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Summary The unique properties of mesoporous silica (MPS) materials were utilized to immo-
bilze enzymes: huge surface area, modifiable surface, and restricted pore nanospaces. The
enzyme confinements in the nanochannels of MPS materials generate synergistic effects that
Immobilization;
Mesoporous
materials;
Nanospace

enhance enzyme stability, improve product selectivity, and facilitate separation and reuse of
enzymes. The physical chemistry of enzyme confinement, methods of immobilization, catalytic
activity and advantages of protein confinements are discussed. In the end, we show that immo-
bilized enzymes in the nanospaces of MPS can be applied as viable biocatalysts for chemical
and pharmaceutical industries.
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Introduction
The utilization of enzymes as biocatalysts has become an
important avenue in chemical and pharmaceutical indus-
tries to prepare biochemical products, biosensors and drugs
[1—5]. Enzymatic reactions are environmentally and user

Abbreviations: CLEAs, cross-linked enzyme aggregates; COs,
catechol oxidases; COD, cholesterol oxidase; CPO, chloroperoxi-
dase; CT, �-chymotrypsin; cyt c, cytochrome c; DTBC, 3,5-di-tert-
butylcatechol; DTBQ, 3,5-di-tert-butylquinone; GA, glutaralde-
hyde; Gdn—HCl, guanidine—HCl; GI, glucose isomerase; GOx,
glucose oxidase; GPTMS, c-glycidoxypropyltrimethoxylsilane; Hb,
hemoblogin; HRP, horseradish peroxidase; MP-11, microperoxidase-
11; MPS, mesoporous silica; NTA, nitrilotriacetic acid; PGA,
penicillin G acylase; PMO, periodic mesoporous organosilane; SENs,
single enzyme nanoparticles; SOD, superoxide dismutase.
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riendly. The catalytic efficiency is high under normal mild
eaction conditions. Enzymes provide stereo-(enantio-)
nd regio-selectivity. High regioselectivity can simplify
he multi-step processes to a single step especially for
he protection and deprotection in the traditional organic
ynthesis. For example, aspartame (�-L-Asp—L-Phe—OMe),
as prepared by enzymatic reaction in a single step without
rotection—deprotection steps [6]. The stereoselectivity
an produce chiral compounds which is important in
symmetric synthesis of optically active compounds. For
xample, lipases have been widely applied in the kinetic
esolution of a racemic compound to achieve high optical
urity [7].

However, most of native enzymes exhibit high reactivity
nd selectivity only under normal conditions. Under extreme
emperatures or pH, enzymes are easily inactivated due

o denaturation, either by changes of conformation or
ther transformations of stereo chemical structure. Thus,
ative enzymes often suffer severe limitations in broader
pplications. Moreover, the utilization of natural enzymes
as other processing difficulties such as the reuse of
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nzymes, product contamination and separation. One of
he approaches to resolve these difficulties is to immobilize
nzymes on solid surfaces which can produce recoverable
nd stable heterogeneous biocatalysts.

There is a long history for enzyme immobilization on solid
upports [8], particularly on silica gel [9]. However, due to
mall pore size and non-open pore hindrance, the immo-
ilized enzymes usually show lower activity than the free
nzymes. Furthermore, the non-uniform pore sizes of most
ilica gel supports made processes less reproducible.

Unlike sol—gel silica, mesoporous silica (MPS) materials
rovide tunable and uniform pore system, functionalizable
urfaces, and restricted nanospaces for enzyme immobiliza-
ion. MPSs have generated vast interest ever since they were
ynthesized and characterized by Mobil researchers in 1992
10,11]. Recently, many research groups have immobilized
nzymes on MPS which showed improvement on enzyme sta-
ility, catalytic activity, products specificity, and resistance
o extreme environmental conditions [12—24]. In addition,
onfined enzymes in the nanospaces of MPS provide a good
odel to understand the enzyme action inside the cell.
his concept arises from that the highly crowded environ-
ent enzyme molecules are primarily located inside the

rganelles. Thus, most enzymes in vivo perform under a
rowded environment where unfolding and aggregations are
revented. Due to the larger and controllable pore sizes
f MPS, one may even encapsulate two or more different
nzymes to perform parallel or sequential catalytic reac-
ions. In addition to immobilize enzymes, controlled release
f biomolecules from MPS supports provides a better protec-
ion by preventing biopharmaceuticals from degradation and
ecrease of non-specific release. MPS materials show bio-
ompatibility, low cytotoxicity, large surface areas, and easy
unctionalization which are suitable as vehicles for genes,
nzymes and drugs delivery [25,26]. Recently, biomimetic
odel compounds (artificial enzymes) have been encapsu-

ated in MPS to improve the catalytic activity [27—29]. It
as recognized that the rigid structure and pore surface of

unctionalized MPS can mimic protein skeleton where the
ctive sites are held stably with a fixed configuration to carry
ut the presumed enzymatic functions with good turnover
fficiency.

There have been three previous reviews on similar
ubject matter, Hartmann reviewed ordered mesoporous
aterials for bioadsorption and biocatalysis [12], Yiu et al.

onsidered enzyme immobilized on mesoporous solids as a
pecial case of an inorganic—organic hybride [13], and Zhao
t al. addressed immobilizing catalysts on porous materials
14]. In this review, we focus our attention to the physi-
al principles of enzyme immobilization in the nanospaces
f MPS materials. We discuss the nature of nanostructure,
ore size, surface charges, the functionalization, and the
ethods of immobilization, such as physical adsorption,

lectrostatic interaction, covalent binding, metal affinity
His6-tag enzyme), cross-linking of enzymes. We further dis-
uss catalytic properties of immobilized enzymes, turnover
fficiency, and products selectivity. In the end, we dis-

uss a novel application of MPS for artificial enzymes to
xplore the potential applications of immobilized enzymes
n confined nanospaces of MPS in biocatalysis. We report
hat have been developed and achieved in the most recent

tudies up to mid 2008 with respect to the syntheses and
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haracterizations of active MPS nanostructures for enzyme
mmobilization.

