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ABSTRACT

MCM-41 silica particles have been synthesized with size in the low submicron range, loaded with ibupro-
fen and characterized by means of XRD, N, adsorption and scanning electron microscopy, coupled with
EDS analysis both before and after contact with different volumes of simulated body fluid (SBF) at 37°C
up to 10h.

The particles do not show any change in morphology, composition and mesostructure as a consequence
of soaking. MCM-41 spheres, though, are not inert towards SBF. Two processes take place, showing
features independent from the soaking volume: (i) one within 1-2 h, bringing about dissolution of silica
into the liquid phase up to a concentration of 2.2 mM and no change in the mesopore volume; (ii) the
second, after an induction period of 1-2h, bringing about a limited increase in the concentration of
dissolved silica, but affecting severely the mesoporous volume, which decreases exponentially with time.

Delivery curves differ significantly when varying the volume of SBF used. To account for release
kinetics under the circumstances observed, a mathematical model is proposed, based on the standard
Noyes-Whitney equation, taking into account both the SBF volume used and the mesopores occlusion,
this latter through a time-dependent diffusion coefficient. A satisfactory agreement is observed, without

the intervention of any adjustable parameter.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Ordered mesoporous silicas have been proposed for the first
time as carriers for drug delivery in 2001 by Vallet-Regi et al. [1]
Their narrow pore size distribution and their high specific surface
area [2], in combination with the possibility to modulate the pore
diameter in a wide range by varying synthesis conditions, made
these materials widely investigated for the incorporation and the
release of pharmaceutical agents.

Several studies have been carried out on the system pro-
posed in 2001, and several other mesoporous silicas have been
suggested as matrices for drug delivery systems, especially for
non-steroidal anti-inflammatory drugs [3-15]. In 2003 Tourne-
Peteilh et al. [16] proposed the functionalization of the hexagonal
mesostructure MCM-41 with 3-glycidoxypropylsilane in order to
obtain a covalent bond between the drug and the silica walls,
and Lin and co-workers [17] synthesized MCM-41 nanoparticle-
based stimuli-responsive systems using a concept of gatekeeping.
Recently new designs have been proposed for MCM-41 silica, i.e.
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the luminescent functionalization of the pore walls [18,19], the
magnetic particles inclusion into the mesopore channels [20,21]
and the inner pore surface modification to affect the drug release
[22-24].

Since 2004, the in vitro studies of the mesoporous silica
endocytosis into various cell types have pointed out that the bio-
compatibility of these systems is fairly high [9,25-27]. In addition,
Slowing et al. [28] reported no haemolysis of mammalian red blood
cells in contact with MCM-41 nanoparticles, indicating their possi-
ble intravenous administration and transport.

The use of ordered mesoporous silicas has been studied in the
context of bone tissue engineering [29-31], also in combination
with bioactive glass—ceramic scaffolds [32-34]. In this field the
possibility of delivering in a predetermined way drugs after sur-
gical treatments or fractures is crucial to avoid the side effects of
the current therapies based on large amounts of antibiotics and
anti-inflammatory drugs.

Among the various molecules tested, ibuprofen (IBU) was exten-
sively adopted as model drug to characterize up-take capacity and
release properties of different systems, especially in contact with
the solution commonly used for the in vitro simulation of body
fluid (SBF) [35]. Moreover, IBU dosed in appropriate concentration
decreases the side effects on bone formation of the current heal-
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Fig. 1. XRD pattern (a), nitrogen adsorption-desorption isotherms at 77 K with DFT
pore size distribution ((b), inset) and SEM picture (c) of calcined MSP.

ing prophylaxis based on non-steroidal anti-inflammatory drugs
[36,37].

Although it has been reported that sol-gel silica may degrade
during the contact with biological fluids [38-40], the few data
available on mesoporous silica tablets showed a small extent of
dissolution [4]. For this reason, several attempts to model the
IBU release kinetics from ordered mesoporous silicas are based
on the assumption that the silica matrix is insoluble and behaves
as an inert porous carrier [12,30]. In contrast Andersson et al. [4]
hypothesized a possible correlation between drug release and sil-
ica dissolution. Also, IBU release curves in SBF from MCM-41 silicas
with pore diameter around 2.5 nm, similar to those adopted in
the present study, have shown a peculiar discontinuity [6,33,41],

Table 1
Specific surface area (SSA), mesopore volume (V},), pore size (Dprr) and dj oo values
for MSP after different immersion times in SBF at 37 °C.

