International Journal of Pharmaceutics 410 (2011) 188-195

Contents lists available at ScienceDirect , T
8 PHARMACEUTICS
o

P
(T

International Journal of Pharmaceutics

journal homepage: www.elsevier.com/locate/ijpharm

Pharmaceutical Nanotechnology

Physical state and dissolution of ibuprofen formulated by co-spray drying with
mesoporous silica: Effect of pore and particle size

Shou-Cang Shen?*, Wai Kiong Ng?, Leonard Chia?, Jun Hu?, Reginald B.H. Tan®b-*

2 Institute of Chemical and Engineering Sciences, A*STAR (Agency for Science, Technology and Research), 1 Pesek Road, Jurong Island, Singapore 627833, Singapore
b Department of Chemical and Biomolecular Engineering, The National University of Singapore, 4 Engineering Drive 4, Singapore 117576, Singapore

ARTICLE INFO ABSTRACT

Article history:

Received 14 December 2010

Received in revised form 9 March 2011
Accepted 10 March 2011

Available online 16 March 2011

A model poorly aqueous-soluble drug, ibuprofen (IBU), was co-spray dried with mesoporous silica mate-
rials having different pore sizes and particle sizes for dissolution enhancement. Drug molecules were
entrapped inside the mesoporous channels at a high drug loading of 50:50 (w/w). The pore sizes were
found to affect the physical state and particle size of IBU in mesoporous structures, which influenced the
dissolution profiles. When IBU was co-spray dried with MCM-41 and SBA-15 with pore size smaller than
10 nm, amorphous state of IBU was obtained due to nano space confinement. In contrast, nanocrystals

ﬁey words: were obtained when ibuprofen was co-spray dried with large pore SBA-15-LP with pore size above 20 nm.
anocrystals R . . . . . s
Amorphous The physical state of ibuprofen played a key role in affecting the dissolution of IBU from the solid disper-

sion. IBU in the amorphous state exhibited a higher dissolution rate than nanocrystalline IBU, even though
the larger pore size could facilitate diffusion from the host matrix. The particle size of mesoporous silica
showed a less pronounced effect on the dissolution of IBU. Thus, the amorphous/nanocrystalline state
of ibuprofen was the most important influence on drug dissolution followed by the diffusion kinetics,

Co-spray drying
Mesoporous silica
Dissolution

particle size of IBU and path length from host matrix to dissolution medium.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Since Vallet-Regi et al. (2001) reported the application of
MCM-41 mesoporous silica as drug carriers for controlled drug
delivery, the utilization of mesoporous silica materials in medic-
inal formulations has attracted much attention. Because of their
stable mesoporous structures, uniform and tunable pore sizes, high
silanol-containing surface areas and volumes, easily modified sur-
face features, non-toxic nature, as well as good biocompatibility,
mesoporous silica carriers showed advantages over conventional
drug carriers for desired drug delivery (Tourné-Péteilh et al., 2003;
Barbé et al., 2004; Vallet-Regi et al., 2006; Cariono et al., 2007;
Prokopowicz and Przyjazny, 2007; Nunes et al.,, 2007; Tozuka
et al., 2010). Regarding this new application of mesoporous mate-
rials, major research focused on the possibility of gaining control
over the releasing pattern of the guest drug, which is a criti-
cal parameter for clinical applications. Several factors, such as
the nature of the host-guest chemical interaction and the pore
size of the mesoporous matrix, could affect the release profile of
the hosted molecules. Surface functionalized mesoporous MCM-
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41 has been investigated to create interaction of host-guest for
controlled release of various APIs. For instance, amino functional
group or other alkaline ingredient modified mesoporous carriers
further controlled the release of acidic active molecules by elec-
trostatic interaction (Mufioz et al., 2003; Zhu et al., 2005; Zeng
et al., 2006; Song et al., 2005; Shen et al., 2007). On the other hand,
carboxyl modified SBA-15 mesoporous materials exhibited pH-
responsive delivery for the controlled release of amino-associated
drug molecules (Yang et al., 2005; Tang et al., 2006a; Shen et al.,
2008). Mesoporous silica has also been functionalized with other
functional species to strengthen the control release profiles (Tang
et al., 2006b; Yang et al., 2008).

