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Spherical mesocellular foam (MCF) with a continuous 3-D pore system was synthesized using Pluronic
123 triblock polymer (P123) as a surfactant coupled with cetyltrimethyl ammonium bromide (CTAB)
as a co-surfactant. The feasibility of the prepared MCF nanoparticles for oral drug delivery was studied.
A model drug, telmisartan (TEL), was loaded onto MCF via a procedure involving a combination of adsorp-
tion equilibrium and solvent evaporation. The drug-release rate and the drug loading efficiency of spher-
ical MCF were compared with those of fibrous SBA-15. Investigations using nitrogen adsorption, scanning
electron microscopy (SEM), transmission electron microscopy (TEM), wide-angle X-ray scattering
(WXRS), differential scanning calorimetry (DSC) and HPLC demonstrated the successful incorporation
of TEL into the MCF host. It is found that spherical MCF has a high drug loading efficiency up to 42.9%
(drug weight/total weight) and higher than that of SBA-15 with a pore diameter of 6.5 nm. It is shown
that a fast release rate of TEL was obtained from MCF compared with SBA-15 and pure crystalline TEL
using enzyme-free simulated gastric fluid (pH 1.2) and intestinal fluid (pH 6.8). We believe that the pres-
ent study will help in the design of oral drug delivery systems for the dissolution enhancement of water-
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insoluble drugs.
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1. Introduction

The oral delivery route is commonly recognized as the most
preferred and convenient route for the administration of drug for-
mulations. In order for a drug to be absorbed into the systemic cir-
culation following oral administration, it must be dissolved in
gastrointestinal fluids. For hydrophobic drugs belonging to Class
II of the Biopharmaceutical Classification System (BCS), it is this
dissolution process which acts as the rate-controlling step and,
therefore, determines the rate and degree of absorption [1,2]. Con-
sequently, many hydrophobic drugs show incomplete absorption
from the gastrointestinal tract. Thus, one of the major current chal-
lenges of the pharmaceutical industry involves strategies that im-
prove the water solubility of drugs, since it is estimated that 40% of
new chemical entities (NCE) are poorly soluble or insoluble in
water [3-7].

Abbreviations: MCF, Mesocellular foam; TEL, telmisartan; TEL-MCF;, the mass
ratio of MCF:TEL was 5:4 in the drug loading procedure; TEL-MCF,, the mass ratio
of MCF:TEL was 1:1 in the drug loading procedure; MCF,, unloaded MCF; MCF,,
TEL-MCF after complete release of TEL.
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In the past decade, silica-based ordered mesoporous materials
(OMS) have found widespread application as controlled drug
delivery systems (DDS) [8-12]. OMS offer several attractive fea-
tures for controlled release, such as a high adsorption capacity
[13-16]; the homogeneity of the drug distribution in the host is
achieved by the well-ordered pore arrangement [15-21], and it
is easy to modify the pore dimensions to control the drug delivery
kinetics [15,22]. In addition to the pore channels of OMS being
able to change the crystalline state of a drug to an amorphous
one, the pore channels also restrict drug recrystallization and re-
duce the particle size of the amorphous drug [10,23]. So far, the
most often used OMS-based drug carrier has been the MCM series
and the SBA series. Typically, the pore diameter varies between
2 and 6 nm for MCM-41 and between 4 and 13 nm for SBA-15
[22-26]. However, the focus of OMS has been mainly on the
development of slow-release formulations, and fewer reports
have been published on the application of synthetic OMS involv-
ing the dissolution enhancement of water-insoluble drugs [22,27-
33]. The mainly reasons for this involve the pore size and geom-
etry of the pore network [10,25]. At first, the pore size is an
important factor affecting the drug-release rate. It was found that
reducing the pore size could delay the release of a drug [33]. In
addition, the majority of OMS exhibit sterical diffusion hindrance
caused by the 2-D hexagonally ordered long pore channel as far
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as the loading and diffusion of drugs is concerned. For example,
the length of unidirectional pore channels varies between 1 and
20 um for SBA-15 [26,34]. To overcome these problems, it is
essential to develop a novel drug-loaded OMS in a way that al-
lows an enhanced dissolution rate. MCF composed of uniformly
sized, large spherical cells that are interconnected by uniform
windows to create a continuous 3-D pore system [35,36]. The
interconnected nature of the large uniform pores makes this mes-
ostructured silica promising candidate for drug delivery device
with fast release property.