N, adsorption-desorption XRD

SSAger (m?/g) Vp (cm?/g)  Dper(nm)  digo (nm)
MSP 835 0.548 24 3.45
MSP-30 (1.0h) 829 0.549 24 3.47
MSP-30 (1.5h) 741 0.394 2.5 3.46
MSP-30 (2.0h) 440 0.234 2.5 343
MSP-30 (6.0 h) 38 0.012 - 3.44
MSP-30 (8.0 h) 15 0.007 - 343
MSP-30 (10.0h) 16 0.007 - 3.47

ascribed to occlusion of mesopores occurring during contact with
SBF [42].

The present paper reports a detailed study of MCM-41 spheres,
as it concerns their behaviour in SBF, under different IBU release
conditions, in order to assess whether these materials may be really
considered inert.

The aim of the study is twofold. On the one hand, a complete
characterization of MCM-41 mesopores occlusion process in SBF
may be crucial to develop MCM-41-based systems for in vivo appli-
cations. On the other hand, the investigation of the variations of
IBU delivery profile upon changing the SBF contact volume may be
useful to model the release features in different biological condi-
tions.

2. Experimental
2.1. Synthesis of MCM-41 spheres

MCM-41 spheres were prepared according to the procedure
reported by Griin et al. [43], slightly modified in that a lower pH
value was assumed in the synthesis [33].

2.5g n-hexadecyltrimethylammonium bromide (C;5TMABT,
Aldrich) was dissolved into a mixture composed by 50 g deionized
water, 0.15 g aqueous ammonia (33 wt.%, Riedel-de Hien) and 60 g
absolute ethanol (99.9% Labochem). 4.7 g tetraethylorthosilicate
(TEOS 98%, Aldrich) were then added. The reactant molar ratio was
therefore: 1TE0S:0.3C;gTMABr:0.129NH3:144H,0:58EtOH. After
stirring for 2 h at room temperature, the product was filtered, dried
overnight at 90°C and calcined at 550°C for 6 h in flowing dry air
(heating rate: 1 °C/min).

2.2. Drug up-take
Adsorption of IBU (99.9%, Sigma) has been carried out by

contacting a pentane solution (10ml, 33 mg/ml, 0.160 M) with
400 mg of MCM-41 spheres for 2h at room temperature under
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Fig. 2. Concentration of dissolved silica measured for MSP soaked in 30 ml of SBF
(MSP-30) at 37°C.
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Fig. 3. XRD patterns (a) and nitrogen adsorption-desorption isotherms at 77 K (b) of MSP-30 obtained after different immersion times in SBF at 37°C.

continuous stirring. The amount of drug loaded was evaluated
through UV-vis spectrophotometry from the change in concen-
tration in the pentane solution. The instrument was a Cary 500
Scan, operating at A =263 nm, where the molar extinction coef-
ficient (g;) is 320mol~'cm~1. The calibration curve has been
drawn using pentane solutions of IBU in the same concentration
range.

The as-synthesized and the IBU-loaded MCM-41 mesoporous
silica particles are hereafter referred to MSP and MSP-IBU, respec-
tively.

2.3. Drug release and MSP behaviour in SBF

The drug release kinetics were evaluated in vitro by soaking the
same amount of MSP-IBU (100 mg) in different volumes (ranging
from 10 ml to 210 ml) of stirred SBF kept at 37 °C. The number repre-
senting the volume used in milliliter features last in the acronym:
e.g. MSP-IBU-30 indicates 100 mg of MSP-IBU soaked in 30 ml of
SBF.

At different time intervals, a small amount of SBF (0.1 ml)
was collected and analysed through UV-vis spectrophotometry to
assess the amount of released IBU. In SBF the maximum wavelength
is still at A =263 nm, but ¢, is equal to 440mol~!cm~1.

In a parallel set of experiments, 100 mg of IBU-free MSP sam-
ples have been soaked directly in different volumes of SBF at 37 °C
(the related acronym being MSP-X, X referring to the SBF volume
in milliliter). The amount of silica dissolved in SBF was measured
using molybdenum blue as a tracer and the concentration was
monitored by means of UV-vis spectrophotometry (A =410nm)
[4,44].

