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In the industrial biotechnology, the skill to prepare the immobilized enzyme with stability has proven to
be one of the key steps in rendering an enzymatic process that is economically viable. Availability of the
immobilized enzyme biocatalyst with improved activity and stability is also expected to reduce the
expense of products. If properly designed, enzyme immobilization is also a very powerful tool to
enhancing almost all enzyme properties, e.g., activity, stability, specificity and selectivity, reduction of
inhibition. Due to the above advantages, enzyme immobilization has been a focus for biologists,
chemists and enterprisers. This review is focused on advances over the last several years in enzyme
immobilization. Several new type of carriers and technology have been implemented to improve
traditional enzyme immobilization, which aimed to enhance enzyme loading, activity and stability to
decrease the enzyme biocatalyst cost in industrial biotechnology. These include cross-linked enzyme
aggregates (CLEAs), microwave-assistant immobilization, click chemistry technology, mesoporous
support and single enzyme nanoparticle. In addition, with the growing attention paid to cascade
enzymatic reaction and in vitro synthetic biology, it is possible that multi-enzyme co-immobilization
would be one of the next goals in the future.
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mesocellular siliceous foams (MCFs), click chemistry, single enzyme nanoparticle.

INTRODUCTION

A substantial increase in political and financial investment
that aligns plant and industrial biotechnology will pay
dividends for sustainable energy and materials production
(Bevan and Franssen, 2006). Industrial biotechnology, or
white biotechnology (sustainable chemical processes
built on renewable resources and biocatalysts carried out
in “bio-refineries”) builds not only on fermentation using
metabolically engineered microorganisms, but as much
on enzymes improved by protein engineering techniques
(Soetan, 2008). However, native enzyme application is
often hampered by its lack of long-term stability under
process conditions and also by difficulties in its recovery
and reuse. To date, biologists and chemists have been
searching for the ideal and suitable biocatalyst through
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recombinant DNA technology, medium engineering and
immobilization technology (Boller et al.,, 2002;
Bornscheuer, 2003; Burton et al.,, 2002; Hegedus and
Nagy, 2009; Mateo et al., 2007; Yan et al., 2006).

In the industrial biotechnology, the skill to stabilize and
re-use an enzyme catalyst through immobilization has
proven one to be of the key steps in rendering an enzy-
matic process that is economically viable (Cao and
Schmid, 2005; Zhou, 2009). Availability of the immobi-
lized enzyme catalyst with improved activity and stability
is also expected to reduce the expense of products
(Parmar et al., 2000). Moreover, enzyme immobilization
has been revealed in the last times as a very powerful
tool to enhancing almost all enzyme properties, if pro-
perly designed: e.g., stability, activity, specificity and
selectivity, reduction of inhibition (Blanco et al., 2007).

To improve the enzyme immobilization, various new
carriers and technologies have been used to immobilize
enzymes. We will try to make a brief summary of the



Figure 1. Methods of enzyme immobilization: (a)
covalent attachment to solid supports, (b) adsorption
on solid supports, (c) entrapment in polymeric gels, (d)
intermolecular crosslinking and (e) encapsulation.

most interesting and recent advances in these topics
such as new carriers and new protocols. The trend of the
topics will also be discussed.

TYPES OF IMMOBILIZATION

The traditional and most frequently used immobilization
techniques fall into 5 categories (Figure 1) (Klibanov,
1983). As for the types of enzyme immobilization, entrap-
ment and encapsulation were often combined together
into one type (Bornscheuer, 2003). In addition, with the
development of chemistry and materials science and the
increasing knowledge of enzyme structure, all the above
approaches are a compromise between maintaining high
catalytic activity while achieving the advantages of
immobilization.

