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Recent progress in the synthesis and applications of MCM-41 based mesoporous materials is
reviewed. Since the independent discovery in the early 1990s by groups in the Japan and USA of
the formation of mesostructured silica using surfactants as structure directing agents, a variety
of alternative synthesis routes have been proposed. These include the use of ionic (both cationic
and anionic) surfactants, neutral surfactants based on block and star diblock copolymers,
non-surfactant organic compounds and the Stöber process for synthesizing silica spheres.
The unique properties of MCM-41 based silica materials make them attractive candidates
for applications in catalysis, production of novel materials by encapsulating metals,
semiconductors and biofluids. Particular attention is given to the use of these composites in
biotechnology including biosensors, biocatalysis and drug delivery.

1. Introduction

Over the last 15 years, there has been a dramatic increase in the synthesis of

open-framework inorganic materials of well-defined geometry. The number of

publications on the topic has increased by a factor 100 between 1993 and 2003.

The development of such materials, e.g., silica and carbon, with precise and easily

controlled pore shapes and sizes is of great importance in many areas of modern science

and technology [1–4]. These materials have important applications in several fields such

as heterogeneous catalysis, separation process, host–guest chemistry and very recently

in bioadsorption and biocatalysis.
Several excellent reviews on advances achieved in microporous molecular sieves [5–9]

and in the recently discovered macroporous solids [10–17] are available in the literature.

However, a new area in periodic porous materials emerged stimulated by the discovery

of ordered mesophases [18–21]. In this review, we will limit ourselves to the ordered

mesoporous silica with a special attention to MCM-41 (Mobil Composition of Matter)

based materials. We will adopt the IUPAC definition [22] of mesoporous materials

as materials with pore diameters between 20 and 500 Å.
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In the early 1990s, Kuroda’s group in Japan developed new alkylammonium-clay
intercalation complexes which have been subjected to hydrothermal treatment followed
by calcination. The resulting material produced a highly ordered mesoporous powder
with a honeycomb structure referred to as FSM 16 [19, 21]. In parallel, work was
carried out at Mobil Oil Corporation on a series of new porous materials grouped
under the name of the M41S family, with striking resemblances to the Japanese
materials [18, 20]. The process was consequently patented in 1991 and 1992 [23–25].
Surprisingly, in a 1971 US patent, Chiola et al. [26] reported the synthesis of low-density
silica based on the hydrolysis and condensation of a silica precursor in the presence of a
cationic surfactant. The unique mesoporous properties of that silica went unrecognized
until 1997 when Di Renzo et al. [27] reproduced the experiments described in the patent
and showed that the resulting product presents all the characteristics and properties of
the MCM-41. Nevertheless, the numerous Mobil discoveries and applications have
given a remarkable stimulus to the field as witnessed by the development of new
synthetic routes [28–31].

The M41S family has been classified into four main groups, as depicted in figure 1(a).
The first one refers to disordered rods and the three others are well defined
mesostructures: (i) MCM-41 with a hexagonal array of unidirectional and non-
interconnecting pores; (ii) MCM-48 with a three-dimensional cubic pore structure; and
(iii) MCM-50 with an unstable lamellar structure. One should not forget to mention the
molecular organic octamer which is thermally unstable [32] (figure 1b). MCM-41 could
be viewed as the ultimate model for mesoporous adsorbent material for investigating
fundamental features of adsorption, such as the effects of pore size, hysteresis, etc.,
owing to its relatively uniform cylindrical/hexagonal pore channels.

Of the many reviews [1, 6, 16, 33–39] on mesoporous materials, only few are devoted
to MCM-41 despite considerable progress achieved in the fabrication methods of
MCM-41. It is therefore appropriate to revisit the synthesis of MCM-41 based

MCM-41 MCM-48 MCM-50Disordered rods

(a)

(b)

Figure 1a. (a) Four main phases formed from C16TMA/SiO2/H2O. (b) Surfactant-silica composite unit
formed from C16TMA/SiO2/H2O (reproduced from ref. [39] with the permission of the American Chemical
Society).
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materials, and highlight the novel applications especially in host–guest chemistry and
bioadsorption.