2.4. Characterization

The samples have been characterized by means of powder
X-ray diffraction (X'Pert Philips, CuK radiation), nitrogen adsorp-
tion/desorption measurements at 77 K (Quantachrome Autosorb1)
and field emission scanning electron microscopy (Assing FESEM
Supra 25) associated with energy dispersive spectroscopy (EDS,
Oxford Instrument INCA X-Sight). Characterization has been car-
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Fig. 4. Trend of mesoporous volume (a) and pore size distributions (b) of MSP-30
during the contact with SBF at 37°C.

ried out both on MCM-41 as such and after immersion in SBF for
different times. Before nitrogen adsorption/desorption measure-
ments, each sample has been outgassed at room temperature for
6h.

Pore size has been evaluated through the DFT method, using the
NLDFT equilibrium model for cylindrical pore [45].

3. Results and discussion

3.1. MCM-41 spheres

XRD pattern of MSP shows the typical peak due to the (100)
reflection of the ordered 2D hexagonal mesostructure at 26 value
of 2.56° (Fig. 1a). The corresponding d; oo results 3.45 nm (Table 1).
The (110) and (200) reflections appear ill-defined at 26 values
of 4.44° and 5.02°, respectively. Lowering the synthesis pH with
respect the value reported by Griin et al. [43] causes a broaden-
ing of dy1¢ and d, oo peaks. This is ascribed to a lower mesoscopic
order, because a lower alkalinity usually favours the formation

of disordered phases [46]. The cell parameter (a), calculated as
a = (2/+/3)d; 0, results to be 3.98 nm.

Table 2

187

Fig. 5. SEM pictures and EDS analysis (inset) of MSP-30 after 1h (a) and 6 h (b) of
immersion in SBF at 37 °C.

Fig. 1b reports nitrogen adsorption/desorption isotherms of cal-
cined MSP. These are of type IV, and exhibit filling of the mesopores
at relative pressure p/p® below 0.3. The values of BET specific sur-
face area and mesopores volume are 835m?2/g and 0.55cm3/g,
respectively (Table 1). Pore diameter, as evaluated by DFT model
(N2 on SiO, kernel, fitting error=0.65%), results 2.4nm (Fig. 1b,
inset). From the value of cell parameter a, wall thickness turns out
to be 1.58 nm. The DFT fitting is reported in Figure S1 of the sup-
plementary information.

MCM-41 material is in the form of spheres with size ranging

from 200 nm to 800 nm, similarly to what observed by Griin et al.
[43] (Fig. 1c).

3.2. MSP modification in SBF

Fig. 2 reports the profile describing the silica dissolution to SBF
with time for MSP-30. A relatively fast process is observed for con-
tact times below 1 h, when the concentration of silica in the liquid
phase is about 2.2 mM (corresponding to about 4% weight of initial
silica). Dissolution then practically stops and the concentration in
the liquid phase reaches only 2.3 mM after 10 h. The same exper-

iments in two different volumes of SBF (10 ml and 210 ml) gave
similar results (not reported).

Ibuprofen released from MSP-IBU-X after different immersion times in X ml of SBF at 37 °C and corresponding ibuprofen concentration in solution.

Ibuprofen released (%)

Ibuprofen concentration (mg/ml)
2h 10h 170h 2h 10h 170h
MSP-IBU-10 53 57 60 1.84 1.98 2.07
MSP-IBU-30 69 82 92 0.79 0.94 1.05
MSP-IBU-210 78 99 100 0.13 0.16 0.16
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Literature data on amorphous sol-gel silica show a sizable
extent of dissolution also in the first 10 h of contact with biolog-
ical fluids [38-40]. No results seem to be available concerning the
dissolution in SBF of dispersed mesoporous silica spheres. The few
literature data on mesoporous silica tablets, containing IBU, show a
smaller extent of dissolution than the sol-gel silica, but a different
kinetics with respect to that here reported for MSP-30 [4].

Areason for the lower extent of dissolution observed for ordered
mesoporous silicas with respect to amorphous sol-gel silica may
reside in the ageing and the subsequent calcination process typical
of the former systems [47].

Fig. 3a shows XRD patterns of MSP-30 after different soaking
times in SBF. These do not change significantly, so showing that
the mesostructure is stable during contact with SBF. A broadening
of (110)and (2 00) reflections is observed with respect to the pat-
tern reported in Fig. 1a, but the mesoscopic order is evident even
after 6 h of soaking (Fig. 3a) [47] and the d; ¢ distance does remain
constant (Table 1).

