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Abstract

The aim of this study is to determine the feasibility of loading biologically active molecules into templated mesoporous silica (MCM 41).

This material shows an important mesoporosity associated to hexagonally organized channels, a narrow pore size distribution and a large

surface area. Ibuprofen was selected as a model molecule since it is a well documented and much used anti-inflammatory drug. Furthermore,

it has a lipophilic character and its molecular size is suitable for inclusion within the mesopores of the MCM 41 material.

In order to load ibuprofen within the mesopores, adsorption experiments using various solvents or successive impregnations with solutions

of ibuprofen in ethanol were performed. At each step of the loading process, the pore filling was characterized by nitrogen adsorption

experiments and by X-ray diffraction. The impregnation procedure results in a significant improvement of the amount of ibuprofen loaded

into MCM 41. The in vitro drug release was investigated with simulated biological fluids (gastric and intestinal). Hundred percent release is

observed at the end of the in vitro experiment.

q 2004 Elsevier B.V. All rights reserved.

Keywords: Drug loading; Mesoporous silica; MCM 41; Ibuprofen

1. Introduction

Since drug-loaded particles appear particularly suited

for controlled release and drug targeting, they have been

the focus of research on drug delivery systems [1].

Developments in encapsulation technology have allowed

the preparation of a large range of submicron-sized drug-

loaded particles. These nanoparticles may have wide-

spread potential as drug carriers due to the presence of

an organic shell or to their organization (colloidal

systems, liposomes, microemulsion, etc.) [1–4]. All

these systems are expected to enhance the bioavailability

of poorly absorbed drugs, entailing a lowering of the

therapeutic dose. These nanoparticles are also efficient

for entrapping slightly water-soluble drugs [4–6]. This

technique represents an alternative to the traditional

formulation processes involving cosolvents or micellar

solubilization [7,8].

Among these drug delivery systems, inorganic porous

materials are emerging as a new category of host/guest

systems. Due to some interesting features such as their

biological stability and their drug-releasing properties [9],

there is a significant and increasing interest in these

potential carriers. Several porous minerals have been used

including synthetic zeolithe, silica xerogel material and

porous ceramic [9–14]. MCM 41 is a typical mesoporous

templated silica which has been largely investigated. This

material presents nanosized pores that allow the inclusion of

drug into the pores. With a pore size in that range, it presents

an alternative to nanoparticles as a drug delivery system.

Release properties of MCM 41 have been studied recently

[15,16]. They suggest that this material may be used as a

drug carrier.

In contrast to most porous minerals, which show

disordered pores with a broad size distribution and irregular

shapes, the MCM 41 type materials exhibit exciting

structural features like their large specific surface area (up

1000 m2 g21) and ordered cylindrical mesopores with a

narrow size distribution. Indeed, their inner structure

consists of unidirectional channel-like pores that form a

hexagonal pattern [17]. These mesoporous templated
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materials are synthesized by self-assembly of silica and

surfactant micelles used as structure directing agents. For

instance, the synthesis of MCM 41 type material was

performed under hydrothermal conditions in presence of

cationic surfactants, such as tetradecyl- or hexadecyl-

trimethylammonium bromide. The structure of these

ordered mesoporous materials results from a cooperative

organization process between the negatively charged

silicate species interacting with the positively charged

quaternary ammonium micelles [17–19]. The porosity of

the material is available after surfactant removal via

calcination. Owing to the structural features of these recent

materials, research interest has been focused on the particle

morphology and on the control of pore size. Indeed, ordered

mesoporous materials provide the unique opportunity to

tailor the pore width (ca. 20–100 Å) by the choice of

appropriate alkyl chain length of surfactants or by

solubilization of organic substances into the micelles to

increase their size. In addition, it is possible to chemically

modify their surface properties through covalent grafting of

organic species to various functional groups onto the surface

free silanol groups of MTS [20,21].

Therefore, highly ordered mesoporous silica appear very

suitable as host materials and important applications are

contemplated namely in heterogeneous catalysis, adsorp-

tion, ion exchange, and inclusion chemistry [22]. On

account of their well-defined and large inner porosity, and

consequently their large surface area, templated meso-

porous silica exhibits structural properties required for drug

carriers. Moreover, silica, such as aerosil, is a widely used

pharmaceutical excipient; therefore, it would be interesting

to use ordered mesoporous silica in alternative formulations

for drug delivery systems.