2. Synthesis of MCM-41: toward a control of porosity and shape

2.1. Principles of synthesis

A typical synthesis of MCM-41 requires a minimum of four reagents: a solvent (water
and/or ethanol), a silica precursor (tetraethyl orthosilicate (TEOS), tetramethyl
orthosilicate (TMOS), tetrabutyl orthosilicate (TBOS)), an ionic (anionic or cationic)
or non-charged surfactant and a catalyst. Depending on the protocol, the reaction
could occur in an acidic or basic medium, with different silica/surfactant ratios. The
mixture is stirred, aged at room temperature or around 100�C and placed in a static
autoclave for several hours. The surfactant template is removed by calcination. Novel
routes have been proposed based either on a non-surfactant templated method [40, 41]
or on a polyelectrolyte/hexadecyltrimethylammonium bromide method [42].

An alternate route [43, 44] involves a microwave treatment of a precursor gel first
heated by microwave radiation around 100–150�C followed by conventional heating.
The advantages of the microwave-assisted preparation over the conventional
hydrothermal method is the significant decrease in reaction time, and a more
homogeneous heating which led to a better control of the texture and morphology.
However, it has been superseded by faster methods which produce within a few hours
the same if not better quality materials.

As mentioned above, templating could be achieved, either by using an ionic or
neutral surfactant or without any surfactant. These three methods are described below.

2.1.1. Ionic surfactant templated method. The formation mechanism has been
discussed in terms of a liquid-crystal templating (LCT) [37, 45, 46] where an organic
species functions as a central structure, surrounded by inorganic oxides forming a
framework. As illustrated in figure 2, long-chain surfactant molecules arrange
themselves assisted by a micelle self-assembly to form liquid-crystalline phases.
Silicate species deposit between surfactant ‘rods’ and then condense to form an
inorganic network, with a hexagonal ordering dictated by the interaction between the

Figure 2. Possible mechanistic pathways for the formation of MCM-41: (1) liquid-crystal phase and
(2) silicate-anion (reproduced from ref. [39] with the permission of the American Chemical Society).
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surfactant and silicate species. After removal of the surfactant templates, a
mesoporosity is obtained with pore size of 2–10 nm. In general, the overall LCT
mechanism is governed by two factors: (i) the dynamics of surfactant molecules to form
assemblies, micelles, and ultimately crystalline structure, functioning as template;
and (ii) the ability of the inorganic oxide to undergo hydrolysis and polycondensation
reactions leading to a network surrounding the organic template.

A wide variety of ionic surfactant molecules with different sizes, shapes,
functionalities and charges has been shown to be able to effectively function as pore
structure directing agents. These surfactant molecules can be classified based on their
head group chemistry and charge as follows:

– Cationic surfactants: the hydrophilic group carries a positive charge, e.g.,
tetraalkylammonium salts (CnH2nþ1)(CH3)3NX, n¼ 6, 8, 9, 10, 12, 14, 16, 18,
20, 22; X¼OH, Cl, Br, HSO4; and (CnH2nþ1)(C2H5)3N, n¼ 12, 14, 16, 18.

– Anionic surfactants: the hydrophilic group carries a negative charge, e.g.,
sulfates (CnH2nþ1OSO3 with n¼ 12, 14, 16, 18), sulfonates (C16H33SO3H and
C12H25C6H4SO3Na), and phosphates (C12H25OPO3H2, C14H29OPO3K).

2.1.2. Neutral surfactant templated method. The nature and relative amounts of
various ingredients used for the synthesis of MCM-41 can vary greatly, thus offering
a high degree of flexibility for the design of new materials. Zheng et al. [47, 48] produced
a family of highly-ordered mesoporous silica (20–300 Å) using non-ionic alkyl
poly(ethylene oxide) (PEO) oligomeric surfactants and poly-(alkylene oxide) block
copolymers (PO) in acidic media. The PEO/PO ratio of the copolymers was used to
control the nature of the silica mesophase: lowering this ratio promotes the formation
of lamellar mesostructured silica, while increasing it favours cubic mesostructured silica.
Cubic mesoporous structures could be generated when star diblock copolymers are used
as structure-directing agents via a hydrogen-bonding (S0Hþ)(X�Iþ) pathway. Spherical
hexagonal mesoporous silica (HMS) has been formed by the neutral assembly pathway
in water–alcohol co-solvent systems, using dodecylamine and TEOS as starting
materials [49]. Finally, an improvement was achieved in the ordering of silica templated
from semi-fluorinated nonionic surfactants by introducing organic additives [50].
It is necessary to point out that in neutral surfactant templating systems where strong
electrostatic interactions are absent, the LCT mechanism may not explain the
mesophase formation. Instead, Tanev and Pinavaia [51, 52] proposed the neutral S�I�

templating route, in which the Si(OC2H5)(4�x)(OH)x species, generated by the
hydrolysis of the silica precursor, interact via hydrogen bonding with the
head groups of the neutral surfactants (figure 3). These hydrogen bonds change
the head-to-chain volume ratio and facilitate the assembly of rod-like micelles. As the
reaction advances, further hydrolysis and condensation of the silica precursor take
place, enhancing the formation of micelles which in turn create the framework walls.

