying the ratio between drug loaded powder and dissolutionme-
dium, in order to reach amaximal drug concentration in the case of total
dissolution equal to 2 or 4-fold its saturation (see Supplementary data).
Dissolution data were mathematically elaborated and were plotted as
either (C/Cs) or (Mt/Mtot)% vs time,where C is concentrationmeasured
at each time point and Cs is the saturation concentration, and Mt and
Mtot are the amounts of drug dissolved at time t and the total available
in the dissolution process.

Drug concentration in the release medium was determined by UV
spectrophotometry at 272nm(ibuprofen) or byfluorescence spectrom-
etry (MG2477, λexc = 274 or 245 nm; λem= 495 nm) according to cal-
ibration curves obtained in parallel.

3. Results

3.1. TEM analysis

Fig. 1 shows the TEM images of the two formulations. The average
particle size is 1.0 ± 0.3 μm for the T formulation, and 0.7 ± 0.2 μm
for TA. A mesoporous structure is evident in both powders with a
mean pore size of about 3–4 nm. XRD measurements (Fig. 1C) show
the presence of a sharp peak at 2.4° and of weaker peaks at 4.1° and
4.8°, more pronounced in the T powder and barely visible in the TA
one, which suggest that the mesopores are organized in ordered do-
mains with hexagonal lattice (a structure similar to that reported in
[23,24]). In order to better analyse the mesostructure of powders we
have used high-angle annular dark field scanning TEM (HAADF-STEM)
that has demonstrated to be a powerful technique for characterizing
mesopores, as the contrast of the image is strongly correlated with
local atomic number and therefore with the local atomic density [37].
The presence of radially-aligned pore channels and of small craters on
the surface is visualized in T amorphous spheres (Fig. 1D). Fast Fourier
transform (FFT) analysis of the STEM images revealed the presence of
an ordered pore structure in the T powders with a periodicity of
3.5±0.5 nm(inset of Fig. 1D). TA amorphous spheres show amore reg-
ular surface with respect to T spheres: no surface craters and no pore
channels are observed in STEM images (Fig. 1E).

3.2. BET

Nitrogen (N2) adsorption/desorption isotherms are shown in Fig. 2.
Both samples display the shape of a Type IV isotherm, typical of ameso-
porous silica asMCM-41 [5,6]. The T sample demonstrated anhysteresis
loop in the adsorption/desorption cycle, that becamemuchwider in the
case of TA samples, for which an H2-type loop can be identified accord-
ing to the IUPAC classification [38]. BET surface areas were determined
from nitrogen isotherms at 77 K in a range of relative pressures (p/p0)
prior to the occurrence of pore condensation for each sample (T:
0.12–0.27; TA: 0.1–0.22) by assuming a cross-sectional area of
0.162 nm2 for N2. The BET surface values are reported in Table 2.



Fig. 1. TEM images of (A) T and (B) TA powders. (C) X-ray diffraction pattern of the T (grey line) and TA (black line) formulations. The presence of a sharp peak at 2.4° suggests a long range
hexagonal order for themesopores. HAADF-STEM images of (D) T and (E) TA powders. In the red square FFT analysis of the indicated area is reported: the symmetric spots correspond to
an ordered pore structure with a periodicity of 3.5 nm. The figure shows representative images from one batch; analogue results were obtained from the other two batches.
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In order to determine the pore size distribution (PSD), two different
approaches were followed: a thermodynamic approach based on the
Kelvin equation (BJH model) and a NLDFT method. Two different anal-
yses were necessary because, for TA samples, the desorption branch
closed the hysteresis loop showing a possible cavitation effect, which
is known to create an artefact in the BJH estimates of PSD [39]. Such
an effect is clearly visible in the inset of Fig. 2B, where data from the
BJH model returns a second fictitious peak, corresponding to pores of
larger diameter.

TheNLDFT distribution displays only one peak for both samples, in the
earlymesopores range: the difference in pore diameter obtainedwith the
two different approaches is widely discussed in literature [39,40].

Using data from BET and BJH analyses in Table 2, and NLDFT results
only as a confirmation of the unique presence of mesopores with a size
close to 2 nm, the two samples appear very similar in terms of surface
and pore quantitative properties. The main difference between the
Fig. 2.N2 isotherms for T particles (A) and TA particles (B) and, in the insets, their pore size distr
other two batches.
two types of produced powders can be found in the different size of
the hysteresis, indicating a more interconnected pore network for TA
powders. The size of the pores is enough to create bottlenecks in the
material network, which can also determine to the mentioned cavita-
tion effect.