Recently, cross-linked enzyme crystals (CLECs)
(Quiocho and Richards, 1964; Stclair and Navia, 1992)
and cross-linked enzyme aggregates (CLEAs) (Cao et
al., 2000) have been introduced as the new modes of
enzyme preparation. They were often called carrier-free
immobilization, for no support was used in the im-
mobilization (Sheldon, 2007). In the preparation of cross-
linked enzyme crystals, enzyme was first crystallized in
an aqueous solution at suitable temperature, then cry-
stals of enzyme were cross-linked with glutaraldehyde
(Roy and Abraham, 2004). CLECs often present higher
activity and enantioselectivity in organic solvents than
they do in aqueous solution. The activity of CLECs of
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subtilisin in decane was 780 times greater than that in
triethylamine. CLECs of subtilisin preferred L-enantiomer
in the transesterification between N-acetyl-phenylalanine
ethyl ester and n-propanol, and the (kca/Ku)/(Keat/Km)p
ratio was 20000 in cyclohexane (Noritomi et al., 2007).
Sometimes, CLECs also give an increased enantio-
selectivity relative to its native enzyme (Lalonde et al.,
1995). This was mostly attributed to the removal of a less
selective isoenzyme during CLECs preparation. Cross-
linked enzyme crystals (CLECSs) retain catalytic activity in
harsh conditions, including temperature and pH extre-
mes, exposure to organic or aqueous-organic mixtures,
which may result from the stabilization of the crystalline
lattice and its constituent enzyme molecules after che-
mical cross-linking of enzyme crystals (Stclair and Navia,
1992).

Enzyme crystallizes when preparing the CLECs, which
is often a laborious procedure requiring enzyme of high
purity. Additionally, protein molecules would physically
aggregate and hold together by non-covalent bonding
without perturbation and denaturation of their tertiary
structures when salts, water-miscible organic solvents or
non-ionic polymers were added into aqueous solutions of
proteins. Cross-linked enzyme aggregates (CLEAs)
(Figure 2) (Cao et al., 2000; Sheldon, 2007), which are
obtained by precipitation of proteins followed by cross-
linking with glutaraldehyde, might represent an easy
alternative. The CLEAs of penicillin acylase not only had
the same activity as the CLECs in the synthesis of ampi-
cillin, but also the cross-linked aggregate catalyzed the
reaction in a broad range of organic solvents. However,
carrier-free immobilization may not be suitable for
enzyme which catalyzes the hydrolysis or synthesis of
macromolecular substrate or product, which results from
low diffusion in the narrow channel in enzyme aggre-
gations. Moreover, something lacking in perfection was
that CLEAs are too soft and hence may exhibit poor sta-
bility when used in stirred tanks or in packed bed reactors
(Roy and Abraham, 2004). If it were encapsulated in large
porous support or a very rigid poly (vinyl alcohol) network
through a suitable immobilization technique, it would be
used widely as a sturdy process biocatalyst.

NEW CARRIERS USED IN THE IMMOBILIZATION

In the early enzyme immobilization, support was used to
insolubilize the enzyme and thus to facilitate its
separation and reuse, which provides easy control over
the non-catalytical properties of the obtained immobilized
enzyme. In the search for suitable support for enzyme to
attach, it was found that physical and chemical properties
(e.g. pore size, hydrophilic/hydrophobic balance, aqua-
philicity and surface chemistry) of support could exert
effect on enzyme immobilization and its catalytic pro-
perties (Boller et al., 2002; Cao et al., 2003). Thus, with
the increased understanding of the correlation of enzyme
property with structure and microenvironment (Wang et



4726

Afr. J. Biotechnol.

/ N #::‘::‘:::::::‘u * . & %
IIIII \ . °:g ‘:g ¢: :u “:g °‘:u‘ 8 & & 1 i #
I|I i e w at #%'ﬁh E

1 ) b )
| pptn :, ﬂ:nﬁ“t o* 0% 0 wlink

|I -] o
free enzyme —_— e e N e B
| - ?’ | ‘P'i‘:#naﬁn qﬁ P‘ — iﬂ oy TE
in solution | s et Tt el et " ]
\ f LA U L g P oyd
\ ‘unl’n"o" "‘uh’ ; t n® @
l'|\ u.u%ﬁ",i% .u"u E% :Eﬁm %
o’.u‘nu‘ nina' $ Erﬁ J
\ :-‘ . oﬁ . uh LI | & E
aggregate CLEA
5nm 1 um 1-100 pm
Figure 2. Preparation of a CLEA.
Stirring
Addition
IL+ enzyme
o
—*b o
aoling 20
HO, oqo o
Reuse DESA o
Recovered
S Phase+enzyme

[ Agqueous Phasel PANI
[ IL Phase+enzyme

Figure 3. Attachment of enzyme to ionic liquid (IL) and catalysis in bi-phase system.

al., 2008c; Wang et al.,, 2009a), a great number of
synthetic or natural carriers of tailor-made chemical and
physical properties, with different shapes/sizes, porous/
non-porous structures, different aquaphilicities and
binding functionalities, have been specifically designed
for various bioimmobilization and bioseparation proce-
dures (Chong and Zhao, 2004; Gemeiner, 1992; Luckarift
et al., 2004; Sun et al., 2006; Wang, 2006; Wang et al.,
2009b).