2.1.3. Non-surfactant templated method. An alternative method based on a non-
surfactant templated sol–gel route has been proposed [40, 41, 53–57]. Unlike the
surfactant template pathway, the non-surfactant organic compounds, such as glucose,
maltose, urea and dibenzoyltartaric acid, were used as templates or pore structure
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directing agents during a sol–gel process at room temperature. The template can be
easily removed by solvent extraction. The resulting materials with a surface area
of �1000m2 g�1 exhibit mesoporosity with pore diameter of �2–6 nm, which is

controllable by simply varying the non-surfactant content in the solution. While the
pore structure is not highly ordered, it remains similar to that produced by neutral

surfactant templated method. A framework filled with interconnected worm-like pores
is observed. Initially, the non-surfactant template pathway involved the formation
of silica mesophases under acidic conditions but subsequent efforts have shown that

these structures could be obtained in basic or near neutral media.
It has been proposed that during the non-surfactant templated sol–gel process,

non-surfactant aggregates and the aggregate assemblies may function as organic
templates. At low template content, the formation of aggregates is inhibited due to

the presence of large amount of silanols. With increased template content,
aggregates start forming leading ultimately to a mesophase [57]. Nevertheless, the

presence of a critical concentration above which the template molecules crystallize from
the gel shows that the ability to control the pore diameter by varying the template
content is limited. It remains that a systematic study of the synthesis mechanism is

lacking.

Figure 3. Schematic representation of the S�I� templating mechanism (reproduced from ref. [52] with the
permission of the American Chemical Society).
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2.2. Tailored synthesis

2.2.1. Nanospheres. Following the discovery of mesoporous materials, the synthesis
of hierarchically ordered structures on different length scales such as beads of
controlled sizes has generated a great deal of effort from both a fundamental and
practical points of view. Controlling the internal pore structure is a challenge in the
synthesis of mesoporous M41S based nanospheres [58–66].

Grün et al. [67] first demonstrated the suitability of adapting the Stöber synthesis [68]
of silica spheres for the production of spherical MCM-41 particles under basic
conditions. Freshly distilled TEOS is combined with a dilute surfactant solution and
ammonia as catalyst in a rapid room temperature preparation. The resultant silica
solids are calcined at 550�C in air to produce mesoporous solids that exhibit the
characteristic low angle X-ray diffraction pattern associated with MCM-41, and
the familiar reversible type IV nitrogen isotherm typical for these materials [69].
Scanning electron microscopy (SEM) reveals the spherical morphology of these solids.
Since then, various assembly pathways have been used to produce mesoporous silica
spheres [70–76] based on a procedure where TEOS is used as silica source,
hexadecyltrimethylammonium bromide (C16TMABr) as surfactant, alcohol as solvent
and aqueous ammonia as catalyst. It is to be noted that spheres can also be obtained in
acidic medium by substituting HCl to ammonia [77]. Although various morphologies
have been achieved, the formation mechanism and the control of the morphologies of
MCM-41 spheres are not well mastered yet. Different morphologies and textures can be
obtained by varying the amount of surfactant and solvents. Huo et al. [78] produced
marble like spheres of about 1mm in diameter using TBOS based on emulsion biphase
chemistry which usually produces hollow mesoporous silica micro-spheres. Under basic
conditions, TBOS undergoes hydrolysis to give butyl alcohol (BuOH), which is
immiscible with water. The oil-in-water emulsion formed during the early reaction stage
thus contains BuOH and partially hydrolysed TBOS as the oil phase. The quaternary
ammonium surfactants play an important role for the stabilization of this emulsion.
Hydrogen bonding between the BuOH and water molecules provides a diffusion
pathway for the surfactant and water to penetrate the TBOS/BuOH oil droplets and
promotes the hydrolysis of TBOS. The resulting silicate polymerizes under the influence
of the structure directing surfactant, and transforms into solid spheres via a soft silicate
gel. Very recently, the formation processes of spherical mesoporous silica were
studied [79] in the case of a biphasic system containing an hydrophobic siloxane (TBOS)
and an alkali solution with the presence of a surfactant. The water pools in the TBOS
phase were shown to be connected to each other, and a regularly arranged
nanostructure was formed by the self-assembly of surfactant. Thus, the nanostructure
of spherical mesoporous silica was determined to be the reverse of MCM-41, in which
continuous mesopores were developed.