3.3. FT-IR analysis

FT-IR spectra of the T and TA powders were registered the day after
synthesis and after 30 days of storage at room temperature in closed
vials. The spectra of Fig. 3 reveal a complete removal of the surfactant
(CTAB) for the absence of characteristic C–H stretching peaks in the
3000–2700 cm−1 region. In TA samples, N–H bending vibrations and
N–H wagging weak peaks are present at 1517 cm−1 and at 700 cm−1,
respectively. The main difference between T and TA spectra is the posi-
tion of Si–O–Si stretching at 1095 and 1080 cm−1 for T and TA
ibutions. The plots showdata from one batch but analogue results were obtained from the

Image of &INS id=
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Table 2
Surface and pore analysis results.

S from BET
(m2/g)

Pore V from
BJH (cm3/g)

Pore Ø from
BJH (nm)

Pore Ø from
NLDFT (nm)

T 1011 0.917 2.526 3.775
TA 1013 0.945 2.257 3.537
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respectively. The difference indicates that a more condensed silica net-
work is present in the former (Fig. 3A’).Moreover, the spectrameasured
after 30 days (Fig. 3B and B’) indicate a water up-take particularly evi-
dent for TA and negligible in the case of T powders, as revealed by the
increased –OH absorption band at 3600–3200 cm−1 and the H2O peak
at 1650 cm−1.
Fig. 4. Erosion profiles of T (□) and TA (Δ) matrices asmeasured the day after preparation
(full symbols) and after 30 days of storage at room temperature in a closed vial (empty
symbols).
3.4. Matrix erosion

The erosion profiles of the two formulations when immersed in
physiological buffer at 37 °C are shown in Fig. 4. Erosion was tested
the day after powder synthesis and after 30 days of storage.

Silica in aqueous solution dissolves into silicic acid. This compound
has limited solubility and its saturation in water or aqueous buffers is
about 2 mM [34,35]. In order to avoid any bias in the dissolution exper-
iment due to the risk of reaching saturation of silicic acid, the volume of
the acceptor solution was selected in order to allow full dissolution of
the silica contained in the sample (sink conditions for silicic acid). The
results show that both samples dissolve very rapidly and 100% dissolu-
tion occurswithin thefirst 5 h. No apparent differencewas observed be-
tween the two preparations when analysed the day after preparation,
indicating that the presence of 10% aminopropyl modified silicon cen-
tres does not influence the dissolution. However, only the T formulation
maintained the same dissolution profile after 30 days of storage. On the
contrary, the dissolution profile of TA was about 10% slower after the
storage, suggesting some instability in this matrix structure.
Fig. 3. FT-IR spectra of T and TApowders immediately after CTAB removal (A) and after 30 days
wagging, respectively. Respective zoomed spectra of the silica peaks (A’, B’).
3.5. Drug loading and dissolution

Fig. 5 displays the relation between both ibuprofen and MG-2477
concentration in the adsorption solution and their content in the final
formulation (see also Table S-2 in Supplementary data). A similar
trend in drug load vs adsorption solution concentration can be ob-
served, independently of the drug and the matrix composition. The
maximal drug content achieved on both T and TA was N50% w/w for
ibuproben adsorbed from a 400 mg/ml solution and about 2.5% w/w
for MG-2477 adsorbed from a 40 mg/ml solution. In this case, adsorp-
tion experiments from higher concentrated solutions could not be
carried out due to drug availability limits.

The adsorption properties for ibuprofen are in line with those
described in the literature for MCM41 mesoporous materials
obtained through alternative routes [35,41], also considering the
of storage at room temperature (B). The circles and arrows indicate theN–H stretching and

Image of &INS id=
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Fig. 5. Chemical structures at different pHvalues of A) ibuprofen and B)MG-2477 and C) correlation between their concentration in the adsorption solution and finalmatrix loading. (■,□)
Formulation T and (▲, Δ) formulation TA. Open symbols: ibuprofen, full symbols: MG-2477.
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high dependence of this parameter on the loading procedure and
conditions adopted [17].

Data of Fig. 5 were obtained by carrying out the adsorption pro-
cess using freshly prepared mesoporous powders. In addition, ibu-
profen adsorption at 100 mg/ml was repeated on matrices stored in
closed vials for 30 days at room temperature in order to evaluate
the effect of matrix storage upon this parameter. The results are
shown in Table 3. The loading capability of both mesoporous formu-
lations decreases upon storage, and this loss is more pronounced for
TA (57%) than T (48%).