hysical chemistry of protein confinement

e first review the physical chemistry of proteins confined
n nanospace. Before the advent of MPS, studies on pro-
ein confinement were generally done on silica hydrogels
y encapsulation in a sol—gel synthesis process. In 2001,
ggers and Valentine carried out a circular dichroism study
ith sol—gel encapsulated proteins to examine the effects
f macromolecular crowding and hydration effects on pro-
ein stability [30]. Their analyses identified two main factors
hich can affect the stability of protein in confined envi-

onments: excluded volume effects and water structure
hanges in confined space. A model calculation by Zhou and
ill showed that proteins inside a confined space can be
tabilized by folding forces which are different from those
or proteins in solution [31]. In particular, some expanded
onfigurations of the unfolded chain will not be allowed
nside the confined space, due to excluded volume effect.
mall cages are predicted to increase the stability of the
ative state by as much as 15 kcal/mol. A Monte Carlo
imulation and experimental measurements of activity and
tability further confirmed the confinement can enhance
rotein stability [32]. Recently, Sorin and Pande [33] showed
n a molecular dynamics simulation that carbon nanotube
onfinement denatures protein helices. There, the physi-
al confinement of solvated biopolymers decreases solvent
ntropy, which in turn leads to a reduction in the organized
tructural content of the polymer. Physically, confinement
lters both the polymer configurations of the helix and the
ature of water. They reported helix formation of an ala-
ine peptide is disfavored inside a nanotube relative to that
n bulk solution. The decreased helical propensity of the
eptide with decreasing vessel size, and thus decreasing
olvent entropy, is a general hydrophilic destabilization phe-
omenon. Most recently, Schirò et al. studied the effect of
ydration on the dynamics of protein in confined geometry
sing elastic neutron scattering of met-myoglobin encap-
ulated on sol—gel [34]. They showed that the level of
ydration in the porous silica matrix does affect strongly the
ean square displacements of protons of the confined pro-

ein, but not in the bulk protein. They further showed that
he effect of confinement depends markedly on hydration
nd has a maximum at about 35% water/protein fraction cor-
esponding to full first shell hydration. These studies showed
heoretically and experimentally that confinement of pro-
ein in nanospace does not necessarily stabilize its structure.
here are two factors to consider: (a) the excluded vol-
me effect which stabilizes the folded state and (b) change
f hydration which may either stabilize or de-stabilize the
ative state depending on the perturbation of the hydra-
ion shell. In the field of enzyme immobilization in porous
aterials, most researchers however ignored the hydration

ffect and only focused on the effect of limited configura-

ion available to protein structure.

In a recent study of protein encapsulation in meso-
orous silicate by Winter’s group is illuminating in that
hey identified both hydration and excluded volume as fac-
ors determining the stability of the confined protein [35].
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Table 1 A summary of characteristic properties of various mesoporous silica materials employed for encapsulating enzymes.

Mesoporous materials Silica source Template Description Pore diameter
(nm)

Refs.

MCM-41 TEOS, sodium
silicate

CnTMA+ (n = 12—18) 2D hex. channels 2—10 [11]

MCM-48 TEOS, sodium
silicate

CTAB,
C16H33(CH3)2N(CH2)(C6H5),
Gemini Cm-12-m

Bicontinuous 2—4 [111]

FSM-16 Polysilicate
kanemite

CnTMA+ (n = 12—18) 2D hex. channels ∼4 [112]

SBA-1 TEOS CnH2n+1N(C2H5)3X
(n = 12—18), 18B4-3-1,
Cn-s-1 (n = 12—18)

3D cubic mesostructure 2—3 [113]

SBA-15 TEOS, sodium
silicate

P123, P85, P65, B50—1500
(B010EO16), Brij
97(C18H35EO10)

2D hex. channels 5—30 [114]

SBA-16 TEOS, TMOS F127, F108, or F98 Spherical cages 5—30 [115]
MCF TEOS F127 (EO106PO70EO106)

with TMB
Cellular foam 10—50 [116]

HMS TEOS CmH2m+1NH2 (m = 8—22) Disordered mesostructure 2—10 [117]
MSU-X TEOS, TMOS CmEOn (m = 11—15),

C8PhEOn, EO13PO30EO13

Disordered mesostructure 2—15 [118]

IBN-X TEOS F108, F127, P65, P123
with FC-4 and TMB

Nanoparticle 5—20 [119]

′ B, P1
rij 76
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PMOs (RO)3Si—R —Si(OR)3 CTAB, OTAB, CP
F127, Brij 56, B

They found RNase A confined in MCM-48 is stabilized by
30 ◦C in increased unfolding temperature. The increased sta-
bility is due to both restrictions in conformational space
and increased strength of hydration in the narrow silica
pore. The later effect is expected to depend on the sur-
face chemistry of MPS. When the internal surface of MPS
is hydrophobized by functionalization, Reis et al. found
a higher rate of esterification catalyzed by an embedded
lipase [36]. This is interpreted as less perturbation of the
hydration water and provides better retention of the enzyme
structure.

Mesoporous materials

The MPS materials come in different pore size and shape.
The pores of these materials can be further tailor-made,
and the surface be functionalized. It is critical to select a
proper pore size, surface properties (charges, hydrophilic-
ity/hydrphobicity), and spatial structures of MPS to carry
out effective immobilization of the targeted enzymes
which have different molecular size, shape and side-chain
functional groups which yield electrostatic charges. Fur-
thermore, MPS with rigid and open large pore structures
and controllable pore sizes can facilitate mass transport
of enzyme substrates and the products, and allow enzymes
to be spontaneously entrapped inside the mesopores under

neutral mild conditions. Table 1 summarizes the charac-
teristic properties of various MPS materials employed for
encapsulating enzymes. A summary of published research in
enzymes immobilized on MPS materials up to 2005 was given
in Ref. [12].

P
[

g
t

23, 2D or 3D hex. 2—20 [120]

unctionalization

PS possesses well-defined structure and high density of sur-
ace silanol groups which can be modified with a wide range
f organic functional groups for immobilizing biomolecules
22]. The surface functional groups play several roles in
nzyme immobilization: (i) to change the surface charge of
PS for controlling electrostatic interaction with adsorbed
nzyme, (ii) to chemically link with the amino acid groups of
he targeted enzyme, and (iii) to decrease the size of pore
ntrance for entraping the enzymes in the nanochannels
22]. Fig. 1 illustrates a few routes for surface functional-
zation of MPS, with examples for the above three roles.
elow we briefly summarize the preparation methods of the

ncorporation of organosilanes into MPS:

rafting (post-synthesis modification)
he first step, the surfactant molecules in as-synthesized
amples are removed by solvent extraction or calcinations.
lthough the calcinations can completely remove the sur-
actant template, this would lead to a decrease in the
ensity of silanol groups for the subsequent modification.
n addition to calcinations, ethanolic extraction under acidic
ondition can remove ionic template effectively [37]. Oxida-
ive digestion of surfactants is another method, Zhao et
l. used HNO3—H2O2 system to completely remove pluronic

123 from SBA-15 with high density of silanol groups left
38].