The aim of this study is to determine the loading capacity

of biologically active molecules of mesoporous templated

materials and to characterize the drug-loaded materials. For

this purpose, we chose a MCM 41 solid with a distribution

of pore sizes in the range from 3 to 3.6 nm. This choice was

directed by the fact that the MCM 41 structural features

have been widely studied and characterized. Ibuprofen, an

anti-inflammatory drug, was selected as a model drug for its

low solubility in water and its molecular size; the latter is

suitable for its incorporation within the pores of MCM 41.

In the first part of the study, adsorption of ibuprofen on the

channels surface of MCM 41 have been carried out using

various solvents as the interactions between the solute and

the mineral surface depend on the solvent properties. In the

second part, successive impregnations of the MCM 41

particles have been performed with a solution of ibuprofen

in ethanol. In addition, at each step of the loading process,

the pore filling with ibuprofen molecules was characterized

by nitrogen adsorption isotherms and by X-ray diffraction.

This study particularly emphasizes the inclusion of the drug

molecules within the pores of MCM 41 particles. Finally,

the in vitro drug release was performed using a flow-through

dissolution test (USP 4) with simulated gastric (pH 1.2) and

intestinal (pH 7.4) fluids.

2. Experimental section

2.1. Materials

Aerosil 200 (Degussa) was used as silica source. The

quaternary ammonium surfactant hexadecyltrimethyl-

ammonium bromide (CTAB) was obtained from Sigma

Aldrich (98%) (Saint Quentin Fallavier). Ibuprofen is

commercially available from Sigma Aldrich. The solvents

used in the adsorption experiments, i.e. hexane, ethanol,

dimethylsulfoxide (DMSO), dimethylformamide (DMF)

and dimethylacetamide (DMA), were purchased from

Sigma Aldrich (HPLC grade). All chemicals were used as

received.

2.2. Synthesis of mesoporous silica MCM 41

and calcination

MCM 41 silica was prepared by hydrothermal synthesis

using CTAB micelles as a template. In a typical synthesis,

45 g of silica was added to a stirred solution of

7.5 £ 1022 mol of CTAB and sodium hydroxide (0.2 mol)

in deionized water (500 ml) at the following molar ratio:

H2O/NaOH/CTAB/SiO2 20:0.3:0.15:1. The mixture was

heated in a stainless autoclave at 115 8C for 20 h. The

resulting white powder was filtered, washed successively

with deionized water and ethanol and air dried at 50 8C.

Afterwards, the solid was calcined at 550 8C for 7 h in under

airflow to remove the surfactants.

2.3. Loading procedures

Two procedures were used to load MCM 41 material

with ibuprofen. In the first method, 0.05 g of MCM 41 were

added to 2.5 ml of an ibuprofen solution of concentration C0

(C0 ¼ 65 mg/ml). The adsorption procedure was carried out

by using successively DMSO, DMA, DMF, ethanol, and

hexane as solvent. Afterward, the suspensions were brought

to equilibrium under gentle stirring for 24 h. Subsequently,

the suspensions were filtered (Acrodisc CR PTFE, pore size

0.2 mm, Fisher Bioblock, Illkirch) and ibuprofen that

remained in the supernatant phase were determined using

HPLC analysis with UV detection at 254 nm. The amount of

ibuprofen adsorbed onto MCM 41 is determined by the

depletion method.

In the second procedure (incipient wetness), 0.5 g of

MCM 41 were impregnated several times with a solution of

ibuprofen in ethanol of concentration 65 mg/g. The ethanol

solvent was evaporated at 50 8C between each impreg-

nation. In order to achieve pore filling an excess amount of

ibuprofen was added to the sample. Then, the powder was

quickly washed on a filter with 5 or 10 ml of ethanol to
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remove the excess ibuprofen molecules coating the outer

surface. The powder obtained was then dried at 50 8C. The

amount of ibuprofen loading in the channel pores can be

assessed by subtracting the amount of ibuprofen removed

off the surface in the washing step from the total amount

added to the sample.