XRD measurements on final ibuprofen-loaded formulations (Fig. 6)
demonstrate that matrix structure and pore arrangement were pre-
served after the loading process: the peak at 2.4 was still present, even
if slightly shifted to higher angles for T particles. The absence of ibupro-
fen diffraction peaks in the spectra show that themesopores entrap the
drug in its amorphous form.

The results of the drugdissolution experiments are depicted in Fig. 7.
The release data are expressed both as Mt/Mtot% vs time and as C/Cs vs
time. The latter plot provides additional information to themore classic
Mt/Mtot% one. In fact, the% of drug dissolution can be affected by the ac-
ceptor solution volume, in particular when the experiments (as here)
are carried out in nonsink conditions for the drug, so that 100% dissolu-
tion cannot be reached due to physical limits. In this case, expressing the
release profile through the ratio between the actual drug concentration
and its saturation concentration better highlights the solubility en-
hancement promoted by the mesoporous system.

All formulations were capable of delivering the drug in the dissolu-
tion medium much faster than when the drugs were tested as such. In
all formulations the maximal drug concentration was reached within
5 min, as opposed to when testing the pure drugs, which required
more than 90 min to reach saturation concentrations. Dissolution en-
hancement occurred independently of the drug or matrix chemical
properties. However, significant differenceswere registered in themax-
imal solution drug concentration reached by the different formulations.
In the case of ibuprofen, when the drug was adsorbed on the T pure sil-
ica matrix, its concentration in the dissolution medium never exceeded
the saturation level (C/Cs = 1). On the contrary, when adsorbed onto
the amino modified matrix, the drug concentration in the early phase
of the dissolution reached well above saturation (up to 2.5 fold) levels.
However, after the initial burst, drug concentration slowly went down
secondary to precipitation. A similar phenomenon with an opposite
Table 3
Matrix loading capability for ibuprofen from 100 mg/ml ethanol solutions as a function
time of storage at room temperature. Loading experiments was carried using the powders
as such (*) or after overnight treatment at 80 °C (**).

Ageing T TA

Ibuprofen/SiO2% w/w

Freshly prepared 19.91 ± 2.85 13.46 ± 1.45
30 days (*) 10.37 ± 1.08 (*) 5.82 ± 0.08

(**) 12.20 ± 0.56 (**) 8.43 ± 1.29
trend was observed with MG-2477, for which the highest solution con-
centration was reached when the drug was adsorbed onto the pure sil-
ica T formulation.
3.6. Stability of drug-loaded formulations

Preliminary investigation on formulation stability was carried out.
Dissolution from the same ibuprofen loaded formulation was tested
the day after preparation and 40 days later, upon storage in a closed
vial at room temperature. As shown in Fig. 8, the enhanced dissolution
profile was preserved by both T and TA matrices, indicating that both
final formulations are indeed stable.
4. Discussion

4.1. Selection of the silica mesoporous formulations

The usefulness of mesoporous silica powders as solubility enhancers
for poorly soluble drugs has already been demonstrated in several
contexts [7,8]. The aim of this work was to contribute to this field of
investigation by studying the potentials ofmesoporous particles obtain-
ed through a low temperature ‘simplified’ Stöber method. As demon-
strated by TEM and BET (Figs. 1 and 2), the synthesis yields round-
shaped sub-micron particles which are rather homogeneous in size,
possess an ordered mesoporous structure and have a very large surface
area. Thanks to the possibility of bypassing calcination, we could gener-
ate directly using one-step synthesis processes, mesoporous materials
differing because of the presence or absence of organic (aminopropyl)
moiety residues. In this way the influence of the matrix composition
on functional properties could be investigated.
Fig. 6. X-ray diffraction spectra of the T (dark grey line) and TA (black line) formulations
after loading with ibuprofen. Drug spectra as purchased, or after immersion in ethanol
solution and drying, are reported for comparison (light grey lines).

Image of &INS id=
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Fig. 7. Dissolution profiles of (A) ibuprofen in 0.1 M HCl and (B) MG-2477 in PBS buffer. Dissolution was carried out using drugs in their original powder (●) or adsorbed onto T (□, ■,
square) or TA (▲,Δ, triangles)mesoporous silica. In the case of ibuprofen, dissolution assayswere carried out using 0.2mg (full symbols) or 0.4mg (empty symbols) of drug/ml of acceptor
solution (2× or 4× with respect to drug saturation concentration, respectively). In the case of MG-2477, assays were carried out using 1600 ng of MG-2477/ml of acceptor solution (4×
saturation concentration). Dissolution data are plotted as (A1 and B1) drug concentration (C) divided by the drug saturation concentration (Cs) or (A2 and B2) asMt/Mtot% vs dissolution
time.
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4.2. Adsorption and dissolution enhancement