After the removal of templates, organosilanes can be
rafted onto the surface of silanol-containing MPS by using
richloro- or trialkoxy-organosilanes under the reflux. A
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Figure 1 Surface modification of MPS with different functional groups: (1) MPS with sulfonic acid groups from the post-oxidation
o olysi
h ps re
r

s
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w

F
(
a

f mercapto group (a, a′), (2) carboxylic groups from the hydr
ydrolysis of the diethylestersilanes (c, c′), and (4) epoxide grou
eaction (d, d′).

eries of organosilanes including amine, thiol, chloride,
yano, ester, epoxy, aldehyde, anhydride, isocyanato, phos-

ho, imidazole, ammonium, acryl, alkyl, and phenyl are all
ommercially available for grafting [39]. The incorporation
f a reactive group on the surface can provide the opportu-
ity for post-modification of the initial organic moiety to
ther functional groups. For example, aldehyde-modified

c
a
e
f
e

igure 2 Routes for immobilizing enzymes on MPS surface via cov
b, b′), (3) succinic anhydride and carbodiimide (EDC) (c, c′), and (
gent (d, d′).
s of cyano groups (b, b′), (3) phosphoric acid groups from the
act with the amine groups of enzyme molecules via ring opening

PS can be obtained by the reaction of amine modified MPS
ith glutardialdehyde (Fig. 2 step b) [40]. Thus, different

haracters of functional groups can generate different inter-
ctions to the host molecules such as hydrogen bonding,
lectrostatic attraction, or covalent binding. Carboxylate
unctional group is often useful to link positively charged
nzymes (see below). An organoalkoxysilane with cyano

alent bindings: (1) cyanuric chloride (a, a′), (2) glutaraldehyde
4) N-(a-maleimidoacetoxy) succinimide ester as the activating
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group was first modified in the surface of MPS, the modi-
fied groups were following hydrolysis to the acid groups in
the presence of sulfuric acid as a catalyst (Fig. 1 step b and
b′) [39]. Another approach is the hydrolysis of ester bonds in
the estersilanes into the corresponding acid groups (Fig. 1
step c and c′) [41].

Co-condensation (direct synthesis)
In this one-pot process, organosilanes are added directly in
the synthesizing gel solution together with silica source [42].
A portion of silica precursor for the sol—gel mixture was
replaced by different ratio of organosilanes. Then, the sur-
factant molecules are removed by extraction under an acidic
[43], salt [44], or organic solvent [45]. The advantages of co-
condensation are high loading density of the organosilanes
[46] and the homogeneous distribution of the functional
groups which can be achieved without a large decrease in
surface area, pore size, and pore volume. However, one
problem with this method is the extraction efficiency for the
block copolymer systems which were only ca. 80%. Another
concern of this approach is that the functional groups may
be destroyed under the severe conditions of sol—gel reaction
and surfactant extraction. The incorporation of a reactive
vinyl group into MPS provided the possibility of creating a
wide variety of functional groups by post-modification of the
initial functional groups.

Surfactant displacement
Here the direct surface silylation and simultaneous sur-
factant removal of MPS is carried out in a single step
without prior calcinations. This process produces a uniform
monolayer coverage with higher amounts of functionalized
organosilanes on the surface. Antochshuk and Jaroniec stud-
ied the modification of MCM-41 and Ce-MCM-41 by using
organosilanes as solvents and modifying agents in a single
step [47]. Liu et al. achieved simultaneous extraction of
surfactant and grafting of organosilanes by using alcohol as
the solvent [48]. This method gives a better control of the
monolayer coverage of the surface.

Immobilization methods

It is critical in the preparation protocols for the immo-
bilization of enzymes in confined nanospaces to retain
the integrity of tertiary structure and leave the active
sites accessible. By immobilizing enzymes, the enzymatic
reaction may be carried out under a non-aqueous media
for large-scale applications. The solid supports make the
enzyme molecules more robust so the catalysts can be
reused for several times after easy separation from the
reaction media. The above situations demand proper immo-
bilization methods tailored for particular needs.

Physical adsorption

This is one of the simplest approaches to immobilize enzyme

and it is usually not directly affect the active sites. Although
involving only weak interactions such as hydrogen bonding,
hydrophobic and van der Waals attraction, the immobiliza-
tion of large proteins would be favorably using this approach
because of many additive interactions. Thus, immobiliza-
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ion of complex proteins of multiple units would be possible
ithout the disruption of subunits. However, this kind of

nteractions is usually too weak to prevent the enzyme
olecules from leaching into the reaction media.
Diaz and Balkus immobilized cytochrome (cyt c), papain,

rypsin onto MPS and a layered niobium oxide [22]. Deere et
l. studied the relations of pore size and surface charge in
he oxidative activity of immobilized cyt c [23]. Urabe et al.
mmobilized hemoglobin on FSM-16 material which retains
ts activity under high salt and guanidine—HCl (Gdn—HCl)
oncentration [49]. Stevens and coworkers studied the sep-
ration of biological molecules by physical adsorption in MPS
f different pore size. They showed that the adsorbent rate
epended on the size of the adsorbing molecule and the
ore size of MPS. Thus, riboflavin with the smallest molecule
ize showed the fastest rate of adsorption [50]. Blanco et
l. demonstrated that octyl-modified MPS for immobilized
ipase can generate strong hydrophobic interactions [51].

onic (electrostatic) attraction

his is an easy method of immobilization by invoking the
eta potential of silica and the opposite charges of enzymes.
harges of pore wall and enzyme can be varied to provide
ptimum condition for immobilization. To provide negative
harges on MPS, one can incorporate aluminum atoms into
he silica framework (Si sites replaced by Al atoms, Al-MPS)
o enhance the binding of positively charged enzymes. Lee
t al. showed that Al-MPS materials improve the binding
ffinity with cyt c, and increase the loading capacity on the
anopore surfaces [16,17]. One can also modify MPS surface
ith amine groups to bind negatively charged enzymes, and
ith carboxylate groups to encapsulate positively charged
nzymes as demonstrated previously in the immobiliza-
ion of glucose oxidase (GOx, negatively charged) and
rganophosphorus hydrolase (positively charged enzyme) in
he nanochannels of functionalized SBA-15 [18,52].

Since the electrostatic interactions could be screened by
he ions in solution, loadings by charge interaction would
e affected by the ionic strength of solution. Deere et al.
howed adsorption of cyt c in MPS decreased drastically with
ncreasing ionic strength of the solution [23]. Hudson et al.
lso showed that adsorption of cyt c and xylanase onto SBA-
5 and MSE materials was inhibited by increasing the ionic
trength of the initial protein solutions [53].