2.4. Instrumentation

Powder X-ray patterns have been recorded using an

INEL XRG 3000 instrument (monochromated Cu Ka

radiation). Typically the diffractograms have been collected

in a 2u range of 1–6.58 with a resolution of 0.028.

The nitrogen adsorption–desorption isotherms have been

collected at 77 K using an adsorption analyzer ASAP 2010

from Micromeritics. The specific surface area is assessed

according to the standard BET method. The pore size

distribution is obtained by the Broekhoff and de Boer (BdB)

method. The pore volume and the external surface area are

computed using the t-plot method. For the characterization

of the porous material, the MCM 41 particles have been

degassed at 250 8C for 8 h under vacuum (1022 Torr). For

the pretreatment of the samples loaded with ibuprofen, the

same conditions prevailed except for the degassing

temperature which was set at 35 8C in order to avoid the

sublimation of ibuprofen.

The flow-through cell dissolution (SOTAX CY 1-50)

used in the in vitro experiments may be described as having

three parts: the lower cone, the middle cylindrical portion

and the filter head on top [23]. The dissolution medium

enters the cone through a capillary bore situated on the

bottom and flows upwards. The cone is separated from the

cylindrical portion by a 40-mesh screen and a glass

microfiber filter. The filter head on the top part also holds

a glass microfiber filter. In all cases the lower cone holds a

glass bead 6 mm in diameter, which serves to distribute the

jet of fluid entering the cell.

The powder was loaded into the flow-through cell on the

bottom of the cylindrical portion and covered by a 1 mm

round glass beads layer. The amount of drug used per

experiment is around 50 mg. The flow rate of the dissolution

medium across the cell is set at 6.5 ml/min and the cell is

thermostated at 37 8C. During the first 30 min of the

experiment, the dissolution fluid is a simulated gastric

medium (pH 1.3) and in the subsequent one and a half hour,

it is replaced by a simulated intestinal medium (pH 7.4)

ðn ¼ 3Þ: Experiments were carried out in an open loop setup

and samples are collected over time during 2 h to measure

the ibuprofen concentration. The HPLC used for the dosage

consisted of a Shimadzu system. The column used is a

Kromasil (C18 5 m) 250 £ 4.6 mm with a guard column

(ICS, Marseille). The absorbance value read at 260 nm in

the UV visible detector were used for quantitative analysis

of ibuprofen on the base of a calibration curve. The mobile

phase for elution was acetonitrile (acetic acid 0.5%)/water

(acetic acid 0.5%): 65%/35% at a flow rate of 1.2 ml/min.

The injection volume of samples was in the range of

8–20 ml according to ibuprofen concentration.

3. Results and discussion

Fig. 1a and b displays scanning electron microscopy

(SEM) observations of MCM 41 particles. MCM 41 silica

material was obtained as small spherical particles with a size

of a few microns. According to previous results [23], the

TEM observations reveal a hexagonal periodic arrangement

of the channels (honeycomb pattern). The structural

properties of MCM 41 silica material used in this study

have been determined by powder X-ray diffraction

(Fig. 2a) and by nitrogen adsorption at 77 K (Fig. 2b).

Fig. 1. SEM pictures of the synthesized MCM 41 silica material.
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After calcination of the solid at 550 8C a strong peak is

observed at a 2u angle in the range 2.2–2.48 and two

additional reflections with a weaker intensity, merged into

one broader peak. These diffraction peaks reveal a regular

periodic variation of the electron density due to the long

range ordering of the pores in the MCM 41 materials [17].