In addition to surface properties, the pore size and particle mor-
phology of porous silica drug carriers have also been found to affect
the drug dissolution profile (Aerts et al., 2010). It was reported that
the pore size and pore volume of mesoporous dug carriers directly
correlated with the drug-loading amount and drug release rate
(Izquierdo-Barba et al., 2005; Limnell et al., 2007; Yang et al., 2008;
Cauda et al., 2009; Xu et al., 2009; Das et al., 2009). A large pore
size usually resulted in a relatively faster drug release in these con-
trolled release systems. Among these reported controlled release
systems using mesoporous silica as drug carriers, active ingredi-
ents were normally taken up by adsorption (Heikkila et al., 2007;
Thomas et al., 2010). To achieve controlled and sustained release,
drug loaded mesoporous silica was pressed to a self-supported disc
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for drug release and the disc was usually not disintegrated dur-
ing the drug release investigation. When drug loaded mesoporous
silica was dispersed in a dissolution medium as a powder form,
immediate release could be achieved as entrapped drugs easily dif-
fused out of the uniform mesopores (Charnay et al., 2004; Cavallaro
et al., 2004; Du and He, 2010). The rapid dissolution of drugs from
mesoporous silica has attracted research interest in the formulation
of poorly water-soluble drugs to enhance the dissolution rate and
bioavailability of such drugs (Salonen et al., 2005; Mellaerts et al.,
2007; Wang et al., 2009; Speybroeck et al., 2009). Among differ-
ent methods used for drug loading, spray drying with mesoporous
materials was found to be effective to formulate poorly water sol-
uble drugs with high loading in the amorphous form and the drug
dissolution rate was significantly enhanced (Vogt et al., 2008; Shen
et al., 2009).

In this study, ibuprofen was chosen as a model compound
because of its relatively poor aqueous solubility. Ibuprofen was
loaded into mesoporous silica with varied pore structures and par-
ticle size via a co-spray drying process to improve its dissolution.

The rate of dissolution (dM/dt) of solid substance can be
described by Noyes-Whitney equation:

dM  DS(Cs - Cp)

&=

where M=amount of drug (material) dissolved (usually mg or
mmol), t=time (s), D=diffusion coefficient of the drug (cm?/s),
S=surface area (cm?), h = thickness of the liquid film, C; and C,, are
concentrations of the drug at the surface of the particle (surface = C)
and the bulk medium (bulk medium = C;), respectively.

The dissolution rate is directly related to diffusion coefficient
of drugs and surface area. For active ingredients formulated with
mesoporous silica, it has been reported that the amorphous form
exhibited much faster dissolution than the crystal form (Shen et al.,
2009). In addition, the pore size and particles size also affect the
diffusion coefficient and surface area, thus influencing the disso-
lution rate. Jin and Liang (2010) reported the effect of the pore
size of mesoporous silica at a range of 4.6-7.3 nm on the dissolu-
tion behavior of impregnated IBU and observed that the larger pore
size facilitated the release of IBU (Limnell et al., 2007; Cauda et al.,
2009; Das et al., 2009). In this work, mesoporous silica excipients
with pore size range at 2.3-20.1 nm were also studied. The effect
of pore size of mesoporous silica on the physical state and the dis-
solution profiles of IBU was investigated. In addition, the particle
size of mesoporous silica also affected the dissolution of IBU as the
pathway of IBU diffusion from pore channels varied.

2. Materials and methods
2.1. Materials

MCM-41 with pore size of about 2nm was prepared by
hydrothermal synthesis using cetyltrimethylammonium bromide
(CTMABTr) as a template. The procedure was as follows: 3.64 g of
CTMABr was dissolved in 28.8 g of deionized water, followed by the
addition of 9.6 g of sodium silicate solution (35-40%) under stirring.
The mixture was adjusted to pH 11 by 2 N HCl solution and trans-
ferred to a polypropylene bottle, followed by treatment at 100°C
for 72 h. The resulting white solid was recovered by filtration and
dried at 55 °C for 24 h, and finally calcined at 600 °C for 5 h in air at
a heating rate of 2 °C/min (Shen and Kawi, 1999).