The effect of alcohol on the morphology of the spheres was investigated [80–82].
Increasing the ethanol concentration in the TEOS-C16TMABr-ammonia-water system
at room temperature led to the formation of a succession of mesophases in the order
MCM-41 (hexagonal phase), MCM-48 (cubic phase) and MCM-50 (lamellar phase).
Such phase succession is the result of the co-surfactant behaviour of the ethanol.
At lower alcohol concentration, SEM shows only undefined or barely spherical
structures; when the alcohol concentration is further increased, it will mainly act
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as a co-solvent producing spherical particles. It was suggested that increasing the
alcohol amount changes the surfactant packing parameter, g [83, 84], given by:

g ¼
V

a0 � l

where V is the total volume of the surfactant chain plus any co-solvent molecules
between the chains, a0 the effective headgroup area at the organic–inorganic interface,
and l the surfactant chain length. The parameter g directs the phase configuration in the
synthesis of mesoporous materials. Small values of g stabilize more curved surfaces such
as MCM-41 (1/35g51/2), while larger values stabilize structures with less curvature
such as MCM-48 (1/25g52/3). The proposed mechanism of pore formation is shown
in figure 4. The MCM-48 crystal core exhibits a truncated octahedron shape, where
each facet plays the role of a substrate for the growth of cylindrical pores in an epitaxial
manner (figure 4a). The epitaxial pores are forced to adopt the pore packing of the
MCM-48 crystal facet surface. The pores growing on the {111} facets adopt a packing
close to the hexagonal MCM-41, and those on the {001} facets an intermediate packing
between MCM-48 and MCM-41.

Another route should be mentioned, the synthesis of silica spheres with a spray-
drying route. After Lu et al. [85] demonstrated the feasibility of this synthesis route,
recent results on the preparation of high-quality mesoporous silica spheres by the

Figure 4. (a) Schematic representation of a spherical particle consisting of a nucleus of cubic MCM-48 and
bundles of cylindrical pores grown epitaxially on the {111}C and {001}C facets. (b), (c) Two projections of the
particle, viewed along [001]C and [111]C, are also presented (reproduced from ref. [82] by permission from
Elsevier).
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Evaporation Induced Self Assembly (EISA) process [86, 87] have been reported
[77, 88–90]. A sol, composed generally of a precursor of silica (TEOS), a cationic
surfactant (C16TMABr) and/or block copolymer (PEO-PPO-PEO), a solvent (iPrOH,
Ethanol) and water in an acidic medium, is atomized inside a drying chamber at a
constant inlet temperature. Parameters such as C16TMABr/Si molar ratio, pH, solvent
quantity and drying temperature influence the texture and the morphology of the final
product. Very recently, Alonso et al. [90] have proposed a scheme for the formation of
spheres through spray-drying alcoholic sols. Using 29Si and 1H solid state NMR
experiments, the formation mechanism is first composed of a droplet fragmentation
due to the fast solvent evaporation, followed by aggregation and self-assembly of the
surfactant molecules with the oxo-oligomers. The resulting mesophase extends inside
the particles and forms ordered textures.

2.2.2. Other structures: nanorods, thin films and monoliths. Alternatively to nano-
spheres, various morphologies and shapes have been achieved keeping intact all pore
structure [70, 91]. We will limit our discussions to the mesoporous silica rods, thin films
and monoliths.

Well-ordered mesoporous rods-like MCM-41 were generated in a water/ethanol basic
medium in the presence of C16TMABr [92–94]. The temperature control and the
alkalinity were shown to play a crucial role in the control of both morphology of the
particles and the mesoporosity.

Ogawa et al. [95, 96] have reported a rapid spin-coating procedure for making
transparent mesoporous films. Following these publications, a series of reports
appeared on supported mesoporous thin films prepared on various substrates by
liquid deposition techniques (e.g. dip-, spin-, or spray-coating) [87, 97–103]. Very
recently, Grosso et al. [104] have provided an overall view of the mechanism of
mesoporous silica film formation with the EISA process.