In the current study, we synthesized spherical MCF with a con-
tinuous 3-D pore system using P123 as a surfactant coupled with
CTAB as a co-surfactant and, to the best of our knowledge, the
pharmaceutical performance of this material has not been docu-
mented so far. The advantages of the large pore size and ordered
3-D pore system allowed easy accessibility as well as fast release
characteristics for the uptake and release of the study drug. The
effects of the large pore size and ordered 3-D pore system of
MCF on the uptake and release of the model drug TEL (Fig. 1) were
systematically studied using nitrogen adsorption, scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM),
wide-angle X-ray scattering (WXRS), differential scanning calorim-
etry (DSC) and HPLC.

2. Materials and methods
2.1. Materials

Guaranteed-grade cetyltrimethyl ammonium bromide (CTAB),
1,3,5-trimethylbenzene (TMB), tetraethyl orthosilicate (TEOS),
ammonia tetrafluoride, HPLC-grade methanol, potassium dihydro-
gen phosphate, hydrochloric acid, acetic acid and sodium hydrox-
ide were purchased from Aladdin (Shanghai, China). Pluronic 123
triblock polymer (P123) [(EO),o(PO);0(EQ)z0, molecular weight,
MW =5800] and TEL (purity > 98%) were purchased from Sig-
ma-Aldrich (St. Louis, MO, USA). All other chemicals were of re-
agent grade and were used as purchased without further
purification. Deionized water was prepared by ion exchange.

2.2. Synthesis of spherical MCF nanoparticles

Spherical MCF nanoparticles were synthesized in aqueous
hydrochloric acid using P123 as a structure-directing agent and
TMB as a micelle expander. In a typical synthesis, 2.4 g P123 was
dissolved in 90 ml of 1.6 M hydrochloric acid solution at room tem-
perature. Subsequently, 0.4 g CTAB, 0.025 g ammonia tetrafluoride
and 1.6 ml TMB were added to the surfactant solution, and the
mixture was stirred for 2 h. A volume of 5.5 ml TEOS was added
drop by drop to the surfactant solution under vigorous stirring.
The stirring was allowed to continue for another 5 min before
switching to static synthesis conditions at 38 °C. After 20 h, the
milky reaction mixture was transferred to a Teflon-lined autoclave
and crystallized for another 24 h at 120 °C. As-synthesized material
was filtered, washed with ethanol and dried at 60 °C in a vacuum
oven. Finally, the resulting powder was calcined in air at 600 °C

Fig. 1. Molecular structure of Telmisartan.

for 5h at a heating rate of 2°Cmin~! to remove the organic
template.

Fibrous SBA-15 microparticles were synthesized according to
the procedure reported by Zhao et al. with some modifications
[18]. Briefly, 2.0 g P123 was dissolved in a mixture of 15 ml water
and 60 ml 2 M hydrochloric acid solution with constant stirring at
38 °C then, after 1 h, 4.6 ml TEOS was added to this solution. Fol-
lowing this, the reaction solution was stirred for 24 h at 38 °C,
and the mixed solution was then crystallized at 90 °C for 24 h.
The solid product was filtered, washed with ethanol, dried in air
and calcined at 600 °C for 5 h.

2.3. TEL-loading procedure

TEL, a well-known anti-hypertensive drug, was selected as a
model drug due to its very poor intestinal solubility, which de-
pended on the pH of the medium as a BCS class II drug with an
aqueous solubility of 0.09 pg/ml and a pKa of 4.45 +0.09 [37]. A
drug loading procedure involving a combination of adsorption
equilibrium and solvent evaporation was developed in order to en-
hance the drug loading efficiency. Briefly, TEL adsorption into MCF
was carried out by soaking the MCF nanoparticles in an acetic acid
solution of TEL (60 mg/ml). The carrier:drug ratio in the loading
solution was varied from 5:1 to 1:1 (w:w). Then, the mixture
was ultrasonicated for a few minutes and brought to adsorption
equilibrium under gentle vortexing for 12 h in order to achieve
maximum loading in the pore channels of the MCF nanoparticles.
The loading was performed under ambient conditions (about
20 °C) in closed containers to prevent evaporation of acetic acid
during the loading period. Finally, the mixture was dried at 55 °C
under vacuum for 24 h. The drug-loaded sample was referred to
as TEL-MCF. The procedure for TEL loading into the SBA-15 micro-
particles was similar to that used for load MCF. The dried drug-
loaded sample was referred to as TEL-SBA-15.