Submicron mesoporous SBA-15 particles with pore sizes of
6-8 nm were synthesized by a rapid condensation process (Shen
etal.,2006). Typically, 4.0 g of EO59-PO79-EO5q (P123, pluronic 123,
Aldrich) was dissolved in 150 g of 2 N HCI (Kanto Chemical Co. Inc.,
Japan) solution under stirring at 40°C for 2h. 9.0 g of tetraethy-
lorthosilicate (TEOS, Aldrich, 98%) was added to the solution under

vigorous stirring for 2 min. The hydrolysis of TEOS was performed
at 40°C for 2 h without stirring. The mole ratio of components in
the mixture is Si0,:P123:HCl:H,0=1.0:0.016:6.9:178.6. The mix-
ture was transferred to a polypropylene bottle and aged in an oven
at 100°C for 24 h. The obtained material was filtered and washed
with deionized water, then dried at 55°C for 12 h. To remove the
template molecules, the material was heated from room tempera-
ture to 550 °Cat a heating rate of 2°/min and followed by calcination
in air for 6 h.

The large pore SBA-15 (denoted as SBA-15-LP) with pore sizes
of 20nm was synthesized in the presence of mesitylene (1,3,5-
trimethylbenzene, TMB, Aldrich) (Nguyena et al., 2008). Typically,
TMB is employed to increase the pore size. TMB was added in an
equal amount in weight as P123 tri-block polymer to the surfactant
solution as the first step of the above described synthesis of SBA-15
particles with pore size of 6 nm. TEOS was then added dropwise to
the solution, which was vigorously stirred at 35 °C for 24 h. Finally,
the solution was crystallized in a Teflon-sealed autoclave at 110°C
for 72 h. The obtained white solid was recovered and calcined under
the same condition as the above described synthesis of SBA-15.

Mesoporous silica nanoparticles (MSN) were prepared using
fluorocarbon-surfactant-mediated synthesis as reported by Han
and Ying (2005). Typically, 0.5 g of Pluronic P123 and 1.4 g of FC-
4 ((C3 F70(CFCF3 CF20)2 CFCF3CONH(CH2 )3 N+(C2 Hs )2CH3]7 ) were
dissolved in 80 ml of 0.02 M HCl solution, followed by the introduc-
tion of 2.0 g of TEOS under stirring. The solution was continuously
stirred at 30°C for 24 h and then transferred into a polypropylene
bottle and kept at 100 °C for 24 h. The resultant solid was recovered
by centrifuging and washed with deionized water twice, and then
dried at and calcined under the same conditions as above.

Conventional SBA-15 with particle sizes in the tens of microm-
eters was prepared according to the conventional synthesis
procedure (Zhao et al., 1998). The synthesis procedure is identi-
cal to that of submicron SBA-15 particles except the hydrolysis of
TEOS was conducted under continuous stirring.

Racemic ibuprofen was supplied from Sigma-Aldrich (St. Louis,
MO, USA).

2.2. Co-spray drying

1.0g of ibuprofen was dissolved in 100 ml of ethanol (Fisher
Scientific Ltd., UK) and 1.0 g of mesoporous silica was dispersed
in the solution under stirring overnight. The spray drying was per-
formed on a BUCHI B-290 mini spray dryer (BUCHI Labortechnik AG,
Switzerland) operated in inert loop mode with N, flow. The inlet
temperature was set to 81 °C and the resulting outlet temperature
at the above operating condition was approximately 50-55 °C. The
feed rate was 4.0 ml/min.

2.3. Differential scanning calorimetry and thermogravimetric
analysis

Differential scanning calorimetry (DSC) was performed using a
SDT 2960 simultaneous TGA-DSC thermogravimetric analyzer (TA
Instrument Co.). 10 mg of sample was used in each experiment. The
sample was heated from room temperature to 200 °C under nitro-
gen flow of 100 ml/min with a heating rate of 10 °C/min. TGA was
performed in air-flow and the sample was heated from room tem-
perature to 600 °C. The loading of IBU inside mesoporous silica was
determined by the weight loss at temperature range 120-600°C
while all IBU was combusted.

2.4. Powder X-ray diffractometry

Powder X-ray diffraction was performed using a D8-ADVANCE
(BRUKER) X-ray diffractometer in steps of 0.02° using Cu Ko
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radiation as the X-ray source. The measurement conditions were
as follows: target, Cu; filter, Ni; voltage, 40kV; current, 10mA;
scanning speed, 2°/min.