Differentmethods can be used to load drugs ontomesoporousmate-
rials, including the use of filtration, slow evaporation, melting, spray-
drying, or rotary evaporation [17]. Here, drug loading was achieved
using the simple “immersion method”, in which adsorption occurs
upon overnight contact of the matrices with drug solutions, using or-
ganic solvents in which the compounds display high solubility. By
performing the adsorption process at different solution concentrations,
a relationship between solution concentration and drug load is obtain-
ed, whose trend provides an indication of the adsorption efficacy.
Fig. 5B shows that a similar adsorption trend is obtained independently
Fig. 8. Ibuprofen dissolution from T (■, □) and TA (▲, Δ) loaded matrices, tested the day
after matrix loading (empty symbols) and upon 40 days of storage in closed vials at room
temperature (full symbols). Dissolution tests were carried out in 0.1MHCl using 0.4mg of
drug/ml of acceptor solution (4× with respect to drug saturation concentration).
of the drug and matrix type, indicating that neither the drug chemical
properties nor the presence of the 10% moles of aminopropyl residues
in the silica network affect the material's high adsorption properties.
These results are not obvious and differ from previous results obtained
with similar formulations inwhich the aminopropyl functionwas intro-
duced after the pore formation [20]. Indeed, aminopropyl residues were
expected to bring steric hindrance and reduce the total surface area, or
affect the pore structure and the drug adsorption features. In addition,
their ionic property could influence drug adsorption through ionic ef-
fects. However, the combination of these data with the BET analysis in-
dicates that it is the surface area available for the process that
determines matrix adsorption potential, while the introduction of the
aminopropyl function directly during matrix preparation, as in the
here-adopted process, did not affect this parameter.

All drug loaded formulations were capable of delivering the drug
in the dissolution mediummuch faster than when the drug was test-
ed alone, and maximal drug concentration (equal or above satura-
tion levels) was always reached within 5 min of the dissolution
test. As opposed, in the same conditions, the pure drugs required
more than 90 min to reach similar saturation concentrations. The
fact that the above saturation levels can be reached within a very
short time is extremely relevant for bioavailability, as a higher con-
centration in the burst phase might likely translate into faster onsets
of action.

Noteworthy, the dissolution kinetics observed appear to be faster
than those described in the literature with MCM41 materials loaded
with ibuprofen [42,35,43,20]. For example, round shaped particles pre-
pared by Manzano et al. [20] using a similar procedure to the one here
described but followed by calcination and loaded at about 25%–36% w/
w with ibuprofen, showed a slower (equilibrium after 48–150 h) and
incomplete ibuprofen release in simulating body fluid (SBF [44]),
which was also affected by the presence of amino residues on the sur-
face of the particles. Similarly, MCM41 spheres prepared by Onida
et al. carrying 37% w/w ibuprofen [35], necessitated 2 to 10 h to reach
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full drug dissolution in SBF, a time duringwhich pore occlusionwas also
observed. However, it has to be noted that comparison with literature
data is not always straightforward, either because the dissolution test
conditions (e.g. ratio between drug and volume, which is – according
to the Noyes–Whitney equation [45] – a fundamental parameter in de-
termining a drugdissolution rate) are different or are not fully described
[41,42], or because of differences in the drug loading and rinsing proce-
dures before drying, or differences in the acceptor solution composition
[35]. Another possible reason for the differences observedmay bedue to
different observation timeframes: we concentrated our attention most-
ly on the early phase of the dissolution whereas other works, focusing
also on later phases, did not report what was happening at the onset
of the phenomenon. In any case, the materials described in this work
appear to have more similar characteristics to those of irregularly
shaped mesoporous MCM41 powders obtained through more classic
procedures [20,9].