2.4. SEM and TEM studies

The morphology and particle size of the prepared samples were
characterized using a JSM-6301F SEM instrument (JEOL, Japan)
operated at 15 kV. The samples were gold-plated prior to imaging.
The porous structure of the samples was characterized using a Tec-
nai G2 F30 TEM instrument (FEI, The Netherlands) operated at
200 kV. Before examination, the samples were dispersed in deion-
ized water through sonication and subsequently deposited on car-
bon-coated copper grids.

2.5. Nitrogen adsorption analysis

The pore characteristics of the samples were studied by deter-
mining the nitrogen adsorption using a SA3100 surface area and
pore size analyzer (Beckman Coulter, USA) at —196 °C [20]. The
specific surface area, Sger, was evaluated from nitrogen adsorption
data over the relative pressure range from 0.05 to 0.2 using the
Brunauer-Emmett-Teller (BET) method. The total pore volume,
Vi, was determined from the amount adsorbed at a relative pres-
sure of 0.99. Pore size distributions (PSDs) were determined from
adsorption branches of isotherms using the Barrett-Joyner-Halen-
da (BJH) method with the Kelvin equation for a hemispherical
meniscus and the statistical film thickness curve for macroporous
silica. The BJH pore diameter, wgy, is defined as a position of the
maximum on the pore size distribution curve. The MCF (or SBA-
15) samples were degassed at 300 °C for 12 h prior to analysis,
while the TEL-loaded samples were degassed at 50 °C for 12 h.
The experiments were performed in triplicate.
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2.6. WAXS and DSC studies

WAXS was used for the identification of the crystals (structure
and changes) of the TEL-loaded samples and also the pure TEL.
WAXS patterns of the prepared samples were obtained using an
X'pert PRO diffractometer (PANalytical B.V., The Netherlands), with
an Ni filtered Cu-Ka line as the source of radiation, and the equip-
ment was operated at a voltage of 40 kV and a current of 30 mA. All
samples were measured over the 20 angle range from 5° to 35°
with a scan rate of 4°/min and a step size of 0.02°. The physical
state of the pure TEL and the TEL-loaded samples was also exam-
ined by DSC. The thermographs of each powder were obtained
using a Q1000 DSC instrument (TA Instruments, USA). The TEL-
loaded samples equivalent to 4 mg TEL and pure TEL (4 mg) were
placed in pierced aluminum pans and heated from 50 to 300 °C
at a scanning rate of 10 °C min~! in a nitrogen atmosphere.

2.7. HPLC analysis and the drug loading efficiency

TEL was analyzed using a Hitachi™ HPLC system consisting of
an L7100 pump and an L7420 UV-VIS tunable absorbance detector
(Japan). Analysis was carried out on a Shim-pack Cqg column
(250 x 4.6 mm, 5 um). The mobile phase consisted of an 80:20 (%
v/v) mixture of methanol and 5 mM potassium dihydrogen phos-
phate solution, and the flow rate was 1.0 ml/min, and the detection
wavelength was 296 nm. The injection volume was 10 pl. The sam-
ple was passed through a 0.22-pm polytetrafluoroethylene (PTFE)
membrane filter before the HPLC analysis. The standard curves
were linear over the concentration range of 0.5-10 pg/ml. The drug
loading was determined by extracting 10 mg of the TEL-loaded
samples with 200 ml methanol for 12 h with stirring, followed by
filtration of the sample and analysis by HPLC [23,27]. The experi-
ments were performed in triplicate.