Fig. 3b reports nitrogen adsorption-desorption isotherms after
1h,1.5h,2 hand 6 hofsoaking. The initial isotherms show the char-
acteristic mesopore filling at p/p® below 0.3 (type IV). Increasing the
soaking time, the N, adsorbed volume decreases and the charac-
teristic mesopore filling becomes less evident. After 6 h of soaking,
isotherms do not show any longer the pore filling associated with
mesopores. A hysteresis loop at p/p® above 0.5 is observed in all
cases, probably due to the interparticle porosity [48].

The mesoporous volume remains constant at 0.55 cm?/g during
the first hour of contact with SBF, then decays, reaching 0.01 cm3/g
after 8 h, as observed in Fig. 4a and Table 1. The corresponding DFT
pore size distributions (N, on SiO; kernel, fitting error = 0.65%) con-
firm this trend with a marked decrease of the peak intensity with
soaking time. The presence of mesopores at about 2.4nm is dis-
cernible up to 6 h of SBF contact (Fig. 4b). It is worth noting that
the decrease in mesoporous volume is not accompanied by any
decrease in pore diameter, which remains constant.

These data indicate a progressive occlusion of mesopores after
1 h of soaking rather than a progressive reduction of pores diam-
eter. We ascribe this modification to dissolution of silica and
re-precipitation as silica gel at the pores mouth [49,50].

The decrease in mesopore volume may be represented as an
exponential with a negative time constant (—«) equal to —0.82h~1.
The asymptotic value, reached after 8 h of SBF contact, is negligible
(0.01 cm3/g) and it will not be considered further.

SEM pictures of MSP-30 after 1h (Fig. 5a) and 6 h (Fig. 5b) of
soaking in SBF reveal that particles maintain their spherical shape
without any remarkable variations with respect to calcined MSP
(Fig. 1c). EDS analysis show the peak ascribable to silica at 1 h and
at 6 h (Fig. 5, insets). The presence in both cases of traces of sodium
chloride is due to residues coming from SBF solution.

MSP-10 and MSP-210 exhibit a very similar occlusion of
mesopores during their contact with SBF (Figure S2 of the supple-
mentary information), so showing a behaviour that seems to be
independent from the soaking volume.

3.3. Drug up-take and release

The amount of IBU adsorbed by MSP-IBU is about 34.7% (w/w)
(hereafter referred to as I), in good agreement with the literature
[6,51-53].

Fig. 6 shows the kinetics of IBU release from 100 mg of MSP-IBU
to 10 ml, 30 ml and 210 ml, respectively, of stirred SBF maintained
at 37°C. Data in Fig. 6a are expressed as the concentration of
ibuprofen in SBF as a function of time and refer to the first 10h
of release, whereas in Fig. 6b, the percentage of IBU released is
considered.
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Fig. 6. Kinetics of ibuprofen release from 100 mg of MSP-IBU to 10 ml (x ), 30 ml ()
and 210 ml (M) of stirred SBF maintained at 37 °C: concentration of ibuprofen in SBF
(a) and amount released (b). The first 10 h of release are depicted in detail while the
profiles up to 170 h are reported as inset in (b).

The amount of ibuprofen in the solid phase is 34.7 mg, equiva-
lent to 1.6 x 10~% moles. Assuming the total release from the solid
phase, it can be anticipated that the limit value for the concentra-
tion in 210 ml, 30 ml and 10 ml of solution should be 0.16 mg/ml,
1.16 mg/ml and 3.47 mg/ml respectively. This latter value can-
not be reached because the solubility of ibuprofen in SBF (Cs)
is 2.8 mg/ml [54]. Fig. 6a shows, however, that only in the case
of MSP-IBU-210 the concentration of released ibuprofen reaches
the expected values. The three release profiles differ significantly:
after 10 h MSP-IBU-10 released about 57% of incorporated drug,
whereas about 82% and about 100% of ibuprofen was released
from MSP-IBU-30 and from MSP-IBU-210, respectively (Table 2 and
Fig. 6b).

It is worth noting that the release curve of MSP-IBU-30 corre-
sponds to the conditions commonly used in literature and presents
the trend reported for MCM-41 with pore size around 2.5nm
[6,33,41,42,53].