2.5. Scanning electron microscopy

The particle morphology was examined by high resolution scan-
ning field emission electron microscopy (SEM, JSM-6700F, JEOL,
Japan) operating at 5 kV. Prior to analysis, the samples were sput-
ter coated with platinum for 1 min by a sputter coater (Cressington
Sputter Coater 208HR, UK).

2.6. Transmission electron microscopy (TEM)

High resolution TEM images were taken by TECNAI F20 (G2) (FEI,
Philips Electron Optics, Holland) electron microscope at 200 kV.

2.7. NMR

Room temperature 'H solid state NMR experiments were con-
ducted with a Bruker FT NMR, DRX-400 MHz instrument operating
at a frequency of 400 MHz with 10 of relaxation delay.

2.8. N3 adsorption

Nitrogen adsorption/desorption isotherms were measured
using an Autosorb-6B gas adsorption analyzer (Quan-
tachrome) at the temperature of —196°C. Before nitrogen
adsorption-desorption measurements, each mesoporous silica
sample was heated at 300°C under vacuum for 3h and sample
loaded with ibuprofen was degassed at 40 °C for 24 h. The specific
surface areas of the samples were determined from the linear
portion of the Brumauer-Emmett-Teller (BET) plots. The pore size
(diameter Dggr) distribution was calculated from the adsorption
branch of N, adsorption-desorption isotherms using the con-
ventional Barrett-Joyner-Halenda (BJH) method. The total pore
volume, V1, was estimated from the amount adsorbed at a relative
pressure of 0.95.

2.9. Invitro drug release studies

The dissolution profile of IBU from solid dispersion was mea-
sured using a VK7010 (Varian Co) USP dissolution tester with online
flow cell Cary 50 UV-vis analysis system (Varian Co., USA). Stir-
ring rate was 100 rpm and the vessel temperature was set at 37 °C.
Typically, 50 mg of spray-dried ibuprofen with mesoporous silica
(50:50, w/w) and 25 mg of pure ibuprofen crystal were used for dis-
solution testing in 900 ml of 0.1 N HCl at 37 °C. Samples were taken
by auto sampling system equipped with filters at intervals of 5 min.
After each measurement, the liquid samples were conveyed back
to the dissolution vessels by a peristaltic pump. UV readings were
taken at a wavelength of 222 nm.

3. Results and discussion
3.1. Pore structure change after drug loading

Fig. 1 displays the pore size distribution of MCM-41, SBA-15
and SBA-15-LP prior to spray drying with IBU. MCM-41 showed
the smallest pore size at 2.3 nm in this study. The uniform pore
channels of mesoporous MCM-41 led to a sharp pore size dis-
tribution peak as observed in Fig. 1a. The pore size of SBA-15
was about 6 nm. By comparison, the pore size of SBA-15-LP was
enlarged to about 20 nm and the pore size distribution peak was
broader than that of MCM-41 and SBA-15. Fig. 2 shows the N,
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Fig. 1. Pore size distribution of (a) MCM-41, (b) SBA-15 and (c) SBA-15-LP.

adsorption/desorption isotherms of MCM-41, SBA-15 and SBA-15-
LP, and the isotherms are compared with that spray dried with
IBU at 50:50 (w/w). Due to the difference in pore size, MCM-41
showed a N, condensation step at P/Py of 0.2-0.4, while the con-
densation step for SBA-15 and SBA-15-LP increased to the ranges of
0.65-0.75, and 0.85-0.95, respectively. After co-spray drying with
IBU at ratio of 50:50 (w/w), the N, adsorption of IBU/MCM-41
and IBU/SBA-15 dropped to very low level, which corresponded
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Fig. 2. N, adsorption-desorption isotherms of (¢) MCM-41 (¢) IBU/MCM-41 (O)
SBA-15, (W) IBU/SBA-15 (O) SBA-15-LP and (®) IBU/SBA-15-LP.