2.8. In vitro drug-release study

In vitro drug-release study was conducted using a USP II paddle
method (50 rpm, 37 °C and 900 ml dissolution medium) with a D-
800 LS dissolution tester (Tianjin University Radio Factory, China).
The TEL-loaded samples equivalent to 40 mg TEL were exposed for
6 h to two different media: enzyme-free simulated gastric fluid (pH
1.2) prepared by adding 2.0 g sodium chloride, 7.0 ml hydrochloric
acid and sufficient deionized water to make 1 L enzyme-free sim-
ulated gastric fluid and enzyme-free simulated intestinal fluid
(pH 6.8) prepared by adding 6.8 g potassium dihydrogen phos-
phate in deionized water and adjusting the pH with 1 M sodium
hydroxide solution to make 1L enzyme-free simulated intestinal
fluid [37]. At predetermined time intervals, 5 ml samples were
withdrawn and immediately replaced with an equal volume of dis-
solution medium to keep the volume constant. The withdrawn
samples were filtered, suitably diluted, and then, the drug concen-
tration was determined by HPLC. All data were reported as the
mean * standard deviation (SD). Statistical analysis was performed
for the experiments conducted in triplicate using Student’s t-test.
Results with p < 0.05 were considered to be statistically significant.

3. Results and discussion
3.1. Morphology and particle size of the prepared nanoparticles

SEM imaging showed that the prepared MCF sample consisted
of many spherical particles with relatively uniform sizes of about
800 nm in diameter (Fig. 2a). The TEM micrograph of MCF nano-
particles also revealed that these have spherical shape, with
dimensions similar to those found through SEM measurements

(Fig. 2b). Examination of these nanoparticles at higher magnifica-
tions shows that they have a porous structure (Fig. 2c). MCF
composed of uniformly sized, large spherical cells that are inter-
connected by uniform windows to create a continuous 3-D pore
system. In addition, the TEM image of TEL-MCF clearly shows that
the ordered 3-D pore structures were still present in the
TEL-loaded samples (Fig. 2d).

SEM imaging showed that the SBA-15 sample consisted of many
rod-like sub-particles with relatively uniform sizes of about 0.5 pm
in diameter and 1-2 um in length, which are aggregated into
wheat-like macrostructures (Fig. 3a). Similar SEM images were re-
ported by Katiyar et al. [34]. As shown in Fig. 3b, the TEM micro-
graph of SBA-15 was recorded with the electron beam direction
nearly parallel to the channel direction. The TEM image confirms
the ordered structure of SBA-15 and shows that the cylindrical
pores are arranged in an ordered array.

3.2. Nitrogen adsorption analysis

The nitrogen adsorption/desorption isotherms of the prepared
MCF samples were typical type IV isotherms according to the [UPAC
classification, characteristic of mesoporous materials [20,35]. As an
example, the nitrogen adsorption/desorption isotherms of MCF,
(unloaded MCF), TEL-MCF (the mass ratio of MCF:TEL was 5:4 in
the drug loading procedure) and MCF, (TEL-MCF after complete re-
lease of TEL) are presented in Fig. 4A, and the nitrogen adsorption/
desorption isotherms of SBA-15, (unloaded SBA-15), TEL-SBA-15
(the mass ratio of SBA-15:TEL was 5:3 in the drug loading proce-
dure) and SBA-15;, (TEL-SBA-15 after complete release of TEL) are
presented in Fig. 4B. The isotherms of MCF (or SBA-15) featured hys-
teresis loops with sharp adsorption and desorption branches. The
pore size distributions of the prepared samples are presented in
Fig. 5. The values for the BET specific surface area (Sggr), the total
pore volume (V;) and the BJH pore diameter (wg)y) are given in Table
1.1t can be seen that the MCF (or SBA-15) samples possess high Sger
and V;, indicating its potential application as a host for bonding or
storing more drug molecules in the drug storage/release system.
Furthermore, Sger, Vi and wgjy were reduced apparently after TEL
has been loaded, confirming that TEL was incorporated into MCF
(or SBA-15) pore channels. Finally, it is worthwhile to point out that
MCF (or SBA-15) still exhibits typical IV isotherms after complete
release of TEL, and Sger, Vy and wgyy can almost be recovered, indicat-
ing the good stability of this drug-release system.