Molecular support

lonic liquids are composed entirely of ions. In the patent
and academic literature, the term “ionic liquid” now refers
to liquids composed entirely of ions that is fluid around or
below 100°C. Room-temperature ionic liquids are
frequently colorless, fluid and easy to handle (Rogers and
Seddon, 2003). Versatile biphasic systems could be for-

med by controlling the aqueous miscibility of ionic liquid
(Gutowski et al., 2003), which was conveniently used in
the enzyme biocatalysis to separate the enzyme and
reaction system (Sheldon et al., 2002; van Rantwijk et al.,
2003). Based on a biphasic catalytic system where the
enzyme is immobilized into an ionic liquid (IL), Mecer-
reyes and co-workers (Rumbau et al., 2006) have repor-
ted a new method which allows recycling and re-using of
the HRP enzyme in the biocatalytic synthesis of PANI.
The IL 1-butyl-3-methylimidazolium hexafluorophosphate
was used as immobilization media by dissolving the HRP
enzyme (Figure 3). The IL/HRP phase acts as an efficient
biocatalyst and can be easily recycled and reused
several times. Due to the immiscibility between the IL and
water, the immobilized HRP could be simply recovered
by liquid/ liquid phase separation after the biocatalytic
reaction. This new method is faster and easier than the
classical immobilization of HRP into solid supports.

In bio-electrochemistry field, carbon ionic liquid elec-



trode (CILE) was immersed in a solution containing Hb
and ionic liquid, octylpyridinium chloride ([OcPy][Cl]) to
directly immobilize hemoglobin (Hb) on CILE. Cyclic volt-
ammetry of modified electrode exhibited quasi-reversible
peaks, corresponding to Hb. Hb retained its bioactivity
well on modified electrode and showed excellent electro-
catalytic activity towards oxygen, hydrogen peroxide and
nitrite, which resulted in the determinable hydrogen
peroxide content in the range of 1.0 *10-5.0*10° M
(Safavi et al., 2008). This novel method would not be
widely applied to the industrial production because ionic
liquid is still an expensive chemical in the coming future.

Mesoporous support

Now, one of the most promising carriers for enzyme
immobilization is the mesoporous material (Chen et al.,
2007b; Kim et al., 2007; Rosales-Hernandez et al., 2007;
Wang et al., 2008a; Wang et al., 2007). The exploitation
of novel carriers that enable high enzyme loading and
activity retention has become the focus of recent atten-
tion (Boller et al., 2002; Cao et al., 2003). The large
surface areas and greater pore volumes of these mate-
rials could enhance the loading capacity of an enzyme.
By now, the highest loading of a-chymotrypsin (CT) in the
mesoporous support reached 570 mg/g on immobilization
surfaces (Kim et al.,, 2007). Since the pore volume of
HMMS is 1.34 mL/g, the theoretical maximal CT loading
value in the HMMS was approximately 904 mg/g, indi-
cating that the enzyme loading is 63% of the theoretical
maximum value. Obviously, the use of immobilized
enzymes with high enzyme loading and high volumetric
capacity is beneficial because high productivity and
space—time yields can be obtained (Cao, 2005). When
mesoporous material is used as support, the large pores
in the support facilitate transport of substrate and product
(Chong and Zhao, 2004).

Functional mesoporous material with the unique
mesoporous structure and surface chemistry could also
provide both high affinity for the charged protein
molecules and a favored microenvironment. This micro-
environment resulted in exceptionally high immobilization
efficiency (> 200%) with enhanced stability, while con-
ventional approaches yielded far lower immobilization
efficiency (Lei et al., 2002). Additionally, the increase in
the thermal stability of immobilized enzyme indicated that
protein inside a confined space could be stabilized by
some folding forces which did not exist in proteins in bulk
solutions (Wang et al., 2008b). Confinement of the
support nanopore could be similar to the macromolecular
crowding (Cheung and Thirumalai, 2006), and could also
stabilize the enzyme at high temperature.