S.-C. Shen et al. / International Journal of Pharmaceutics 410 (2011) 188-195 191

MCM-41

50KV X20000  1gm ¥

IBU/MCM-41

Fig. 3. SEM images of mesoporous silica before and after co-spray drying with IBU (50:50, w/w).

to that of non-porous materials. The results indicated that most
of these pore structures were occupied by IBU molecules. As the
true density of IBU is 1.076 g/cm? and the pore volume of MCM-
41 and SBA-15 is 1.0 and 1.05 cm3/g, respectively, the maximum
theoretical loading of IBU inside pore channel of IBU/MCM-41 and
IBU/SBA-15 was very close to 50:50 (w/w). Once the pore chan-
nels were fully filled, the final solid dispersion was a non-porous
material. As shown in Table 1, the pore volume of IBU/MCM-41
and IBU/SBA-15 decreased to 0.04 and 0.09 cm3/g, respectively.
As a comparison, the N, adsorption for large pore IBU/SBA-15-
LP was not decreased to the base level after co-spray drying. The
IBU/SBA-15-LP (50:50, w/w) solid dispersion still possessed pore
volume of 1.4cm3/g. As the SBA-15-LP material has a large pore

volume of 2.94 cm3/g, the large pore volume was not fully occu-
pied by IBU molecules after the co-spray drying at the ratio of 50:50
(wiw).

3.2. Morphology

Fig. 3 compares the SEM images of three different mesoporous
excipients before and after co-spray drying with IBU. The mor-
phology was not obviously changed after spray drying with equal
masses of IBU and excipient. As most of IBU was entrapped inside
the mesoporous structures within the particles via quick conden-
sation during the rapid spray drying process, only small amount
of IBU remained on the external surface of mesoporous parti-
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Table 1
Pore structure of mesoporous silica and drug properties of the co-spray dried IBU.

Specific area (m?/g) Pore volume (cm3/g)

Pore diameter (nm) Drug loading (%wt.) Drug states

MCM-41 1363.7 1.0

IBU-MCM-41 47.33 0.04
SBA-15 734.9 1.05
IBU-SBA-15 44.3 0.09
SBA-15-LP 531.6 2.94
IBU-SBA-15-LP 307.2 1.40

23 -
- 39.6 Amorphous
6.0 -
- 46.2 Amorphous
20.1 -
17.5 48.3 Amorphous +crystalline

cles. No IBU crystalline particles were observed on the outside of
pore channels. The pore volumes of MCM-41, SBA-15 and SBA-
15-LP were large enough to accommodate IBU molecules at the
moderate 50:50 (w/w) drug loading. The result provided further
evidence that most of IBU molecules were entrapped inside the
mesoporous channels at different pore size as there was no obvi-
ous change to the external morphology of the excipients after drug
loading.

3.3. XRD and DSC

Fig. 4 displays XRD patterns of solid dispersion obtained by co-
spray dried IBU and mesoporous materials with different pore size.
It can be seen that IBU co-spray dried with MCM-41 and SBA-15
exhibited an amorphous state, as no XRD peaks were detected.
As expected, crystalline ibuprofen only formed in the larger pores
present in SBA-15-LP (Sliwinska-Bartkowiak et al., 2001). Some
small XRD peaks due to the IBU nanocrystals could be observed
for IBU/SBA-15-LP. The physical state of IBU entrapped in meso-
porous structures was also studied by DSC. As seen in Fig. 5, the
physical mixture of IBU crystals and SBA-15 (50:50, w/w) exhib-
ited a clear endothermic peak at 78 °C, which is characteristic of
the melting of the bulk phase of ibuprofen (Krupa et al., 2010;
Tayade and Kale, 2004). The endothermic peak due to the melting
of IBU crystals was not observed for IBU/MCM-41 and IBU/SBA-15.
The results further confirmed the amorphous state of IBU co-spray
dried with SBA-15 and MCM-41, and this was in good agreement
with XRD measurement. For IBU/SBA-15-LP, a small endothermic
peak was observed at 64.1°C. Compared with crystal IBU, the co-
spray dried IBU/SBA-15-LP showed a significant reduction in the
enthalpy of fusion, indicating the decrease in crystallinity of the
drug and also suggesting partial amorphous formation (Elkordy and
Ebtessam, 2010). The endothermic peak of co-spray dried IBU/SBA-
15-LP shifted to a lower temperature, possibly due to interaction of
IBU nanoparticles with the surface rich in hydroxyl concentration

;: IBUxX 1/5

Ry

=
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Fig. 4. XRD patterns of (a) IBU/MCM-41, (b) IBU/SBA-15 and (c) IBU/SBA-15-LP.

(Newa et al., 2008) and a significant reduction of particle size to
nanoscale.