The intense reflection corresponds to the (100) diffraction

peak with d ¼ 26 Å leading to a lattice constant (the pore

center distance) of a0 ¼ 30 Å according to the hexagonal

unit cell relation ða0 ¼ 2d100=
ffiffi

3
p

Þ: Fig. 2b shows the

nitrogen adsorption–desorption isotherms of calcined

MCM 41 and the pore size distribution. Characteristic

type IV-isotherm of mesoporous materials are obtained for

the pores filled (by capillary condensation), with a step in

the range of P=P0 ¼ 0:3–0:4; typical of the filling of regular

mesoporous systems. The specific surface area of the

synthesized MCM 41 material is 920 m2 g21, with

a measured mesoporous volume of 0.61 cm3 g21 and a

narrow distribution for the pore size centered at 35 nm. A t-

plot analysis does not reveal any microporous volume and

indicates an external surface area of 104 m2 g21. In

addition, the thickness of the pore wall can be estimated

on the basis of the difference between the pore center

distance and the pore diameter. The obtained value for this

product is 0.34 nm. Therefore, all these data indicate that the

MCM 41 type silica material used for this investigation

exhibits a well-ordered mesoporous structure.

The adsorption of ibuprofen on mesoporous silica

(MCM 41) or on non-porous silica (aerosil) was performed

in solvents of different polarities. The two silica particles

exhibit similar values of the external surface area and

similar surface properties. The amounts adsorbed are

reported in Table 1. When highly polar solvents like

DMSO, DMF and DMA were used, the amount of ibuprofen

adsorbed is weak or can even be neglected. In contrast,

when ethanol or hexane was used, ibuprofen was adsorbed

on both MCM 41 and aerosil. So, the adsorption varies in

function of the solvent properties. Moreover, the amount of

ibuprofen adsorbed on MCM 41 is higher than on aerosil

suggesting that the adsorption should be done onto the outer

surface and inside the MCM 41 channel pores. Actually, the

pore size is large enough to allow access to the large internal

surface area of these mesoporous materials and the diffusion

of ibuprofen molecules is not restricted by the pore

structure. However, the relative contribution of each of

these two surfaces to the adsorption process was not

estimated because adsorption onto external surface and into

inner pores occurs spontaneously and uniformly, as

previously reported [24–26].

Furthermore, in this study only the two less polar

solvents allowed the adsorption of ibuprofen in sufficient

amount to investigate its inclusion into the MCM 41 host

and subsequently the drug release (Table 1). In the case of

hexane, although the adsorbed amount achieved is attractive

G ¼ 590 mg g21, this solvent was not selected to pursue the

study since hexane is highly toxic. Although adsorption

carried in ethanol is less efficient (G ¼ 184 mg g21), ethanol

is a convenient and non-toxic solvent. A procedure of

impregnation of MCM 41 particles was developed in order

Fig. 2. (a) Typical XRD pattern of calcined MCM 41 material. (b) Nitrogen

adsorption isotherm at 77 K, degassed at 523 K, for synthesized

mesoporous silica calcined at 823 K. The insert shows the pore size

distribution.

Table 1

Effect of solvents on the adsorption of ibuprofen on MCM 41 and aerosil particles (T ¼ 303 K)

Solvent 1 (25 8C) Ci (mg/ml) Ceq (mg/ml) GMCM 41 (mg/g) Ci (mg/ml) Ceq (mg/ml) Gaerosil (mg/g)

DMSO 46.7 35 34.7 25.5 32 32 0

DMF 37.8 28.9 28.4 47 28.9 28.3 34

DMA 37.8 30 30 0 30 30 0

Ethanol 24.5 32.6 30.9 184 31.2 30.5 42

Hexane 1.88 34.2 27 590 30.9 29.5 104
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to enhance the inclusion of ibuprofen within the pores.

Indeed, ibuprofen molecules diffuse with the solvent drawn

into the pores by capillarity and after solvent removal,

ibuprofen molecules remain trapped there. Successive

impregnations enable to achieve a complete pore filling

and result in a significant improvement of the amount of the

drug molecules encapsulated (Table 2). Of course, with this

impregnation procedure, a fraction of the drug molecules

are deposited on the particle surface. Consequently, the

loaded sample was quickly washed with 5 ml of ethanol to

remove the ibuprofen from the outer surface.