In the family of mesoporous materials, nanoporous gold
(Szamocki et al., 2007) and nanotube (Chen et al., 2001;
Wan et al., 2008) have also been used to immobilize
enzyme and most of the obtained immobilized enzymes
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were used in the electrode preparation and biosensor
applications. Porous electrodes with increased surface
area have been prepared using a template route via
colloidal crystals. The modified porous gold electrode
shows an overall increased signal, and therefore a better
detection limit and higher sensitivity when used as sen-
sors. It is a potentially higher power output when employ-
ed in biofuel cells (Szamocki et al., 2007). The greatly
enhanced sensitivity makes this type of electrodes well
suited to improve existing sensing devices and the overall
higher current densities also open up promising appli-
cations as efficient electrodes in biofuel cells. In the
immobilization using this support, it is very important that
physical chemistry of support surface exerts great
influence on properties of the immobilized enzyme (Wang
et al.,, 2009a). Looking for a way to regulate the physical
chemistry of support surface suitable for enzyme is
necessary for efficient immobilization.

Cloth and sponge

A porous wool keratin sponge (Hideno et al., 2007) has
been used to immobilize lysozyme and prepare a unique
biomaterial. In the obtained immobilized systems, the
activity of lysozyme linked to the sponge through disultide
bond was gradually released, while lysozyme through
thioether bond was stably maintained. Prior to keratin
sponge, polyurethane foam has also been used to
immobilize crude phosphotriesterase and more than 50%
of the initial enzyme specific activity was retained after
immobilization (LeJeune and Russell, 1996).

To reduce the cost of support, cotton fabric was used to
immobilize enzyme (Albayrak and Yang, 2002; Li et al.,
2007; Wang et al., 2008d). The fabric was first oxidized
with sodium periodate, and then employed to immobilize
catalase. The staining test and reusability showed that
the catalase was fixed covalently on the oxidized cotton
fabric. The oxidation condition affected the covalent im-
mobilization, which perhaps resulted from the excessive
covalent linking between the enzyme and support. A
protocol of enzyme immobilization on nylon fiim with
relatively inexpensive and non-toxic reagents, involving
acid hydrolysis, glutaraldehyde, has been reported
(Isgrove et al., 2001). This provided a method having
potential in bioreactor applications to combine bio-
catalysis with bioseperation. The main advantage for this
support is low cost and we need not to spend much time
to produce them. In addition, separation of immobilized
enzyme from reaction system is very easy.

Magnetic hybrid support
The applications of magnetic support to enzyme immo-

bilization are mainly based on the magnetic properties of
the solid-phase that enables a rapid separation in a
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magnetic field. Moreover, the magnetic supports can be
easily stabilized in a fluidized bed reactor for continuous
operation of enzyme by applying an external magnetic
field and the use of magnetic supports can also reduce
the capital and operation costs (Bayramoglu et al., 2008).
Due to the functionalization (Dyal et al., 2003) of enzyme
and its suitable microenvironment (Bayramoglu et al.,
2008), magnetic materials were often embedded in orga-
nic polymer or inorganic silica to form hybrid support (Liu
et al., 2005).

Recently, because of the low enzyme loading on the
conventional magnetic beads (Liu et al., 2005), more and
more attention was paid to the magnetic mesoporous
support (Sadasivan and Sukhorukov, 2006). Magnetite-
mesoporous silica hybrid support was fabricated by
depositing magnetite and MCM-41 nanoparticles onto
polystyrene beads using the layer-by-layer (LBL) method.
The incorporation of magnetite gives an additional mag-
netic property to the hollow mesoporous silica shells,
which resulted in the perfect combination of mesoporous
materials properties with magnetic property to improve
the enzyme immobilization (Kim et al., 2005).