3.3. Physicochemical characterization

The WAXS patterns of the drug-loaded samples were recorded
to determine whether a crystalline drug phase would be detected
[24,25]. The WAXS patterns of TEL, MCF, physical mixture and
TEL-MCF are given in Fig. 6. The diffraction pattern of pure TEL
was highly crystalline in nature as indicated by numerous peaks.
The main peaks at 6.7° and 14.1° were particularly distinctive.
For the physical mixture of TEL and MCF, peaks at 6.7° and 14.1°
were attributed to pure TEL. However, no crystalline TEL was de-
tected in the TEL-MCF; samples (Fig. 6e, the mass ratio of MCF:TEL
was 5:4 in the drug loading procedure). In contrast, TEL peaks of
the TEL-MCF, samples were observed (Fig. 6d, the mass ratio of
MCF:TEL was 1:1 in the drug loading procedure). It was found that
the prepared MCF nanoparticles have a high drug loading effi-
ciency up to 42.9% (drug weight/total weight). On the other hand,
no crystalline TEL was detected in the TEL-SBA-15; samples
(Fig. 7e, the mass ratio of SBA-15:TEL was 5:3 in the drug loading
procedure). In contrast, TEL peaks of the TEL-SBA-15, samples
were observed (Fig. 7d, the mass ratio of SBA-15:TEL was 5:4 in
the drug loading procedure). It was found that the maximum drug
loading efficiency of the prepared SBA-15 microparticles was
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Fig. 3. (a) SEM photograph and (b) TEM photograph of SBA-15.

approximately 37.1%. In agreement with previous reports, the drug
loading capacity of an OMS was very dependent on its Sger and V..
The relatively high Sger and V; of an OMS enabled it to achieve a
high drug loading efficiency [15,27]. However, there were some
differences in the maximum drug loading efficiency of the pre-
pared particles, the MCF samples (V; was 1.73 cm?/g) exhibited a
higher drug loading efficiency than the SBA-15 samples (V; was
1.21 cm®/g), while the Sger of MCF was less than SBA-15.

The presence or absence of crystalline drug was also confirmed
by DSC analysis using the drug melting peak in the thermograms as
an indication that TEL in crystalline form was present in the sam-
ple. If the drug in the pores is in a crystalline state, the amount of
drug can be estimated from the melting point depression using
DSC. If the drug in the pores is in a noncrystalline state, no melting

point depression can be detected [22-24]. Thermograms of TEL-
MCF were recorded, and signals due to melting could be observed.
As an example, the DSC curves for TEL, MCF and TEL-MCF are pre-
sented in Fig. 8. DSC analysis of crystalline TEL showed a single
sharp endothermic peak at 272.5 °C, which corresponded to its
intrinsic melting point (the endothermic value was 102.6 J/g). No
characteristic melting peak of TEL was identified in the DSC curve
obtained from TEL-MCF; (Fig. 8c). The absence of phase transitions
owing to TEL in the DSC analysis is evidence that TEL is in an amor-
phous state. In contrast, the melting peak of TEL can be observed at
270.1 °C in the DSC curve obtained from TEL-MCF, (Fig. 8b, the
endothermic value was 7.9 /g, while the endothermic value of
equivalent pure TEL was 102.6 J/g), which confirms the results ob-
tained from the WAXS study.
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3.4. In vitro drug-release study

The effects of different pore sizes and pore structures on the TEL
release rate in enzyme-free simulated gastric fluid (pH 1.2) and
intestinal fluid (pH 6.8) are shown in Figs. 9 and 10, respectively.
Under the low pH of the dissolution experiment, TEL is highly

Table 1
Structural properties of the samples (n = 3).
Sample Sper (M?/g) Ve (cm?/g)  wgu (nm)  Drug loading (%)
MCF, 816.0+7.2 1.73 £ 0.04 28324 -
TEL-MCF 190.3 +14.1 0.60+0.11 20.1+3.3 429+3.1
MCF, 795.2 £16.7 1.59 £ 0.06 26.0+39 -
SBA-15, 9824 +5.6 1.21 £0.03 6.5+1.7 -
TEL-SBA-15 2103 £249 0.45 +0.08 28+1.2 37125
SBA-15;, 977.5+12.6 1.14 £ 0.05 63%20
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Fig. 6. WAXS patterns of (a) TEL, (b) MCF, (c) physical mixture, (d) TEL-MCF, and
(e) TEL-MCF,.