The X-ray diffraction of ibuprofen crystals (1), of MCM

41 impregnated with ibuprofen (2) and then washed with

ethanol (3) are displayed in Fig. 3. In the case of the loaded

material (2), diffraction peaks characteristic for crystals of

ibuprofen are obtained. The latter are formed on the particle

surface during the solvent removal by evaporation. These

diffraction peaks disappear after the flash washing step done

with ethanol indicating that the crystals of ibuprofen have

been removed from the surface particles. On washed

samples, the lack of diffraction peaks indicates that no

crystallization process occurred inside the pores. Thus, the

ibuprofen molecules included within the pore channel are in

a molecular amorphous state. This is in agreement with a

crystallization study carried in confined space [27] that has

shown that the crystallization can occur only for a channel

pore size significantly larger than the molecular size, about

20 times the length of the molecules.

Successive washes with increasing ethanol amount allow

the encapsulated molecules within the pores to be

progressively extracted until their complete removal.

X-ray diffraction (Fig. 4) and nitrogen adsorption–deso-

rption isotherms (Fig. 5) are performed at each step in order

to characterize the evolution of the structure and porosity of

the loaded MCM 41. After the impregnation procedure, the

most significant change in the XRD pattern (Fig. 4) of the

silica host is the strong decrease of the diffraction peak

intensity corresponding to the (100) reflection arising from

the hexagonal pore arrangement. For each successive wash

with ethanol, the intensities of the diffraction peak increase

and they were nearly fully recovered after the total

extraction of the ibuprofen molecules. The adsorption

isotherms of nitrogen displayed in Fig. 5 are also hardly

changed with the amount of ibuprofen included within the

pores except for the step height. The characteristic pore-

filling step of the nitrogen adsorption isotherm disappears

after the loading of ibuprofen. Indeed, the characteristic

type IV isotherm of mesoporous materials change with pore

filling into a type I isotherm associated a microporous or

non-porous solid. The adsorption isotherms obtained at each

wash of the loaded sample reflect a progressive increase in

Table 2

Characteristics of MCM 41 before and after successive impregnation of

ibuprofen (mg/g) and an ethanol washing: SBET (m2 g21), Vmes (cm3 g21)

and pore diameter (Å)

Ibuprofen

(mg/g)

SBET

(m2 g21)

Vmes

(cm3 g21)

Pore Ø

(Å)

MCM 41 0 850 0.62 34

Imp. 1 30 834 0.54 32

Imp. 2 133 768 0.425 30

Imp. 3 766 259 0.123 28

Imp. 4 1350 18 / /

Wash 1 500 300 0.15 31

Fig. 3. XRD patterns (1) ibuprofen powder and (2) MCM 41 sample loaded with ibuprofen and (3) washed with 5 ml of ethanol.
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BET surface area and pore volume. Moreover, a shift of the

relative pressure of the capillary condensation step is

observed from 0.12 to 0.35.

All these data, obtained from X-ray diffraction and

nitrogen adsorption are consistent with the pore filling with

ibuprofen molecules. Indeed, the extinction of the inten-

sities of X-ray diffraction peak results and depends on the

amount of ibuprofen presents within the pores. These results

are not surprising as similar results, concerning the filling of

mesopores of MCM 41 with organic liquids of different

scattering power have been previously observed [28]. This

study has shown that the peak intensities could be correlated

with the scattering contrast between the silicate wall and the

sorbate inside the channel. Therefore, the decrease of the

scattering contrast following the pore filling is correlated to

the observed diffraction peak intensity. In the same way, the

nitrogen adsorption isotherm of a loaded sample washed

once, exhibits a dramatic decrease of the pore volume and

specific surface area compared to the non-loaded MCM 41.

These results suggest that a large amount of ibuprofen is

included within the pore, even though a few ibuprofen

molecules may still be adsorbed on the external surface of

the MCM 41 particles. Surface area and mesoporous volume

decrease as a result of the lining of mesopores by organic

drug molecules. However, the pore size distribution, which

decrease from 34.3 to 29 Å, is less affected than the

mesoporous volume by the inclusion of ibuprofen until

the saturation of the inner volume. This suggests that the

ibuprofen molecules are packed inside the pore and not

uniformly distributed on the inner surfaces.

Moreover, after the total removal of ibuprofen from the

pores, the intensities of the diffraction peaks are nearly

recovered as are the total mesoporous volume, the pore size

distribution and the surface area. These results indicate that

the regular mesoporous structure of the host material is

preserved during all the impregnation procedure. Therefore,

based on the X-ray diffraction data and nitrogen adsorption

results for the loaded sample and for the samples washed in

successive steps, it was demonstrated that the ibuprofen

molecules were present within the pores in an amorphous

state.