Another approach to generate electrostatic attraction is
o adjust the pH of the solution [23,54,55]. Proteins can
xist as neutral, positively or negatively charged state. The
harged state of a protein is determined by the isoelectric
oint (pI). At a pH below their pI, proteins carry net pos-
tive charge; and above their pI, they carry net negative
harge. Thus, the attraction and repulsion of the enzyme
olecules and MPS surface can be regulated by the change

f pH value. When the pH is below the pI, the electro-
tatic attractions between the positive charges of enzyme
olecules and negative charge of MPS surface induce more

oadings. Vinu et al. showed that cyt c adsorbed on different

PS supports was greatly influenced by the pH of the solu-

ion [56]. Similar pH effect was also reported by Takahashi
t al. on the immobilization of horseradish peroxidase (HRP)
nd subtilisin on FSM-16, MCM-41, and SBA-15 [57]. Recently,
udson et al. reported the adsorption of cyt c and xylanase
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n SBA-15 and organo-functionalized SBA-15 carriers. They
howed that the electrostatic forces dominate the interac-
ion between enzymes and SBA-15, while weak hydrophobic
orces provide the major interaction between proteins and
rganofunctionalized SBA-15 [53].

ovalent binding

n general, covalent binding consists of the modification
f surface silanol groups with nucleophilic (amine, thiol)
r electrophilic groups (active carboxylic acid, alkyl chlo-
ide). The amine groups of an enzyme molecule contain the
-terminal �-amine of the protein chain and the amine-
ontaining side chain groups include lysine, arginine, and
istidine. Alkylation and acylation can be carried out with
he amine groups of enzyme molecules. For alkylation, MPS
urface can be modified with active alkyl groups, e.g.,
lkyl halides so it can react with an amine nucleophile of
he enzyme molecules (Fig. 2 step a and a′). For acyla-
ion, the surface of MPS can be modified to active carbonyl
roups so it undergoes a substitution reaction with the
mine groups (Fig. 2 step c and c′). Another approach is to
raft epoxy groups on the surface of mesopores and react
ith amino groups (—NH2) of the enzyme (Fig. 1 step d′).
poxy groups functionalized MPS can be obtained by attach-
ng c-glycidoxypropyl-trimethoxylsilane (GPTMS) containing
poxy groups (Fig. 1 step d) [58]. Cysteine residue is the only
ource of sulfhydryl group in enzyme molecules. The immo-
ilization of cysteine-containing enzyme on MPS is achieved
y the reaction of the enzyme with mercapto or maleimide
odified MPS to produce a disulfide bond or a Micheal-type

ddition reaction (Fig. 2 step d′). We may also immobilize
ysteine-containing enzymes on MPS by alkylation to form
stable thioether bond or acylation to form a relatively

nstable thioesters.
Fig. 2 shows a few possible routes for enzymes immobi-

ization on MPS surface via the covalently binding technique.
ther bioconjugate techniques can further extend the cova-

ent approach to greater possibility [59]. For instance, the
urface modified with glutaraldehyde or glutardialdehyde

an provide a versatile linker to joint the polypeptides of
nzymes to the nanopore surface (Fig. 2 step b and b′) [60].
owever, if the reaction conditions under the immobiliza-
ion process modify the electronic structure of the enzyme
r change the tertiary structure of the protein, then the

b
(
l
t
d

igure 3 Click chemistry to covalently attach enzymes on MPS:
ost-substitution by sodium azide, and (c) copper(I)-catalyzed azide
C.-H. Lee et al.

utcome of the catalytic reaction will be affected. This is
videnced from our previous studies of cyt c immobilized
n the mercapto modified MPS where the thio-group binds
trongly with the iron center (active site) of the heme group
f cyt c and changes the catalytic activity [17].

The covalent binding technique generally gives better
tability against leaching. Thus it can be used for long
eriod of withstanding repeated filtering/washing process
61]. However, fixed enzymes on the solid surface may
everely alter the enzyme conformation and decrease the
nzyme activity. Recently, Lü et al. functionalized the cubic
PS with glycidoxypropyl groups for covalent immobiliza-

ion of Penicillin G acylase (PGA) [58]. PGA can catalyze
he hydrolysis of penicillin G to 6-aminopenicillanic acid and
henylacetic acid. The initial specific activity of the immo-
ilized enzyme via covalent binding was higher than that of
he physical adsorption. After re-use for 10 times, the immo-
ilized enzymes via covalent binding showed 72% retention
f its initial activity. Li et al. reported the immobilization of
riacylglycerol lipase (from porcine pancreas) on aldehyde
odified MPS by covalent binding. They also showed that

he immobilized enzyme exhibited a high thermal stability,
eusability and 76% of high activity [62].

Most recently, Schlossbauer et al. developed the
urface-based chemistry with azide-alkyne click reaction to
ovalently immobilize enzyme to the surface of mesopores.
his method gives very high surface loading of enzyme with-
ut pore-blocking [63] (see Fig. 3).

etal affinity (His6-tag enzyme)

mmobilizing His6-tag enzymes by metal affinity have the
dvantages of high stability, highly enzymatic activity,
nd reusable solid supports. Since the six histidine groups
re usually expressed on the N- or C-terminal of enzyme
olecules, the active center of the immobilized enzyme

s less affected. Thus, this approach can avoid the unfold-
ng of enzyme molecules during the immobilization process.
ince the multi-dentate of the six histidine groups is coor-
inated to a single metal ion, a strong coordinate covalent

inding could be generated to stabilize enzyme molecules
see Fig. 4). Another advantage comes from the immobi-
ized enzyme can be displaced from the solid supports by
he addition of competitive ligands such as histidine or imi-
azole. Thus, good activity can be maintained while at the

(a) surface modified with 3-chloropropyltrimethoxysilane, (b)
-alkyne cycloaddition (click reaction).
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Figure 4 Surface modification of MPS with Ni

same time re-use of solid supports can be achieved. Miyazaki
and Maeda modified the silica micro-channel surface with
nickel complexes to immobilize His6-tag enzymes through
coordinate binding [64]. Immobilizing enzymes by metal
affinity are also applied in other nanoparticle systems. Xu
et al. synthesized FePt magnetic nanoparticles with nickel
terminated nitrilotriacetic acid (NTA) [65]. They showed
these nanoparticles have high affinity and specificity toward
histidine-tagged proteins. Taton and coworkers reported
the bioconjugation of histidine-tagged enzymes to Cu2+-
iminodiacetic acid modified magnetomicelle surface. They
also demonstrated the advantages of using this approach in
protein bioseparation and enzyme recycling [66]. Recently,
we applied the metal affinity technique to immobilize a
truncated single subunit of superoxide dismutase (CuZnSOD)
on SBA-15. Native CuZnSOD enzymes contain two subunits
with a molecular weight of approximately 40 kDa.

Cross-linking

This is a simple and effective method to immobilize enzymes
on MPS surfaces with high stability because it can pre-
vent enzymes from leaching and consequently improve the
enzymatic stability. Cross-linking is usually involved a two-
step process. First, enzyme molecules are adsorbed inside
the nanochannels of MPS. Second, the adsorbed enzymes
are cross-linked by adding glutaraldehyde to produce a
highly loaded, stable, and active enzyme aggregates. There-
fore, the introduction of enzyme monomer and subsequent
cross-linking them inside the nanocage will increase the
confinement of enzyme aggregates. This method is also
called ship-in-a-bottle effect and the confinement effect of
MPS is usually increased by the bottle-neck pore structure.
The major disadvantages of this approach are poor control
in the aggregate sizes, and the substrates may not easily
diffuse into the cross-linked enzymes. Hyeon’s group immo-
bilized a-chymotrypsin (CT) in MPS by cross-linking using
glutaraldehyde (GA) [67]. The resulting cross-linked enzyme
aggregates (CLEAs) showed an impressive stability with 10

times higher catalytic activity than that of adsorbed CT.
Most recently, Reis et al. reported the immobilized lipase in
MPS by cross-linking. They demonstrated that the entrapped
enzymes were retained in the pores, and they could be
reused five times [36].
omplexes to immobilize His6-tagged enzymes.