It is worthwhile adding that mesoporous monolithic silica have been produced
recently [105–107]. The lack of external surfaces makes them ideal substrates for
macromolecular separation. In the case of the remarkable work of El-Safty et al. [108],
mesoporous and optically transparent silica monoliths have been produced using
lyotropic and microemulsion liquid crystalline phases of P123 copolymer as a template.

3. Applications

Very little if any recent progress has been achieved in the area of catalysis and we will
refer the readers to existing excellent reviews on the catalytic applications of MCM-41
based materials [109–135]. We summarize below some of the other important
applications of MCM-41 based silica materials.

3.1. Nanomaterials

Quantum structures obtained via confinement allow to probe the relations between
size and physical, magnetic and chemical properties [136, 137]. Among various
preparation routes of nanostructured materials, the ‘host–guest’ synthetic method
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provides satisfactory control of both the size and shape of the confined guest materials.
The porosity of MCM-41 makes it an ideal candidate for the loading and encapsulation

of metals, metal oxides and semiconductors as well as molecular liquids, e.g. water
[136, 138–146]. We should also mention the fascinating materials formed by the

encapsulation of graphite-type [139] or polyaniline [141, 144] wires in the hexagonal
channels of MCM-41. Different pathways have been reported for synthesizing

metallic particles within mesoporous silica: impregnation from solution followed by
a reduction process (heat-treatment, irradiation, chemical reduction), supercritical fluid

inclusion, gas phase deposition and chemical vapour deposition. Inclusion chemistry

is by far the most used route and improvements have been made to increase the amount
of loaded material via a functionalization of the mesopores [147]. The functionalization

can be achieved by introducing positive charges in the intrachannel surface of the
host silica for the accommodation of negatively charged metal complexes. Supported

high density stable arrays of highly crystalline nanowires can be produced inside the
mesoporous matrix. In the case of the noble metals (Au, Pt, Pd), bundles of nanowires

were observed with a diameter ranging from 2.4 to 3 nm depending on the kind of
MCM used [148]. Recently, Guo et al. [149] reported Pt nanorods, and nanonetworks in

mesoporous silica MCM-48. One of the interesting results was the single-crystal-like

platinum nanowire networks formed in one of the asymmetric bicontinuous channels
of MCM-48. Adhyapak et al. [150] synthesized Ag nanowires by a controlled

reduction of silver nitrate with sodium borohydrate within the channels of MCM-41.
The presence of the surface plasmon absorption peak of silver, red-shifted compared

with that of silver nanoparticles due to agglomeration of silver clusters, and room
temperature photoluminescence spectra, exhibit interesting optical properties. In a

different direction, Hornebecq et al. [151] produced silver nanoparticles by �-irradiation
of silver solution in mesoporous silica. The silver/silica heterostructure thus obtained

is stable in the presence of oxygen and exhibits interesting luminescence as observed
for direct-band-gap semiconductor heterostructures [152, 153]. The luminescence

properties of Ag/silica composites are examples of the quantum confinement

effects found in low dimensional materials which give rise to unique and unusual
optical and electronic properties [154]. Due to their possible magnetic applications,

iron [155–161], iron–cobalt [162] and iron oxide [163–165] nanoparticles are the
subject of a large number of investigations. Recently, Eliseev et al. [156, 157] have

demonstrated the feasibility of highly ordered iron nanowires presenting an
anisotropic structure by thermal reduction of a Fe(CO)5 solution embedded within

the pores. They reported an increase in the coercive force reaching 650Oe at 4K
and 80Oe at room temperature, a highly encouraging result for future data

storage devices. Supercritical fluid inclusion offers an attractive new route for the

synthesis of metallic nano-objects. For example, Crowley et al. [166] succeeded in
synthesizing cobalt, copper, and iron oxide magnetite (Fe3O4) nanowires by this new

method (figure 5).
The encapsulation of metal nanowires in mesosilicates is known to induce

confinement effects on the structural properties. Hierarchically well-ordered CdS

nanowires were reported in mesoporous silica with hexagonal mesostructure and a high
degree of cubic zinc blende crystallinity, a crystalline structure which is not observed in

bulk CdS [167].
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A non-exhaustive list of different metals and semiconductor nanostructures have
been successfully synthesized within the pore channels of MCM-41 based mesoporous
silica template, such as Ag [168], AgI [169], Ag2Se [170], Au [171], CdS [167, 172],
CdSe [173, 174], Cd1�xMnxS [175], Co [166], Cu2Te [176], CuO [177], Ge [178], Pd [179],
Pt [171, 180, 181], Se [182], Si [183], WO3 [184], Zn1�xMnxS [185], ZnS [186, 187],
ZnO [188].