Even if dissolution enhancement was exhibited by all formulations
and independently of the drug ormatrix chemical properties, significant
differences were observed in the maximal drug concentration reached
in the dissolution medium (Fig. 7). This result can be explained consid-
ering that, depending on the matrix composition, the adsorbed drugs
interact with it by their ionized form. The adsorbed form is the one
that has the first contact with the dissolutionmedium and is readily ex-
tracted by it. Since drug desorption from the mesoporous surface is in-
stantaneous, it is the solubility feature of the adsorbed form that
dictates the solution concentration at the onset of the process. Conse-
quently, if the adsorbed form ismore soluble than the one that the com-
pound acquires in the dissolution medium, solution concentrations
higher than saturation can be reached. However, since drug solubility
limits cannot be overcome for long, drug precipitation occurs with
time until true saturation levels are reached. This explains the opposite
effect exerted by the TA and Tmatrices – thefirstwith basic features and
the second slightly acidic – on the two drugs with different chemical
properties. In the case of ibuprofen, the amino carrying matrix may ad-
sorb the drug in themorewater soluble carboxylate form. In the case of
MG-2477, at high pH the molecule adopts two tautomeric forms, ac-
cording to a keto-enol equilibrium (Fig. 5A). In particular, the enol
form, which is protonable at low pH (data not shown), is more water
soluble than the keto one. Therefore, the drug solution concentration
reached upon T adsorption is higher than that reached upon adsorption
on the amine carrying TA, in which the keto form is favoured.

From a practical point of view, we may expect this phenomenon to
be of general value. This means that, in order to reach higher drug con-
centrations at the onset of the dissolution process, one should select the
matrix that favours adsorption of the drug in itsmore soluble conforma-
tion. Therefore, for acidic ionisable compounds, such as ibuprofen, the
ideal matrix will carry basic organic functions (e.g. amines as in TA),
whereas for basic ionisable compounds, as MG-2477, thematrix should
contain acidic organic functions (e.g. carboxyl, sulphates, etc.)

4.3. Stability upon storage

The stability of a drug formulation is fundamental for practical pur-
poses. Investigation on stability is also important when developing
novel excipients, as in this case. The experiments described here were
aimed at evaluating, in a preliminary way, the stability parameter on
both the matrices as such and on the final drug loaded mixtures.

The results onmatrix dissolution (Fig. 4) and drug loading capability
upon storage (Table 3) show that the pure matrices' properties change
with time. However, the decrease in loading capability is likely due –
or at least in part – to the adsorption of water, as demonstrated by the
fact that this parameter is partially recovered upon overnight treatment
at 80 °C. This is in line with the FT-IR data (Fig. 3) that reveal a higher
tendency of the TA matrix to take up water. This instability can be con-
trolled by improving the storage conditions, namely by using sealed
containers. On the other hand, the change observed in the erodibility
of the TA matrix also indicates, at least for this formulation, the occur-
rence of some silica network rearrangement, which may have con-
curred with the water uptake in reducing the loading potential. This
phenomenon is often observed with nonthermally cured organically
functionalised silica [46]. In this respect, further investigation should
be carried out to rule out the risk of a matrix network instability before
drug loading, and or to establish if and how thematrix can be stabilized,
for example through a temperature induced curing step or by simply
improving the storing conditions.

In any case, from a practical point of view, it is more important to
evaluate if the final drug-loaded formulation is stable in time. Indeed,
it appears that the instability observed before drug loading does not in-
fluence the dissolution enhancement property, since (Fig. 8) the final
drug loaded formulations were stable upon storage. This result is of im-
portance as it confirms that mesopore entrapment stabilizes the amor-
phous (and faster dissolving) form of the drug, as also shown by XRD
data.

5. Conclusions

The data converge in indicating that the silica particles here investi-
gated are promising excipients for formulating poorly soluble drugs,
with properties that are compatible with their application as enhancers
in anticancer oral therapy. Both mesoporous powders displayed very
high loading capability and powerful dissolution enhancement proper-
ties. The synthetic method here adopted, which allows introducing or-
ganic moieties in the mesoporous silica network, was found to be
useful. In fact, while the presence of organic functions does not alter
the drug loading efficiency or the matrix solubility enhancement prop-
erties, the insertion of suitable organic residues is not inconsequential,
as it affects the maximal drug concentration at the onset burst of disso-
lution. This effect complements the general dissolution enhancement
property of mesoporous silica powders andmay have important conse-
quences on the final drug bioavailability. In addition, the possibility of
inserting selected functional residues may also be used to convey addi-
tional properties to the material, for example to favour bioadhesion. An
optimization of the syntheticmethod aiming to an improvement of par-
ticle homogeneity is required in the perspective of optimizing the prep-
aration for industrial development. Despite that somematrix instability
was observed in the case of the drug-free aminopropyl carryingpowder,
all drug-loaded formulations appear to be ‘functionally’ stable, that is
they maintained their strong solubility promoting feature also upon
storage. This is encouraging for future applications. As for the matrix
loss in drug loading capability upon storage, a more detailed investiga-
tion is still needed to rule out the risk of irreversible network changes
that, if not prevented, could impair industrial development.
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