ingle enzyme nanoparticles

im et al. developed a novel method to synthesize sin-
le enzyme nanoparticles (SENs) [68,69]. The enzyme
urface was modified with a nanometer thick porous
rganic/inorganic complex. This immobilization approach
ives us a new technique to modify and stabilize enzyme
olecules. The synthesis of SENs consists of three-step
rocesses. First, the enzyme surface was modified with
inyl-group by reacting surface amino groups with acry-
oyl chloride to yield surface vinyl groups. Second, silane
onomers such as methacryloxypropyltrimethoxysilane
ere added to the reaction mixtures for the polymerization
f vinyl groups in hexane. After polymerization, the products
ere hydrolyzed and co-condensated for the further immo-
ilization into MPS. Thus, each enzyme molecule is confined
n a nanometer scale network to stabilize enzymatic activity
ithout limitation in substrate diffusion.

tability enhancement

nzyme as a biocatalyst for industrial application is usually
ampered by instability under extreme pH, high temper-
tures, and organic solvent or denaturing agents. The
ollowing factors have been shown to affect the protein
tability when enzymes are immobilized on MPS surface:

a) Size-matching of MPS pores and enzymes: MPS with the
pore size is smaller than the globular enzyme dimension;
the enzyme will be adsorbed only on the outer surface
which will suffer low stability. To increase the stabil-
ity, it is required that the pore size be greater than
the enzyme [12,16]. However, if the pore size of MPS
is much greater than that of the enzyme, it tends to
leach out during the reaction. The larger pore diame-
ter also gives less surface curvature which may further
affect the secondary conformation of the protein and
reduce the enzymatic functionality (see below). It has
been shown that the curvature of particle size will affect

the conformation of protein [12,53,70—72]. Magner and
coworkers functionalized six mesoporous materials with
amine groups to immobilize chloroperoxidase (CPO). A
periodic mesoporous organosilane (PMO) with pore size
large enough to fit the enzyme inside the channels was
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Figure 5 (a) Enzymes immobilized on MPS with different pore
sizes: the pore size just matches the molecular diameter shows
the best stability (middle), while the pore size larger (left)
or smaller than the enzyme molecules shows lower stability
(right). (b) Microenvironment effect on enzyme catalysis in
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found to have the best stability, and it could be reused
20 times with good retention of activity. However, the
small pore size of PMO inhibited the entrance of enzyme
molecules so the CPO rapidly lost activity under reuse
[73]. Most recently, Takimoto et al. showed that size
matching is important for fine-tuning activity even for
the very large enzyme cellulase [74].

b) Ionic strength of the solution: Eggers and Valentine
reported that the �-helical content of encapsulated
apomyoglobin in sol—gel matrix was increased upon
addition of salts [30],

c) Immobilization method: Torrés and coworkers also
reported the immobilized CPO on functionalized SBA-16.
The results showed that both the activity and the sta-
bility strongly depended on the immobilization method.
Moreover, the immobilized CPO by covalent binding
showed an important improvement on catalytic activ-
ity and urea stability when compared to the physical
adsorption [75].

H conditions

he protonation of various amino acids in enzyme molecules
s an important factor in the stability of enzyme structures.
ecently, Ma and coworkers discussed the pH stability of
mmobilized papain in a large pore MCM-48 with the aid of
lutaraldehyde. They reported that the immobilized enzyme
n MPS surfaces exhibited a broader range of pH stability.
his was attributed to a weak buffering effect of the sur-
ace silanol groups of MCM-48. In addition, the immobilized
nzyme showed high stability after long operation time [60].

igh temperatures

ncreasing the thermal stability of the enzyme molecule has
ignificant operational advantages, such as higher reaction
nd diffusion rates, high substrate solubility, high yield, and
educed risks from microbial contamination. It has been
emonstrated that immobilized enzymes inside confined
anospaces of MPS can increase the stability against heat
nd organic solvent. Lee et al. studied the thermal stability
f adsorbed cyt c (molecular size ∼2.5 nm) in different pore
ize of aluminum substituted MPS: MAS-9, MCM-48, MCM-41,
nd Y zeolites (0.74 nm) [16,17]. The results showed that
CM-41(48) offers adequate surface charge and optimum
atching size so the embedded cyt c can maintain its fold-

ng conformation and activity at boiling water temperature.
n the other hand, cyt c attached on outer surface of Y zeo-

ite lost its activity rapidly. However, the pore size of MAS-9
s so large that, when heated, confined cyt c underwent
enaturation (see Fig. 5a). Thermostability of the native
emoblogin (Hb) and immobilized Hb on FSM has been stud-
ed by Urabe et al. The immobilized enzyme showed high
bsorption intensity of Soret band (73% retention) than the
ative enzymes (only 34% retention) [49].
rganic solvent

ince many organic substrates are not water soluble, the
mployment of biocatalysts in organic solvents is becom-
ng an important application. Enzyme catalyses in organic

e
d
i
i
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rganic solvent affects the enzyme-bound layer of water and
etermines the enzyme activity which is related to the water
ctivity in MPS.

olvent come in three forms: (a) mixtures of water and
ater-miscible organic solvent (biphase system), (b) reverse
icellar system, and (c) organic solvent systems. There are

ome reports about the increased stability in organic sol-
ent of immobilized enzymes in MPS. Reis et al. showed
hat esterification with glycerol using immobilized lipase in
ifferent types of MPS catalysts was increased with decreas-
ng water activity (aw) because lower water (hydrophobic)
nvironment increased the stability of lipase [36]. Taka-
ashi et al. reported that both the surface character and
atching size are important to achieve high enzymatic

ctivity in organic solvent [57]. They adsorbed HRP on sev-

ral MPS (FSM-16, MCM-41, and SBA-15) with various pore
iameters ranged from 2.7 to 9.2 nm, and their activities
n organic solvent were studied. The results showed that
mmobilized HRP on FSM-16 and MCM-41 had better match-
ng size, thus it showed the highest enzymatic activity in
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Figure 6 Three routes to avoid leakage of enzymes from MPS
MPS via glutaraldehyde, (b) partial reduction of pore openings o
(c) deposition of polyelectrolytes on the outside surface of MPS

toluene. However, the immobilized enzymes in MPS with
large or small pore size than the enzyme molecules showed
lower enzymatic activity. Itoh et al. also modified MPS with
ethanol for the immobilization of hemoglobin [76]. They
showed that the encapsulated proteins into MPS resulted
in increasing resistance to organic solvents, or surround-
ings, in comparison with the natural enzyme. Urabe et al.
immobilized Hb in MPS and measured their peroxidase-like
reactions under the chaotropic agent Gdn—HCl. Encapsula-
tion of Hb retains better activity under high concentration of
NaCl or Gdn—HCl [49]. Ackerman and coworkers immobilized
glucose isomerase (GI) into functionalized MPS. They also
demonstrated that SBA-15 could provide a confined space
to increase resistance at high concentration of urea [77]. Ye
and coworkers immobilized �-chymotrypsin and thermolysin
inside microporous Y zeolites and mesoporous dealuminized
DAY zeolites to catalyze peptide synthesis in organic solvent.
The immobilized enzymes showed high activity for the syn-
thesis of peptide bond in organic media, and the catalysts
can be reused five times [78].