Incorporation of ions in the silica matrix has been reported for rare earth trivalent
ions such as Eu3þ. The composite exhibits an intense photoluminescence in the visible
region (around 620 nm) [189]. In the case of copper and silver, composites were
reported with monolithic silica with a good propene–propane selectivity ratio and a
high propene adsorption capacity [190]. More recently, Ni-MCM-41 and Co-MCM-41
produced by the same route [191, 192] are used as catalytic templates to synthesize
single-wall or multi-wall nanotubes of uniform diameter [193–198]. Ciuparu et al. [199]
were the first to synthesize pure boron single-wall nanotubes inside mesoporous silica.
This was achieved by reacting BCl3 with H2 over an Mg-MCM-41 catalyst with parallel,
uniform diameter (36 Å) cylindrical pores. The nanotube diameter was approximately
that of the pore of the mesoporous molecular sieve template, suggesting a physical
templating process.

3.2. Biotechnology

Enzymes, proteins and biocatalysts with high selectivities have been widely used in the
food industry. Encapsulated enzymes and other proteins within inorganic host
materials [200] and especially in controlled porous glasses (CPG) represent one of the
most rapidly growing fields over the past few years. It has been already established that
biomolecules immobilized in inorganic matrices retain their functional characteristics
to a large extent. However, the main disadvantages of CPG materials for adsorption

Figure 5. HRTEM image of (a) a series of parallel cobalt nanowires. The inset shows the SAED pattern
of the cobalt nanowires. (b) An individual Fe3O4 nanowire synthesized in mesoporous silica at 450�C
and 345 bar. The d spacing of 1.73 Å shown is assigned to the crystal spacing of 422h i planes. Also shown is
the relationship of the equivalent 211h i directions to a vicinal 110h i direction and the 211h i crystal plane
projected onto the 0,1,�1h i plane (reproduced from ref. [166] with the permission of the American Chemical
Society).

384 S. Bhattacharyya et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
2
0
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



studies are their high cost and the rapid decrease of the surface area with increasing
pore size (30–200 nm). A comprehensive review by Hartmann [201] outlined the
advantages of mesoporous MCM-41 based materials for bioadsorption. For the
immobilization of biomolecules, the general procedures can be broadly categorized into
two types depending on the interaction between the biomolecules and host: covalent
binding and adsorption or encapsulation.

3.2.1. Covalent binding. In general, it consists of the functionalization of the support
for efficient immobilization of the biomolecules via covalent bonding with the tunable
silanol groups. These silanol groups are readily available and can be used as the reactive
sites for functionalization, thus providing a controlled immobilization of biomolecules.
Functional groups like thiols, carboxylic acids, alkyl chlorides, amines are amongst
the most useful ones [202]. The covalent binding gives a better stability to the
immobilized biomolecules and particularly for enzymes. Wang and coworkers [203]
observed that �-chymotrypsin immobilized on mesoporous silicas functionalized with
trimethoxysilylpropanal exhibited a 41000 fold higher half life than the native
enzyme, both in aqueous solution and organic solvents (Figure 6). Pandya et al. [204]
found that higher thermal and pH stabilities can be achieved by immobilizing �-amylase
on amino-functionalized MCM-41 supports than the free enzyme.

We must keep in mind that the harsh reaction condition which is generally used
during the covalent binding can alter the properties of immobilized biomolecules.

3.2.2. Adsorption or encapsulation. This is a simple process which requires no further
chemical treatment of the host. The lack of complex chemical treatment gives the

Figure 6. Illustrations showing two possible mechanisms of protein binding on to the functionalized surface
of mesoporous silica (reproduced from ref. [203] by permission of the Royal Society of Chemistry).
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encapsulation or adsorption process a great advantage over the covalent bonding
because denaturation of biomolecules can be easily avoided. In addition, a high loading
can be achieved due to high specific areas of the MCM-41 based materials.