Microchannel in the microfluidics device

Micro-scale device fabrication, micro-fluidics and lab-on-
chip technology were used firstly for chemical and
biochemical analysis in the chemical and pharmaceutical
industry. Integration of flow channels and reaction cham-
bers in these microanalytical systems enable the dra-
matic acceleration, automation and miniaturization of
traditional benchtop analytical tools with enhanced perfor-
mance and dramatically reduced sample sizes. Recently,
more complex microfluidic devices have been developed
for bioprocess operations, enzyme immobilization and
catalysis (Ku et al., 2006; Lee et al., 2003; Luckarift et al.,
2007). Dordick and co-workers (??7?) pre-packed Ni-NTA
agarose beads attached with 1,3,6,8-tetrahydro-
xynaphthalene synthase (THNS) into a first microfluidic
channel and covalently immobilized type Il polyketide
synthase (PKS) on the walls of a second micro-fluidic
channel pre-coated with a reactive poly (maleic an-
hydride) derivative (Ku et al., 2006). Using this method,
they efficiently performed in vitro metabolic pathway
reconstruction or modification to synthesize novel natural
product derivatives using a simple and likely expandable
micro-fluidic platform. Then, they expanded the method
to the combinatorial synthesis of 2-aminophenoxazin-3-
one (APO) (Luckarift et al., 2007). The microfluidic device
system stabilized the enzymes in the channel and proved
suitable for synthesis of a complex natural product (APO)
from a simple substrate (nitrobenzene) under continuous
flow conditions. The conversion of reactants in the
microfluidic channel bioreactor was often found to be
higher than that in the batch slurry reactor, used as a
control.

NEW TECHNOLOGY FOR ENZYME IMMOBILIZATION
Microwave irradiation

In the immobilization, especially in porous support, enzy-
me molecules are difficult to distribute throughout the
porous carriers because of diffusion limitations
(Buchholz, 1979). And they often remain only on external
channels (Chen et al.,, 2007a), using non-microwave-
assisted protocols, which are currently the method of
choice for immobilizing enzymes. The mass transfer is
even slower for enzymes having large dimensions, such
as penicillin acylase. The immobilization of such enzyme
to porous materials can prove tedious using conventional
techniques (van Langen et al., 2002). In our study, micro-
wave irradiation was applied in the immobilization of
enzyme in the mesocellular siliceous foams (MCFs)
(Wang et al., 2008b; Wang et al., 2009a). In our work,
microwave irradiation technology was used to immobilize
papain and penicillin acylase (PA) into MCFs. Time for
immobilization was decreased significantly and the
enzyme loading was dramatically improved. 80 and 140 s
were enough for papain and PA to attach on the wall of
MCFs, respectively. The maximum loading of papain
reached 984.1 mg/g, 1.26 times of that obtained from the
conventional method which was non-microwave-assisted.
The activities of papain and penicillin acylase immobilized
with microwave-assisted method were 779.6 and 141.8
U/mg, respectively, 1.86 and 1.39 times of those with
conventional method. The results showed that microwave
irradiation improved the adsorption immobilization of
enzyme in mesocellular siliceous foams.

As for covalent immobilization under microwave irra-
diation, macromolecules crowding was combined with
small molecular quenching to perfect microwave-assisted
covalent immobilization (Wang et al., 2009a). The maxi-
mum specific activities of PA assembled with Dextran
10000 (Dex 10) and BSA in MCFs under microwave
irradiation, 85.3 and 112.7 U/mg, were 1.73 and 1.31
times of that of PA solely immobilized with conventional
method. PA co-immobilized with Dex 10 in mesopores
retained 88% of its initial catalytic activity after heating at
50°C for 6 h; this resulted from glycine quenching exces-
sive activated groups. This biomolecule enhanced the
thermo-stability of this enzyme preparation by more than
2 times. Crowding environment, resembling cell that re-
sulted from macromolecular reagents would be suitable
for stabilizing the structure of penicillin acylase and im-
proving its catalytic activity. Glycine, biocompatible small
molecule, quenched the excessive active groups and
modified the surface chemical properties of mesoporous
support, which would further favor the stability of penicillin
acylase at higher temperature (Figure 4).