Enzyme re-use and enzyme leaching

Immobilzed enzyme catalysts have the advantages of
easy separation from the reaction mixture and re-usage.
However, enzyme immobilization by adsorption and ionic
attraction has the problem of leaching, especially when the
enzymatic reaction must take place in a buffer solution with
high ionic strength to optimize the enzyme activity. Three
routes have been explored to avoid leakage of enzymes from
MPS (see Fig. 6): (a) cross-linking of enzyme molecules inside
the nanochannels of MPS with the aid of cross-linking agent
glutaraldehyde [79], (b) partial closure of pore openings by

silylation of the pre-loaded enzymes [19], and (c) deposi-
tion of layers of polyelectrolytes to cover the pore openings
[20,80,81].

Ying and coworkers developed a pressure-driven method
to immobilize enzymes (Candida antarctica lipase B)

C

N
c
fi

cross-linking of enzyme molecules inside the nanochannels of
external surface by silanation of the pre-loaded enzymes, and

over the opening channels.

n hydrophobized mesoporous silica [82]. This approach
howed a high enzyme loading and a reduced enzyme leach-
ng. Zhao et al. studied the morphological effect on the
mmobilized lysozyme on MPS [83]. The loading amounts
ere increased with the decrease of particle size of MPS.
esides, increasing temperature favors a fast immobilization
rocess of lysozyme into MPS.

Recently, several laboratories reported that the combina-
ion of magnetic nanoparticles in MPS has the advantage in
nzyme separation and re-use [61,84—88]. These nanocom-
osites have many advantages, such as magnetically separa-
le, high loading with enzymes, stable under harsh shaking
onditions, resistant to proteolytic digestion, and recyclable
or iterative use with little loss of enzyme activity [84].

odulating catalytic activities

hile it is often desirable to have both high stability and
igh catalytic activity for immobilized enzyme, these two
oals are not necessarily optimized under the same condi-
ion. Sometimes, these requirements are even conflicting to
ach others. In the beginning, when scientists started using
esoporous materials to immobilize enzymes, their cat-

lytic activies were mostly lower than those of free enzymes
89]. This is understandable due to the diffusion limitation in
orous system. However, nanoscale biocatalyst system does
ffer many new possibilities in modulating catalytic activi-
ies [90]. Mesoporous materials can give many extra controls
n confining effect, mobility and microenvironment. In this
ection, we review these modulating factors for controlling
ctivities.
onfining effect

atural enzymes can carry out various functions in a very
rowded environment in cells. Thus, one would expect con-
ned enzyme, if done properly, to give enhanced activity.
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ckerman in a pioneering research showed that function-
lized mesoporous silica promoted chain compaction for
ntrapped enzymes and give higher catalytic efficiency
han free enzyme [52]. Future advances along this line
ill depend on our detailed understandings on confinement
ffect of proteins [91]. In fact, Lei et al. immobilized GI
n functionalized MPS and they demonstrated that urea can
romote the conformational change of enzyme molecules
77]. In the presence of urea, the immobilized GI in SBA-
5 showed the activity increase approximately double in
omparison to that of native GI in solution. Thus, immo-
ilization of GI in SBA-15 increased not only the stability
ut also enzyme activity by changing enzyme conformation.
he increase in catalytic activity by the addition of urea may
e attributed to a loosening up of protein structure and an
ncrease of conformational flexibility at its active site.

More recently, specific activities of confined enzymes are
hown to be related to the orientation of the funnel con-
ected to active site which may be controlled by specific
ttachment to the wall surface of nanopore. The access to
he active site depends on the orientation of the enzyme
olecule inside the nanochannel [18]. We have reported

hat the immobilized cyt c (positively charged) on aluminum
ubstituted MPS (negatively charged) produced a higher
atalytic activity where a high-spin configuration of heme
e-(III) was formed, very different from the native cyt c
low-spin). The high-spin Fe(III) is formed when the axial lig-
nds of Met-80 is replaced by H2O or a silanol group during
he immobilization process. The high activity of immobi-
ized cyt c on this support may come from the fully opening
f the heme groove and the active center becomes easily
ccessible to the substrate.

iffusion effect

mmobilized enzymes on large pore of MPS usually have
igher activity which is attributed to an increase of diffu-
ion rates of reactants and products, i.e., higher diffusion
n larger pore size of MPS. However, if the pore size of MPS is
uch larger than that of the target enzymes, then leaching

f enzymes can occur and diminish the turnover number as
e described earlier [16,17]. Lü et al. reported the immobi-

ized Penicillin G acylase (PGA) on glycidoxypropyl modified
PS (cubic structure) and showed that covalent binding
ave higher specific activity (835 IU g−1) and higher reusing
imes than physical adsorption (624 IU g−1) [58]. However,
he higher loading density of glycidoxypropyl groups on MPS
urface caused a decrease in the specific activity of immo-
ilized PGA than that of low loading density. The effect may
e attributed to the decreased mass transport of reactants
nd products inside the highly crowded nanochannels [58].

icroenvironment

hen enzyme molecules are located inside the nanopores,
he microenvironment would determine the accessibility of

ctive sites and the configuration of the enzymes. This is
specially true when the enzyme catalysis is taking place in
rganic solvent (see Fig. 5b). Hydrophobic/hydrophilic bal-
nce of wall-enzyme interaction will determine the enzyme
onfiguration and thus its activity. Blanco et al. demon-
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trated that strong hydrophobic interaction can enhance the
ctivity of lipase on MPS [51]. Furthermore, the hydropho-
icity among substrate molecules and the active sites of
he enzyme molecules can also affect catalytic activity. For
xample, subtilisin has a hydrophobic active site, thus it
atalyzes the hydrophobic substrate with high activity in
queous system. In contrast, a hydrophilic substrate has high
iffusion rate into the active site when the reaction is tak-
ng place in a hydrophobic solvent [92]. Another example
as given by Zhao et al. where they immobilized PGA into

hio, phenyl, vinyl, aldehyde, and carboxylate modified SBA-
5. Here, hydrophobic interactions are the main forces for
he immobilization of PGA in vinyl modified SBA-15 which
howed a high initial enzymatic activity and a low Km value.
he high activity of immobilized PGA was attributed to the
ydrophobic modified MPS which can highly promote the
ntrance of substrate molecules [93].