3.2.3. Selected examples. One of the earliest reports on immobilization by adsorption
of globular enzymes, cytochrome c (bovine heart), papain (papaya latex) and trypsin
(bovine pancreas), in the mesoporous molecular sieve MCM-41 was made by Diaz et al.
[205]. The efficiency of papain and trypsin immobilization was found to be pH
dependent and favourable at pH values57, while immobilization of cytochrome c was
more efficient at pH47 and less susceptible to pH changes. The adsorption of vitamin
B2 (riboflavin) onto MCM-41 and MCM-48 was studied by Kisler et al. [206]. The
observation that MCM-41 shows significantly higher adsorption of vitamin B2 than
MCM-48 (0.015 vs. 0.005 mmol/g) was suggested to result from the difference in pore
sizes. Adsorbed vitamin B2 has a maximum size of �60% of the MCM-48 pore size,
and thus steric hindrance is believed to play an important role. Desorption experiments
revealed that some vitamin B2 remains adsorbed, showing that the adsorption is not
completely reversible. Recently, Farzaneh et al. [207] found that Vit-B12/MCM-41
successfully catalyses the oxygen transfer of tert-butylhydroperoxide (TBHP) to
norbornene and trans-2-hexene-1-ol and formation of the corresponding epoxides
with 90% reactivity and 100% selectivity.

Adsorption properties of host material are very important for the purification of
biomolecules. It was reported that MCM-41 is a good candidate as a high surface area
adsorbent for biological molecules such as amino acids [208]. The basic amino acid,
lysine, adsorbs on siliceous MCM-41 following a Langmuir-type isotherm with a
maximum capacity at pH 6 of 0.21mmol/g. The extent of adsorption depends on the
solution pH and ionic strength, with a combination of electrostatic interactions and
ion exchange governing the uptake of lysine.

MCM-41 was tested as drug delivery system for the controlled release of ibuprofen
[209]. A maximum uptake of 0.3 g of ibuprofen per g of C12-MCM-41 was observed.
Thereafter, the drug-charged material was shaped into disks to improve the drug-
release process (Method 1). The release curve was obtained by immersing the sample
into a defined volume of simulated body fluid (SBF). It has been found that initial
release is fast, reaching 60% after 24 h, and reached a maximum value of 70% after
32 h. If ibuprofen is loaded into MCM-41 after disk formation (a C12-MCM-41 wafer
is immersed into the ibuprofen solution in n-hexane, Method 2), the delivery rate is
almost similar, but the release reached 100% of the adsorbed ibuprofen. Recently,
the same group has demonstrated the delivery rate of drugs occluded in MCM-41
matrixes by functionalizing the pore wall with silane derivatives [210]. In the case of
ibuprofen, which contains an acid group, the functionalization of well-ordered
MCM-41 matrixes with aminopropyl moieties allows decrease of the delivery rate.
It has been shown that the functionalization procedure is determinant in both
the adsorption of the drug and its release profile. These preliminary studies
demonstrate the feasibility of designing drug-release systems by suitable choice of
support and drug.

Various proteins such as cytochrome c [211–216], lysozyme [217, 218], trypsin
[219–222] have been successfully immobilized or absorbed onto MCM-41 based
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mesoporous materials and their activities studied. The physical immobilization of whole
microbial cells of Arthrobacter sp., Bacillus subtilis, and Micrococcus luteus on the
mesoporous molecular sieve MCM-41 was studied by Tope et al. [223]. Recently
Lin et al. showed that well-ordered mesoporous silica nanoparticles could be used as
cell markers [224]. Some general trends can be deduced from the adsorption studies
published so far. Adsorption is dominated by weak physical forces, i.e., Van der Waals
or dispersion forces. It is shown in some studies that proteins tend to adsorb better
when strong electrostatic (charge) interactions occur between the silica surface and
the protein. Near the isoelectric point (pI), the coulomb forces derived of the positive
charges from the ionized protein and the negative charges at the silica surface are small.
Under these circumstances, hydrophobic interactions between the protein and the
adsorbent become more important.

4. Conclusions

In this brief review, we have tried to convey the enormous potentials of MCM-41
based mesoporous materials for applications in production of new materials and
biotechnology. The increasing number of synthesis routes under development will
greatly facilitate the preparation of materials with tailored properties suitable for a
specific application. It is remarkable that this explosion in the range of synthetic routes
and targeted applications has taken place in little over a decade since the original
discovery of the material [18–21].
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