In order to evidence possible pores occlusion during ibuprofen
release, N, adsorption-desorption isotherms and X-ray diffraction
patterns of MSP-IBU-210, MSP-IBU-30 and MSP-IBU-10 after 2h
and 6 h of SBF contact have been collected. Results are reported in
Fig. 7.

Whereas XRD patterns (inset) confirm the stability of the meso-
porous structure, N, physisorption data show for all samples an
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Fig. 7. Nitrogen adsorption-desorption isotherms at 77 K and X-ray diffraction patterns (insets) of MSP-IBU-210 (a), MSP-IBU-30 (b) and MSP-IBU-10 (c) obtained after 2 h

and 6 h of contact with SBF at 37 °C.

occlusion of mesopores similar to that observed for MSP without
IBU, independently from the volume of the liquid phase. Indeed,
the characteristic rise in adsorbed amount (mesopore filling) at
p/p° slightly below 0.3 is visible only with samples up to 2h of
soaking whereas it is not observed in isotherms collected after
6 h. In this case the evaluation of the silica mesoporous volume
at different soaking times is not rigorous because of the presence
of a time-dependent IBU amount inside mesopores. Nevertheless,
data obtained by N, physisorption strongly suggest that the occlu-
sion process is similar to that reported in Fig. 4 for drug-free
MSP.

These results evidence that the release conditions (volume of
liquid) and the mesopores occlusion play a crucial role on the IBU
release kinetics. Therefore in order to model it, it is necessary to
consider not only the pore diameter, as usually reported in litera-
ture [55], but also the volume of SBF used for the release study and
the changes of the mesoporous silica matrix with time. Of these
latter two aspects, the former is rather obvious, though not always
considered; the latter is instead new, and deserves particular atten-
tion.

The use of Noyes—Whitney (NW) equation (Eq. (1)) to describe
the dissolution of a drug confined in inert porous carriers is widely
reported in literature [56-58]: its application for IBU release from
ordered mesoporous silica was proposed by Vallet-Regi et al.
[12,30], assuming the delivery as independent of the volume of the
liquid phase, since taking place under vigorous stirring.

It is appropriate to recall that the NW model was originally pro-
posed for dissolution kinetics. The flow of matter from the solid to
the solution is therefore proportional to the difference between C;,
concentration of the solution in contact with the solid solute (here
the mesoporous solid), and the concentration at saturation Cs in
SBF at 37 °C (2.8 mg/ml).

The ordinary NW in its general form can be written as follows:
& kG- M)
Kis the proportionality constant, which using Fick’s first law, results
to be [59]:

_ DAy
v

where kg =D/h is the dissolution rate constant, D is the diffusion
coefficient, h is the diffusion layer thickness, V is the volume of SBF
used for the release test (ranging between 10 ml and 210 ml) and
Ap is the surface accessible to diffusion. This latter parameter was
assumed as the surface separating the internal mesoporous volume
of the MCM-41 particle and the external volume of the solution,
as schematically depicted in Fig. 8a. Therefore Ay has been calcu-
lated dividing the MSP mesoporous volume (0.55 cm?3/g, Table 1)
by the length of the mesopores, assuming spherical particles with
the same diameter (the value used was 400 nm, as obtained from
SEM data) and a radial disposition of the cylindrical mesopores [60]

K= kd@ (2)
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Fig. 8. Radial disposition of the cylindrical mesopores inside the silica spheres with
a mean diameter of 4070 nm (a) Trend of the accessible surface (A(t)) during the
first 10 h of contact with SBF at 37°C (b).

(Table 3). D has been determined using the Stokes-Einstein equa-
tion to derive the IBU diffusivity for the plasma (Dp;) and the Renkin
equation to correct the value with the sterical hindrance (§) and the
constrictivity (wr) [55]:

S,
D =Dy—

(1 —a/r(1 —2.1(a/r) + 2.09(a/r)® — 0.95(a/r)*)
T

=Dy (3)

6 and wy are both functions of the ratio between the IBU and the pore
radii (a/r) and t is the tortuosity, assumed equal to one, since the

Table 3

List of constants and parameters used in the standard and modified Noyes-Whitney
simulation of ibuprofen release from MSP-IBU to different volumes of SBF.