Surface hydrophobicity can also be controlled by esterifi-
ation of the surface silanol to form R—O—Si bond. Itoh et al.
howed ethanol treated mesoporous silica can accommodate
emoglobin to give peroxidase-like activity [76]. Galarneau
t al. further showed that the activity of lipase can be
ptimized by carefully tuning the hydrophilic/hydrophobic
alance of the surface functional group in the nanopores
94].

Recently, another strategy for controlling the microen-
ironment of immobilized enzyme was reportedby using
iosilica as support [95,96]. The good affinity between
iosilica, made from silaffin-related polypeptide and silica
ol, and enzyme results in very high payload. It can easily
ive 20% w/w loading (vs ∼1% w/w by other methods) and
ood stability of the native form which then results in high
ctivity and stability [95].

ultiple enzymes

multiple enzymes system can increase the catalytic effi-
iency by proximity effect where a short diffusion distance
ecreases the diffusion time to the nearest enzyme, i.e., the
roduct from the catalysis of the first enzyme has a shorter
iffusion distance to the second enzyme. This catalytic sys-
em is very efficient to speed up the reaction even with low
ubstrate concentration. This effect is very similar to the
nzymatic reactions within cell. In mitochondrion, the elec-
rons from NADH and FADH can transfer to oxygen in several
teps via the electron transport chain. Protein complexes
NADH dehydrogenase, cyt c reductase, and cyt c oxidase)
n the inner membrane of mitochondrion perform the trans-
er and the incremental release of energy is used to pump
rotons into the intermembrane space. This effect can be
nhanced in the MPS system because the confined nanospace
an limit the intermediate products to diffuse outside of the
anochannels. Torabi et al. reported the co-immobilization
f cholesterol oxidase (COD) and horseradish peroxidase
HRP) on perlite surface [97]. The surface of perlite was
rst modified with 3-aminopropyltriethoxysilane and cova-
ently bonded with COD and HRP via glutaraldehyde. The two
mmobilized enzymes showed better pH stability than native
nzymes. In addition, the co-immobilized system had good
eusable stability for the application in cholesterol deter-
ination or clearance. The immobilization of the enzymes
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Figure 7 A bienzyme catalytic system based on co-entrapment of glucose oxidase and horseradish peroxidase in MPS nanochannels.
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Glucose oxidase catalyzes the oxidation of glucose to produce g
then horseradish peroxidase catalyzes the oxidation of ABTS to A
samples.

CPO and GOx onto SBA-15 was investigated by Hartmann and
coworkers [98]. Immobilized CPO catalyzes the oxidation of
indole to 2-oxindole, while GOx is employed to generate the
required oxidant hydrogen peroxide in situ from glucose.
Dai et al. developed a novel bienzyme-channeling sensor by
co-entrapment of GOx and HRP in the nanochannels of SBA-
15 [99] (see Fig. 7). This accelerated the electron transfer
between the entrapped HRP and electrode. The entrapment
of HRP molecules also avoided the aggregation of proteins
on electrode, and the generation of hydrogen peroxide is
immediately reduced by an electrocatalytic reaction with
HRP. This device could have applications in monitoring the
glucose content in diabetic samples.

Artificial enzyme

Since enzymes are easily denatured subject to environ-
mental stresses. An alternative approach to circumvent
these environmental sensitivity issues is to synthesize model
compounds to mimic the active sites of enzymes,. This
is particularly active in the field of metallo-enzymes. For
instances, transition metals (Cu, Fe, etc.) are used to
carry out a specific reduction/oxidation (redox) reaction,
and zinc are used structurally to maintain tertiary struc-
ture of the enzyme. But usually these model compounds in
homogeneous solution are still somewhat sensitive to the
environments and they show lower activity and selectiv-
ity than the corresponding enzymes. The protein backbone
palys important roles in site-isolation and nanoconfinement
to achieve a specific catalytic action. The idea here is to use
the nanopores of MPS to immobilize the mimic compound
and through designs in surface functionalization to mimic
the protein skeleton. For example, di-copper complexes
were immobilized on MPS surface in mimicking catechol oxi-
dase to improve the catalytic activity in catechol oxidation.
[27,28].

There has been a lot of recent interest in using MPS to
immobilize organometallic molecule for creating single-site

chiral catalyst [99,100]. The chiral single-site heteroge-
neous catalysts were attached to nanopores via either
covalent or hydrogen bonding attachment of a ligand to
pore walls. Li and coworkers studied asymmetric epoxi-
dation of styrene catalyzed by chiral Mn(salen) catalyst
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olactone and hydrogen peroxide in the presence of oxygen and
•+ which can be used to monitor the glucose content of diabetic

mmobilized in nanopores and obtained excellent control
n local environment to optimize selectivity [100]. Thomas
nd Raja reported the asymmetric catalysis of immobilized
d(II) or Rh(I) complexes in the nanopore of MCM-41 [101].
hey showed that nanospace confinement can improve prod-
ct chiral selectivity via single-site catalysis. This approach
pened up the prospect of performing heterogeneous enan-
ioselective conversions in a novel manner, under the spatial
estrictions imposed by the nanocavities within which the
eactions occur. In particular, asymmetric products can be
roduced by confining prochiral reactants (and transition
tates formed at the chiral active center) to enhance the
nantioselectivity of the anchored chiral catalyst. These
tudies demonstrated that selective pathways of synthetic,
harmaceutical, and biological significance can be achieved
y the space confinement approach.

In this section, due to limitation of space, we only
ocus on those compounds that are biomimicking enzyme
ctions. Through its immobilization in the nanopores
f MPS, one would like to study its catalytic activ-
ty and selectivity. Previously, we have encapsulated
ydroxo-bridged binuclear copper model compounds in
PS to mimic the activity of catecholases (COs) and
emocyanin (Type III copper proteins) [27,28]. The encapsu-
ated HPC ((phen)2Cu—OH—Cu(phen)2)(ClO4)3 (phen = 1,10-
henanthroline) complexes were applied to carry out the
atalytic oxidation of 3,5-di-t-butylcatechol (DTBC) to
,5-di-t-butylquinone (DTBQ) in mimicking COs. We demon-
trated that the nanochannels of Al-MCM-41 solids provided
onfined spaces and surface charge to encapsulate and
tabilize HPC complexes in carrying out the catalytic reac-
ion where the HPC undergoes reversible transformation
etween bridging and non-bridging states (see Fig. 8). Here
e may envision the framework of MCM-41 to be equiva-

ent to the backbone of the protein skeleton of enzymes in
hich the two Cu(II) nuclei of HPC are fixed in position with

he proper distance and configuration for catalytic activi-
ies. Similar concept has also been developed by Louloudi et
l. where they modified silica surface with two polydentate

igands to bind Cu(II) ions [102]. Silica-supported Cu(II) com-
lexes were evaluated for the catalytic oxidation of DTBC
o DTBQ by dioxygen. The results showed that a key fac-
or for efficient DTBC oxidation was related to the Cu· · ·Cu
istance. When the Cu· · ·Cu distance is matching the two
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Figure 8 Dicupric complexes to mimic the activity of cate-
cholases: (a) complexes encapsulated in the nanochannels of
MPS which provide the confined spaces and surface charges to
fix two Cu(II) ions with proper distance and configuration for
reversible transformation between bridging and non-bridging
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For biomimetic enzyme system, it is still a challenge to
tates and (b) dicupric complexes in solution without encapsu-
ation undergo irreversible dissociation under the non-bridging
tates.

xygen distance of catechol molecule (2.7 Å), it allows a
identate coordination of DTBC molecule to the two copper
ons.