Single enzyme nanoparticles

Industrial biotechnology is consistently seeking improved
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enzyme performance and stability under harsh conditions
found in most industrial processes to decrease cost. As
an innovative way of enzyme stabilization, “single-enzy-
me nanoparticles (SENs)” technology was rather
attractive because enzyme in the nanoparticle exhibited
very good stability under harsh conditions (Hegedus and
Nagy, 2009; Yan et al., 2006) (Figure 5). Kim and Grate
(2003) have developed armored single-enzyme nano-
particles (SENs) (Kim and Grate, 2003) that surround
each enzyme molecule with a porous composite organic/
inorganic network of less than a few nanometers thick.
Their approach has significantly stabilized 2 proteases
(chymotrypsin, CT and trypsin, TR) and the armor net-
work around CT is so thin and porous that a large mass-
transfer limitation on the substrate could not take place.
To simplify the versatile preparation that yields a single
enzyme capsule with enhanced stability, high activity and
uniformed size, Yan et al. (2006) have presented a 2-step
procedure including surface acryloylation and in situ
aqueous polymerization to encapsulate a single enzyme
in nanogel to provide robust enzymes for industrial bio-
catalysis. Compared with the free horseradish peroxidase
(HRP), the HRP nanogels exhibit similar biocatalytic
behavior. This is evidenced from their similar Km and
kcat, and significantly improved stability at high tem-
perature in the presence of polar organic solvent.

In contrast with the above procedure, with enzyme in
the inner particles, Ho et al. (2008) have prepared core-
shell nanoenzyme particles consisting of well-defined
poly (methyl methacrylate) cores and cellulase shells.
Particle sizes in the range between 80 and 124 nm
(volume average diameter) could be tailored by a varia-
tion of cellulase concentration. The activity of immobilized
cellulase on the nanoparticles was 41% less than that of
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the native cellulose. After the polymerization, the immo-
bilized cellulase showed better thermal stability. For ther-
mally stable enzyme, the route may be good immo-
bilization strategy because enzymes load on the outer
surface and inner diffusion limitation of substrate and
product could be avoided.

Photoimmobilization technology

When photoreactive polymer and horseradish peroxidase
or glucose oxidase are exposed to ultraviolet (UV) light at
365 nm, the reactive nitrene immobilizes the protein
molecules in 10 to 20 min through covalent bonding
(Naqvi and Nahar, 2004). As nitrene has a property of
inserting into C-H bond, the method may find potential
applications for immobilization of biomolecules irrespec-
tive of their functional groups. Nahar and Kumar (2007)
have also immobilized horseradish peroxidase (HRP) and
glucose oxidase (GOD) onto the photoreactive cellulose
membrane by sunlight (Kumar and Nahar, 2007). They
found that sunlight intensity required for optimum immobi-
lization was 21,625 lux beyond which no appreciable
increase in immobilization was observed. Moreover, sun-
light exposure gave better immobilization compared to
365 nm UV light. The method does not require any
equipment and is suitable for large scale as well as small-
scale immobilization.

To prepare the urease thin films with accurate thick-
ness control, the targets were exposed to laser radiation
which consisted of frozen composites made by dissolving
or suspending biomaterials in distilled water, to minimize
photochemical damage. The evaporated water molecules
thus protected/shielded the biomolecules through colli-
sions and transferred them to the substrate surface that
laid plan parallel in front of the frozen target (Gyorgy et
al., 2009). At the same time, matrix-assisted pulsed laser
evaporation (MAPLE) was used and laser pulse inten-
sities were cut down by an order of magnitude, compared
with their common level on irradiating other type of mate-
rials, e.g. inorganics to give an additional precaution.