soluble on its own [37], thus the dissolution improvement offered
by the carriers is not expected to be as significant. The dissolution
rate of TEL released from TEL-loaded SBA-15 samples was slower
compared with the dissolution rate of pure TEL and TEL-loaded
MCF samples due to SBA-15 retarding sterical diffusion caused
by the long and tight pore channels and the ordered 2-D cylindrical
pore systems. Since the solubility of TEL is dependent on the pH
and is high under strongly acidic or basic conditions (the solubility
of crystalline TEL was 552.37 + 10.91 pg/ml in enzyme-free simu-
lated gastric fluid), but very low under neutral conditions (the sol-
ubility of crystalline TEL was 0.34 +0.07 pg/ml in enzyme-free
simulated intestinal fluid), the observed dissolution rate of the
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pure crystalline TEL was quite low in enzyme-free simulated intes-
tinal fluid (pH 6.8). It is obviously shown that the dissolution rate
of TEL loaded from MCF or SBA-15 seems less pH dependent. The
amounts of dissolved TEL in the intestinal fluid at sampling times
of 10, 20 and 45 min accumulated to 69%, 82% and 94% for
TEL-MCF,. The corresponding amounts were 42%, 53% and 65%
for TEL-SBA-15,. The dissolution improvement may be largely
attributed to the pore channels of the two carriers changing the
crystalline state of TEL to an amorphous state (the solubility of
amorphous TEL was 49.65+7.22 ug/ml for TEL-MCF; and
43.21 +11.57 pg/ml for TEL-SBA-15; in enzyme-free simulated
intestinal fluid), which is known to improve drug solubility and
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(c) TEL-SBA-15; in enzyme-free simulated intestinal fluid (pH 6.8). Each data point
represents the mean + SD of three determinations.

drug dissolution rate. In addition, a high surface area also acceler-
ates the drug-release profile and, consequently, improves the dis-
solution rate [3,27]. It is obviously shown that the faster TEL
release of two TEL-loaded samples was observed from TEL-MCF.
The difference in release rate between MCF and SBA-15 could be
attributed to the pore sizes and pore structures. It is known that
fast drug release could be achieved by enlarging the pore size of
mesoporous carrier. Therefore, MCF (wg;y was 28.3 nm) exhibited
a lower sterical diffusion hindrance caused by pore channel com-
pared with SBA-15 (wgy was 6.5 nm). In addition, the TEL mole-
cules adsorbed in the ordered 3-D spherical pore systems (the
spherical cells with relatively uniform sizes of about 25 nm in
diameter, as shown in Fig. 2c) have a greater chance of escaping
from mesopore channels and diffusing into the release medium
compared with those adsorbed in the ordered 2-D cylindrical pore
systems (the pore channels with relatively uniform sizes of about
6 nm in diameter and 1-2 pm in length, as shown in Fig. 3).

4. Conclusions

The results of this work demonstrated the successful uptake and
then release of a model drug in the spherical MCF nanoparticles, con-
firming for the first time the potential of the spherical MCF nanopar-
ticles as a drug delivery system. MCF with a continuous 3-D pore
system has a high drug loading efficiency up to 42.9%. In vitro
drug-release study show that the dissolution rate of TEL released
from MCF was significantly faster compared with crystalline TEL.
The dissolution improvement was associated with MCF converting
the loaded drug from the solid state to the amorphous form, which
typically dissolves faster compared with the crystalline form. In
addition, our study shows that the differences in pore size and struc-
ture of OMS play an important role in controlling the release rate of
drug molecules, with a fast release of TEL from MCF compared with
SBA-15. Since drug release is a crucial and limiting step for oral drug
absorption, particularly for drugs with low gastrointestinal solubil-
ity and high permeability, spherical MCF nanoparticles might offer a
larger window of absorption for the drug in the gastrointestinal tract
by improving the dissolution rate of water-insoluble drugs.
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