Value
Saturation solubility Cs 2.8 mg/ml
Ibuprofen radius a 0.5nm
Mesopores radius r 1.2nm
Diffusion coefficient D 8.8 x10°8 cm?/h
Dissolution rate constant kq 0.0022 cm/h
Accessible surface at t=0h Ao 27.00 cm?/mg
Weight of MSP-IBU sample P 100 mg
Ibuprofen adsorbed by MSP-IBU I 34.7%
Time constant [ 0.82h!
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Fig. 9. Ibuprofen release kinetics of MSP-IBU-210 (a), MSP-IBU-30 (b) and MSP-
IBU-10 (c) during the first 10 h of contact with SBF at 37 °C (), compared with the
simulation using the Noyes-Whitney standard (x) and modified (W) equations.
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mesopores are supposed cylindrical [55]. k; was calculated dividing
D by the diffusion layer thickness (h), here assumed to coincide
with the mesopores length [12]. The obtained value (0.0022 cm/h)
isin agreement with what reported in literature for similar systems
[12,54].

Forcing C¢(0)=0, Eq. (1) yields:

Cr = Cs(1 —e™Xt) (4)
In terms of release as fraction of adsorbed drug, it results:

We=Copr (5)
where P is the weight of the MSP-IBU sample used for the release
and [; is the percentage amount of ibuprofen adsorbed by MSP-IBU.

To model the progressive occlusion of the mesopores, the pro-
portionality constant K has to be replaced with a time-dependent
coefficient K(t):

dc;
e

The time-dependent part of K(t) is the accessible surface to dif-
fusion A(t), calculated on the basis of the exponential decay of
the mesoporous volume starting after 1h of contact with SBF, as
reported in Fig. 4a and Table 1.

Taking into account the occurrence of a process affecting the
mesopore volume, only after 1 h, K(t) can be written as:

=K(t)(Cs - C) (6)

K(t):—Ao t<1h

hv 7)

K(t) = %Aoe*“(‘*” t>1h

o being the time constant describing the exponential decay of the
accessible surface area (Fig. 8b). The NW equation results:

G _ ks t<1h
dr g
dc (8)
Tg = (Ke™™t-DYCs—C;) t>1h

Forcing C¢(0)=0 and C¢(1)=Cs(1-e~X), the solution for Eq. (8) is:

Ce = Cs(1 — Kty t<1h
{ Co = Cs(1 — ekl DK((1e)e) ¢ > 1 ®)
Egs. (9) and (4) obviously coincide up to 1h of release when
no mesopore occlusion occurred, and diverge when the effect of
mesopores occlusion becomes prevalent.

The comparison between the experimental IBU release kinet-
ics of MSP-IBU-210, and the trends predicted by the standard NW
model (1) and the modified one (8) is reported in Fig. 9a. After 1h
of immersion in SBF, as expected, the standard NW equation yields
poor results. It is instead noticeable that the modified NW (square)
yields a satisfactory prediction of the experimental profile.

A similar behaviour is observed for MSP-IBU-30 (Fig. 9b). Only
the modified simulation profile fits satisfactorily the experimental
data, whereas the standard NW equation diverges after the first
hour and indicates a total delivery of the adsorbed IBU in 3 h.

The different time needed for total delivery predicted by the NW
standard equation in the two cases comes from the different SBF
volumes considered.

Fig. 9c shows the experimental and the simulated release curves
for MSP-IBU-10. As for the previous cases, the modified NW equa-
tion approximates the whole experimental profile, whereas the
standard equation gives a good fitting only up to 1h. At variance
with what discussed previously, in this case, due to the lower
volume, the standard equation predicts that the concentration of
released ibuprofen reaches Cs before 10 h of immersion.

4. Conclusions

Two processes seem to be involved as it concerns the soaking
of MCM-41 silica powders in SBF, one consisting in the solubilisa-
tion of up to 4% of silica, but not affecting the mesopore volume,
the other not really releasing silica into SBF but causing the pore
blocking.

The release profiles from IBU-loaded MCM-41 particles differ
significantly as a function of the volume of SBF used for the delivery
test, in agreement with the description of the release process in
terms of the classical NW equation.

This latter accounts for the release kinetics for all values of SBF
volume only for release times shorter than 1 h. For longer times,
due to occlusion of mesopores, the proportionality constant of the
standard NW equation is replaced by a time-dependent coefficient.
A fair agreement with experimental data up to 10 h of release has
been obtained, without the use of any adjustable parameters.

This result suggests the possibility of predicting the drug deliv-
ery from MSP silica particles to different amounts of SBF, thus
mimicking different biological situations and different pathological
requirements.
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