The in vitro release of ibuprofen has been performed in

two simulated fluids: gastric fluid (pH 1.2) for 30 min and

then intestinal fluid (pH 7.4) for 90 min, using dissolution in

a flow-through cell [23], in order to simulate the behavior of

the material after oral administration (Fig. 6). Ibuprofen

(38 ^ 2%) is released in the gastric fluid during the first

20 min of the kinetics. In an intestinal medium, the release is

faster and reaches a plateau after 45 min at 91% (^8%)

release. One may suppose that the increase in the aqueous

solubility of ibuprofen (pKa 5.6) at pH 7.4 (s ¼ 0:1 g ml21)

facilitates the transfer of the molecules from the silica

matrix to the buffered solution. Finally, in the release tests,

the diffusion of the encapsulated ibuprofen molecules does

not seem to be restricted, a fact consistent with the well-

defined porosity and channel size of the MCM 41 materials.

This rapid kinetic profile presents a great interest for

pharmaceutical application in order to improve a rapid drug

delivery of poorly water-soluble drugs.

Fig. 6. Ibuprofen release profile into gastric fluid during 30 min (pH 1.2)

and then intestinal fluid (pH 7.4) during 1 h.

Fig. 5. Nitrogen adsorption isotherms at 77 K, degassed at 308 K for MCM

41 sample in the calcined state or loaded with ibuprofen and at different

steps of ibuprofen extraction with ethanol.

Fig. 4. XRD patterns of MCM 41 sample in the calcined state or loaded with

ibuprofen and at different steps of the ibuprofen extraction with ethanol.
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After stirring the washed MCM 41 for 24 h in a buffer at

pH 7.4, ibuprofen is quantified using HPLC in order to

determine the 100% release of ibuprofen. The MCM 41

particles were filtered off the phosphate buffer solution,

dried and characterized by nitrogen adsorption (data non-

shown). A decrease in the amount of nitrogen adsorbed is

observed. Moreover, the adsorption isotherm does not

exhibit any more the adsorption step characteristic of the

mesoporous materials. These observations suggest a

collapse of the porosity due to the erosion of the solid.

However, during this kinetics at pH 7.4, the release of the

ibuprofen molecules from the particles seems to occur faster

(20 min) than the degradation of the silica matrix by the

erosion (a few hours). Therefore, the release of the drug

during the dissolution kinetics is certainly due to a diffusion

process.

4. Conclusion

The results obtained show that pharmaceutically active

compounds could be loaded with a great efficiency into

MCM 41 mesoporous silica. The loading extent is

influenced by the loading procedure. Successive impreg-

nations of the MCM 41 particles with a solution of

ibuprofen in ethanol result in a significant improvement of

the amount of the drug molecules encapsulated. Moreover,

it has been shown using X-ray diffraction that the

encapsulated molecules remain in a molecular and

amorphous state because no crystallization process occurs

within the pores. These physical properties of encapsu-

lated ibuprofen allow a rapid liberation of the probe

during the dissolution kinetics. Release experiments

performed in a simulated gastric and intestinal fluid

showed a rapid and complete release of the ibuprofen

molecules included within MCM 41 mesopores princi-

pally by a diffusion phenomenon. The molecules can

easily diffuse out of pores due to their well-defined

amorphous and molecular state and to the size of the

pores of the mesostructured silica.

Finally, for their high surface areas and ordered

mesoporous structure, micelle-templated silica materials

constitute a potentially interesting drug carrier for non-

water-soluble drugs. This material allowed us to encapsulate

a drug with a control of its physical state (molecular, in the

case of ibuprofen) inside the pores so that the formation of a

cristalline state is avoided. The stability of the silica

material versus the gastric fluid leads to a release of only

one-third of the drug, the larger part being freed in the

intestinal fluid. The molecular state allows a rapid kinetic

profile for the release. The association of a nanostructured

mineral to the molecular state of the drug presents a great

interest for pharmaceutical applications as it allows a

control of the kinetic delivery of lipophilic drugs.
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