3.4. 'H solid-state NMR spectroscopy

Fig. 6 displays 'H MAS solid-state NMR spectroscopes of IBU
co-spray dried with MCM-41, SBA-15 and SBA-15-LP. It is noted
that IBU/MCM-41 and IBU/SBA-15 exhibited very good resolu-
tion and strong NMR spectra, due to an efficient averaging of the
homonuclear 'H-!H dipolar interactions coming from the reori-
entation of IBU within the pore structures (Haeberlen, 1970).
As a comparison, the IBU crystals presented a broad line with
very low intensity, which is almost not observable when dis-
played at the same scale with IBU/MCM-41 and IBU/SBA-15. The
broad line of 'H MAS spectroscopy is characteristic of a rigid
crystalline solid resulting from the non-complete averaging of
the strong homonuclear "H-'H dipolar interaction (Azais et al.,
2002). The great difference between the IBU/MCM-41 and IBU
crystal indicated that the IBU entrapped in the pore channels
of MCM-41 and SBA-15 was not in a solid crystal form, which
agreed well with the XRD results. Azais et al. (2006) investigated
IBU entrapped in MCM-41 and found that IBU in the confined
space exhibited liquid-like behavior with higher mobility (Tang
et al., 2008). The TH NMR intensity of IBU/SBA-15-LP is much
lower than that of the amorphous IBU/SBA-15 and IBU/MCM-41,
as nanocrystals were formed in the large pores of the SBA-15-
LP channels. The results indicated that IBU molecules entrapped
in MCM-41 and SBA-15 pore channels are extremely mobile at
ambient temperature. Although IBU entrapped in SBA-15-LP was
crystallized into nanoparticles, the nanocrystalline form in the con-

v @
N

(b)
(c)

64.1

(d)

Heat Flow (mW) Endo down

25 35 45 55 65 75 8 95 105 115 125

Temperature (°C)

Fig. 5. DSC curves of (a) IBU/MCM-41, (b) IBU/SBA-15, (c) IBU/SBA-15-LP and (d)
IBU mixed with SBA-15 (50:50, w/w).
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Fig. 6. 'H MAS solid-state NMR spectroscopes of IBU/MCM-41, IBU/SBA-15, IBU/SBA-15-LP and untreated IBU crystal.

fined space still exhibited higher mobility than the untreated IBU
crystals.

3.5. Dissolution of IBU from solid dispersion

Fig. 7 displays the dissolution profile of IBU from solid dispersion
particles obtained by co-spray drying IBU with MCM-41, SBA-15
and SBA-15-LP, respectively, and compared with untreated IBU
crystals (standard error < 3%). The dissolution tests were conducted
with the powder form and the solid dispersion was rapidly mixed
in the dissolution medium under a paddle stirring rate of 100 rpm.

100.0
S S
LA SeAe =TT
e - sl
L AATE T
T
80.0 el
A
A
1S3
'§ 60.0
S —o—[BU-SBA-15
v
n
a 40.0 —&—]BU-MCM-41
——IBU-SBA-15-LP
20.0
—¥—=IBU untreated crystal
0.0 X
0 20 40 60 80 100 120 140 160 180
Time (min)

Fig. 7. Dissolution profiles of IBU from IBU/MCM-41, IBU/SBA-15, IBU/SBA-LP and
untreated IBU crystal.

It was found that the dissolution rate of co-spray dried IBU/SBA-
15 particles was slightly faster than that of IBU/MCM-41. Within
the first 15min, the percentage of IBU dissolved from IBU/SBA-
15 solid dispersion reached 95%, while IBU/MCM-41 achieved 88%
dissolution. As a comparison, the dissolution of IBU from IBU/SBA-
15-LP was slower, with 76% of IBU dissolved in 15 min. As IBU
entrapped in both MCM-41 and SBA-15 are in the amorphous form
with rapid dissolution property, the pore size appeared to affect the
dissolution profiles because the pore size determined the diffusion
rate from the pore channels. As the pore size of SBA-15 (~6 nm)
was larger than MCM-41 (~2.3 nm), the faster diffusion rate from
mesoporous channels of SBA-15 resulted in the higher dissolution
rate. However, although SBA-15-LP has much larger pore size than
MCM-41 and SBA-15, the dissolution rate of IBU from IBU/SBA-15-
LP was slower. The lower dissolution rate of IBU/SBA-15-LP was due
to the slower dissolution kinetics of nanocrystalline IBU compared
to its amorphous form. Although the large pore size facilitated
the diffusion of dissolved molecules from internal pore channels
to the dissolution medium, the intrinsic stable crystalline form of
IBU in SBA-15-LP exhibited a slower dissolution rate and controls
the overall dissolution profile. Nevertheless, the IBU nanocrystal
entrapped in mesoporous SBA-15-LP showed a much faster disso-
lution rate than the original IBU crystal at 16% dissolved in the first
15 min. The three samples of co-spray dried IBU with mesoporous
silica materials exhibited excellent dissolution performance due to
the amorphous state or the nanocrystalline form with significantly
reduced particle sizes that were confined within the mesoporous
structures. Especially, those co-spray dried samples showed a sim-
ilar high immediate release (>50% dissolved) in first 5 min, possibly
due to the amorphous or nanocrystalline IBU on surface and near
the openings of the pores channels. In addition, the significantly
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Fig.8. Morphology of mesoporous silica with different particle size (a) SEM image of conventional SBA-15 large particles and (b) TEM image of mesoporous silica nanoparticles.