Enzymatic immobilization of enzyme

To avoid the harsh immobilization process and partial
denaturation of enzyme protein, enzyme mediating immo-
bilization of enzyme has been emerging as a novel tech-
nology to fabricate solid protein formulations (Tanaka et
al., 2007; Wong et al, 2008). As model proteins,
enhanced green fluorescent protein (EGFP) and gluta-
thione S-transferase (GST) were tagged with a neutral
Gin-donor substrate peptide for MTG (Leu-Leu-GIn-Gly,
LLQG-tag) at their C-terminus and immobilized onto the
casein-coated polystyrene surface (Tanaka et al., 2007)
(Figure 6). Only in the presence of active MTG they could
be attached on the support surface, which indicated that
those proteins were enzymatically immobilized to the
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surface. In another case of phosphopantetheinyl trans-
ferase Sfp mediating site-specific covalent immobilization
of recombinant proteins, it was shown that the Sfp
catalyzes immobilization of a model acyl carrier protein
(ACP) onto CoA-derivatized PEGA resin beads through
specific covalent bond formation, using mass spectro-
metry (Wong et al., 2008). Luciferase (Luc) and gluta-
thione-S-transferase (GST) ybbR-fusion proteins were
similarly immobilized onto PEGA resin retaining high
levels of enzyme activity. Wong et al. (2008) have also
applied this strategy to the immobilization of the ACP, as
well as ybbR-Luc, -GST and -thioredoxin fusion proteins,
on hydrogel microarray slides. Overall, the Sfp-catalyzed
surface ligation is mild, quantitative and rapid, occurring
in a single step without prior chemical modification of the
target protein. However, further improvements must be
achieved, especially in terms of immobilization yields, if
the technology will be used in the industrial biocatalysis.
Click-chemistry protocol has attracted great attention in
the past several years, and it has been applied in organic
synthesis, medicinal chemistry, polymer and material
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sciences, bioconjugate and peptide chemistry (Lewis et
al., 2002). The required process characteristics include
simple reaction conditions (ideally, the process should be
insensitive to oxygen and water), readily available starting
materials and reagents, the use of no solvent or a solvent
that is benign (such as water) or easily removed and
simple product isolation. A simple and versatile method
using “click chemistry” has been developed to prepare
the functional enzyme-gold nanoparticle conjugates
(Brennan et al., 2006). In a copper-catalyzed 1, 2, 3-
triazole cycloaddition, an acetylene-functionalized Ther-
momyces lanuginosus lipase has been attached to azide-
functionalized water-soluble gold nanoparticles under
retention of enzymatic activity. The coupling chemistry
used here is very general and independent of the chemi-
cal nature of the nanoscopic subunits (Figure 6).

Click chemistry technology using Huisgen [2+3]
cycloaddition reaction has also been used to construct a
novel lipase—BSA heterodimer, in which the latter protein
acts as a foot enabling the anchoring of the enzyme onto
the surface for single enzyme studies (Hatzakis et al.,
2006). The resulting TLL-BSA hetero-dimer was shown
to possess a higher activity than TLL, which is tentatively
attributed to the “interfacial activation” of the lipase
caused by the presence of the hydrophobic BSA. More
over, all studied dimers exhibited good activity and
stability.

Multi-step immobilization

Multi-step immobilization is one of the technologies to
enhance enzyme immobilization, especially covalent im-
mobilization. The intermolecular reaction between func-
tional group on support surface with that of enzyme, such
as epoxy groups and soluble enzymes, is extremely slow
(van Langen et al, 2002). To solve this problem,
Fernandez-Lafuente (?7?7?) and his co-workers designed
“tailor-made” heterofunctional epoxy supports and
immobilized enzymes via a two-step process (Mateo et
al., 2007). This process included:

or chemical intermolecular

(i) An initial physical



interaction of the enzyme surface with the new functional
groups introduced on the support surface and

(i) A subsequent intense intramolecular multipoint cova-
lent reaction between the nucleophiles of the already
immobilized enzyme and the epoxy groups of the
supports.

Even though it may not be current to immobilize many
native proteins, the immobilization protocol with the
“tailor-made” heterofunctional epoxy supports was a
powerful tool to get a site-directed rigidification of proteins
and prepare high-stability immobilized enzyme for Indus-
trial biotechnology. For the differences between primary
structures of many native proteins, the functional
supports used in the above method may not be able to
immobilize many native enzymes.

In the future, information derived from protein sequen-
ces, 3D-structures and reaction mechanism should be
further combined with the properties of carriers (func-
tional groups, hydrophobicity and magnetic properties)
and physical/chemical methods in order to produce the
immobilized enzyme with even more stability and higher
catalytic activity. In addition, with the growing attention
paid to the cascade enzymatic reaction (Dalal et al.,
2007; Schoevaart et al.,, 2000) and in vitro synthetic
biology (Forster and Church, 2007; Gore and van
Oudenaarden, 2009), multi-enzyme immobilization will be
one of next goals.
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