Recently, Nantes et al. reported the encapsulation of
icroperoxidase-11 (MP-11) in MCM-41 where they studied

he catalytic activity of phenol degradation in the presence
f hydrogen peroxide as an oxidant [103]. Microperoxidases
re hemepeptides produced by trypsin-catalyzed hydroly-
is of cyt c so one may attach various polypeptide chains
nto the heme group to mimic the native enzyme. They
eported the study of MP-11 consisting of (VQKCAQCHTVE)
eptide fragment which was encapsulated in MCM-41 to
imic the enzymatic activity of hemoproteins. The resul-

ant complexes have catalase and monooxygenase activity
o catalyze the homolytic cleavage of the hydrogen peroxide
nd generate hydroxyl radicals. Nazari et al. also reported
he encapsulation of Fe(III) protoporphyrin on MCM-41 pore
urfaces to mimic the peroxidase enzyme. They studied the
xidation of phenol, guaiacol and synthesis of indophenol

ith this composite system. The results showed that the

mmobilized complexes were able to mimic horseradish per-
xidase and had higher catalytic rate than the homogeneous
ystem [104].
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Since biomimetic compounds may have low stability and
ow solubility in aqueous solution, they may suffer inactiva-
ion in catalysis especially if there are changes in pH values,
emperatures, or high concentrations of hydrogen peroxide,
r in the presence of reactive solvents. Unprotected form
f biomimetic compounds may undergo irreversible dissoci-
tion and decrease the reaction activity. The immobilization
f biomimetic compounds in the nanospaces of MPS is a good
trategy to increase stability, water solubility and re-usage
f catalysts. We expect immobilized artificial and natural
nzymes should be viable biocatalysts for industrial appli-
ations.

uture perspectives

ncapsulation of enzymes or biomimetic catalytic molecules
n specially designed nanostructure of MPS may open the
ossibilities to improve the stability, catalytic activity and
electivity for the application of biocatalyst in the field
f chemical synthesis, biosensor, and biomedicine [105].
n understanding the behavior of encapsulated enzyme or
iomimetic moelcules, there are many interesting funda-
ental chemistry to be investigated.
Although immobilization can easily be achieved by fix-

ng enzymes in the solid supports via a series of physical
nd chemical interactions, the different immobilizing pro-
esses of natural enzymes would often greatly influence
he enzymatic activity and selectivity. Since the internal
urface of MPS can be easily modified, one has the capa-
ility to modulate the chemical microenvironment of the
onfined enzyme through the functional groups used for
mmobilizing enzymes, including the length of the linker
olecules, the nature of the linker and the non-linking

urface functionality (hydrophilic or hydrophobic). Through
urface modification of MPS, one can not only control the
ffinity of reaction substrate to enter the nanochannels but
lso modulate the 3D distribution of structural water on the
urface of confined enzyme. Thus, the MPS/enzyme system,
ith increased thermostability, substrate solubility and mass

ransfer, may catalyze under non-natural conditions such as
rganic solvent or high temperature. In addition, the ver-
atile pore structure of MPS materials has the potential for
ptimizing the orientation of the active site so one may hope
o control the regioselectivity, enantioselectivity, or even to
everse the native selectivity [18]. This enhancement in the
electivity may come from the spatial confinement effect
nduced by the pore walls or the modification of a substrate
irecting ligand on the surface of MPS. For multiple enzyme
ystem, MPS can be further designed to modify with var-
ous functional groups so the different enzyme molecules
an conjugate at their specific sites to fit the optimum ori-
ntation. Besides, multiple enzymes have the advantages to
evelop those enzymes that require cofactor in the cataly-
is process [98]. Once the cofactor is consumed by the first
nzyme, the second enzyme can continue regeneration of
ofactor molecules.
uild high performing catalyst with high efficiency and selec-
ivity. We particularly favor to develop specially designed
etal complexes to mimic the metalloenzyme with MPS
imicking the role of skeleton of the protein. Often, the
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difficulty in maintaining enzyme-like high catalytic activ-
ity with first-row transition metals mimic compound is its
stability and accessibility. In reaction stage, the complex
needs to have an open coordination site for the substrate.
On the other hand, the coordinative unsaturation often leads
to an unstable structure. Biological systems resolve this
dilemma by site-isolation of the active metals in a protein
matrix, which allows the metal sites to maintain coordina-
tive unsaturation. The use of MPS as the supports to mimic
the skeleton of natural enzymes brings the opportunity for
the possible applications of surface chemistry to improve
the coordination environment to increase stability, activity,
and selectivity.

With good understanding about enzyme/MPS immobi-
lization, applications of enzyme-loaded MPS may grow
rapidly. They may be further used as a drug delivery vehi-
cle [106,107], biosensor [99] and nanobioreactor. Enzyme
delivery for therapeutic applications may benefit from
a load-release mechanism in enzyme/MPS nanoparticles
[106]. Lin and coworkers reported the use of MSN to deliver
cyt c into the cell [107]. They found that the released
enzymes were kept in high activity to catalyze substrates
oxidation in the presence of hydrogen peroxide as an
oxidant. In biosensor application, natural enzyme suffers
from drawbacks of instability. The encapsulated enzymes
in nanopores have been shown as promising routes to sta-
bilize the enzyme and improve the detection capability
[99]. MPS has been developed as a nanoreactor for pro-
teolysis [108,109]. Qiao et al. used a trypsin loaded MPS
nanoreactor for proteolysis with nanoconfinement and pro-
tein enrichment being the main reason for high activity
[110].

Designing methodology for proper immobilization of
enzyme is a complex mixture of sciences and arts. There
are often conflicting requirements in the stability, activity
and separation of enzymes. Diversity of the process condi-
tions necessarily requires the design of specific immobilized
enzymes that can match the corresponding requirements for
the desired application. Mesoporous materials offer nanos-
tructure for enzymes that can be finely tuned through
controlling their pore structure, transport and microen-
viroment. The physical chemistry of confined enzyme in
mesoporous materials is more amendable to careful design
and characterization. It is hoped that the immobilization
of enzyme or enzyme mimetics in mesoporous materi-
als can not only help obtain catalysts of high activity
and stability, but also offer an approach for system-
atic understanding about enzymes in crowded nanospace
environment.
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