reduced particle size of ibuprofen entrapped into pore channels
also contributed to the fast dissolution rate of ibuprofen from meso-
porous silica matrix.

3.6. Effect of particle size of mesoporous silica

Fig. 8 displays the morphologies of large fiber-like SBA-15 par-
ticles and mesoporous silica nanoparticles analyzed by SEM and
TEM, respectively. The conventional SBA-15 material (Fig. 8a),
which consists of bundles several tens of micrometers in length.
As a comparison, the particle size could be also reduced to the
nano scale to mesoporous silica nanoparticle (MSN, Fig. 8b).
The nanoparticles had a diameter about 150nm and a length
about 300-500 nm. Both mesoporous materials had a very sim-
ilar pore size of about 6nm. IBU was loaded onto these two
types of mesoporous excipients by co-spray drying with the ratio
of 50:50 (w/w). The dissolution profiles of the obtained solid
dispersions are shown in Fig. 9. When IBU was co-spray dried
with rod-like SBA-15 nanoparticles, the dissolution rate of IBU
was higher than that of IBU co-spray dried with fiber-SBA-15
with particle size in tens of microns. The effect of the parti-
cle size on the dissolution of IBU was believed to be ascribed
to the difference in the length of pore channels. As comparison,
the mesoporous silica nanoparticles having short pore channels
could further reduce the diffusion resistance for IBU release to the
dissolution medium. However, the effect of particle size on dis-
solution rate is weaker than that of its physical state as shown
in Fig. 7, where the dissolution of nanocrystalline form of IBU
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Fig. 9. Dissolution profile of IBU from IBU co-spray dried with conventional SBA-15
large particles and mesoporous silica nanoparticles (MSN).

(IBU/SBA-15-LP) was obviously slower as compared with that
of the amorphous form solid dispersion (IBU/MCM-41 and IBU/
SBA-15).

4. Conclusions

Mesoporous silica materials with varied pore and particle sizes
were co-spray dried at high drug loading with a poorly water-
soluble model drug (ibuprofen). The obtained solid dispersion
significantly enhanced the dissolution rate as compared with the
untreated IBU crystal. Among these mesoporous silica loaded IBU,
the physical and solid state of ibuprofen were affected by pore size
as drug molecules were entrapped inside the confined nano space of
mesoporous channels. Nanocrystalline IBU could be formed inside
pore channels equal to or larger than 20 nm, while IBU was amor-
phous in pore size smaller than 10 nm. The dissolution rate was
found to be greatly affected by the solid state of ibuprofen. The
amorphous IBU exhibited fast dissolution and the rate was weakly
affected by pore size variation from 2 to 6 nm. As a comparison, the
nanocrystalline IBU in the larger pores of SBA-15-LP possessed a
lower dissolution rate, even though the larger pore size could facil-
itate molecular diffusion from host matrix to medium. The particle
size of IBU entrapped into pore channel was determined by pore
size and the larger particle size in SBA-15-LP could be one of fac-
tors contributing to the slower dissolution than that in SBA-15 and
MCM-41. The particle size (ranged from about 150 nm to 20 xm) of
SBA-15 only affected the dissolution of IBU slightly, where larger
particle size excipients exhibited a slightly slower drug release due
to the longer diffusion pathway.
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