
Immobilised Enzymes Technical Field The present
invention relates to a method for immobilizing enzymes
in a solid porous support, and to enzymes immobilized
in solid porous supports. Background of the Invention
Enzyme-catalyzed asymmetric reactions have emerged as
one of the most important fields in organic and
pharmaceutical synthesis. The kinetic resolution of
racemic mixtures is still the most common way to get
enantiomerically pure compounds on industrial scales
and in academic research. Through kinetic resolution,
one enantiomer of a racemic mixture is selectively
reacted, whereas the other remained unreacted due to
differences in transformation rates. Immobilization of
enzymes on solid supports makes them more mechanically
robust, thermally stable, and easily separated from
the reaction media. The catalyst activity may also be
enhanced when enzymes are immobilized due to reduced
enzyme aggregation, especially in non-polar organic
media. Polymers and inorganic supports are typically
used for immobilizing enzymes. Both covalent bonding
and non-covalent interaction have been used for enzyme
immobilization. The interaction between the enzyme and
the support surface has a significant effect on the
enzyme loading, catalyst activity, and stability
against enzyme leaching during reaction. Research has
been conducted on enzyme immobilization onto
mesoporous silica, mostly via physical adsorption.
Porous, hydrophobic silica materials are good
candidates as supports for immobilized enzymes since
their hydrophobicity may facilitate the access of
substrates to the entrapped enzymes within their
pores. In addition, the weak hydrophobic interaction
between enzyme and support allows the former to
maintain its active conformation, leading to high
activity. However, there still exist some challenges
in the immobilization of enzymes onto hydrophobic
porous silica. Conventionally, the immobilization
involves stirring porous silica support with the
enzyme stock. Relatively low enzyme loading is
generally achieved due to the low affinity of aqueous
enzyme stock solution with the hydrophobic silica
support. The leaching of enzymes from the support is
another problem associated with the conventional
method. Blanco et al (Blanco, R. M ; Terreros, P.;
Fernandez-Perez, M.; Otero, C.; Diaz-Gonzalez, G. J.
MoI. Catal. B: Enzym. 2004, 30, 83) has reported that
leaching of lipase from a hydrophobicmesoporous silica
is not likely in anhydrous media, and the immobilized
lipase remains 



active for 15 reaction cycles in acylation of
ethanolamine with lauric acid. However, the period of
each cycle is only one hour. If stirred for a longer
time in anhydrous organic solvent, leaching of enzymes
would be likely to occur. There is therefore a need
for a method for immobilizing an enzyme on and/or in a
solid support such that leaching of the enzyme from
the support is reduced. The method would preferably
provide high reactivity of the enzyme and improved
thermal stability of the enzyme relative to
unimmobilised enzyme. Object of the Invention It is an
object of the present invention to overcome or
substantially ameliorate at least one of the above
disadvantages. It is a further object to at least
partially satisfy the above need. Summary of the
Invention In a first aspect of the invention there is
provided a process for immobilizing a biological
species in and/or on a porous support comprising
passing a fluid comprising the biological species
through the porous support under high pressure. The
high pressure may be greater than about 10MPa, and
maybe between about 25 and 50MPa. The process may
comprise recycling the liquid through the porous
support under the high pressure. The biological
species may be a protein, a protein fragment, a
saccharide, a DNA fragment, a peptide or a combination
of two or more of these. The biological species may be
an enzyme. The fluid comprising the biological species
may be a liquid, and may be an aqueous liquid, and may
be an aqueous solution. The porous support may be an
inorganic porous support, and may comprise silica, or
may comprise a metal, or a metal oxide or a mixed
metal oxide. The metal may be for example iron,
titanium, zirconium or aluminium. The porous support
may be a foam, for example an open celled foam, or may
be sintered or otherwise porous. It may be
mesostructured cellular foam (MCF) or FDD- 12. The
porous support may be mesoporous. It may have a mean
pore size of between about 2 and 50 nra, The porous
support may be particulate, and may have a mean
particle size between about lOOnm and 200 microns. It
may have a narrow particle size distribution. The
porous support may be hydrophobic. The process may
comprise the step of chemically modifying the porous
support, and may comprise hydrophobing the porous
support (i.e. rendering it hydrophobic) before passing
the liquid comprising the biological species
therethrough. The step of chemically modifying
(e.g.hydrophobing) may comprise exposing the porous
support to a chemical modifying agent 



(e.g. a hydrophobing agent), for example an
alkylsilane, and may comprise exposing the porous
support to a solution, a suspension, an emulsion or a
dispersion of the chemical modifying agent. The porous
support may be dried before passing the liquid
therethrough. The process may additionally comprise
one or more of the steps of: - washing the porous
support with an organic washing liquid after the step
of chemically modifying, - washing the porous support
with an aqueous washing liquid after the step of
chemically modifying, - drying the porous support
after the step of chemically modifying, optionally
after one or both of the steps of washing, - washing
the porous support with an organic washing liquid
after the step of passing the fluid comprising the
biological species therethrough, - washing the porous
support with an aqueous washing liquid after the step
of passing the fluid comprising the biological species
therethrough, and drying the porous support after the
step of passing the fluid comprising the biological
species therethrough, optionally after one or both of
the steps of washing after the step of passing. In one
embodiment, the process comprises the steps of: -
hydrophobing a porous support, - drying the porous
support, and - recycling a liquid comprising an enzyme
through the porous support under a pressure of greater
than 10 MPa. The porous support may be a porous silica
support. In another embodiment the process comprises
the steps of: - hydrophobing a porous support, -
washing the porous support with an organic washing
liquid, - washing the porous support with an aqueous
washing liquid, - drying the porous support, recycling
a liquid comprising an enzyme through the porous
support under a pressure of greater than 10 MPa, -
washing the porous support with an organic washing
liquid, - washing the porous support with an aqueous
washing liquid, and 



drying the porous support. The porous support may be a
porous silica support.In a second aspect of the
invention there is provided a porous support having a
biological species immobilized therein and/or thereon,
when made by a process comprising immobilizing the
biological species in and/or on the porous support
according to the first aspect of the invention. The
porous support may have greater than about 50mg s of
biological species per gram of support immobilized
therein, and may have between about 50 and 300mg of
biological species per gram of support immobilized
therein. The biological species may be a protein, a
protein fragment, a saccharide, a DNA fragment, a
peptide or a combination of two or more of these. It
may be an enzyme. The porous support having the
biological species immobilized therein may be
thermally stable, and o may show no substantial loss
in activity after being maintained at 15 hours ai
800C. The porous support having the biological species
immobilized therein may be recyclable, and may show a
loss of activity of less than about 20% after 8
sequential reuses. In one embodiment there is provided
a hydrophobic mesoporous silica support having an
enzyme immobilized therein, when made by a process
comprising: s - hydrophobing a silica support, -
drying the silica support, and - recycling an aqueous
liquid comprising the enzyme through the silica
support under a pressure of greater than 10 MPa. The
invention also provides a porous support having a
biological species 0 immobilized therein and/or
thereon, wherein the porous support has greater than
about 50mg of biological species per gram of support
immobilized therein and/or thereon. The porous support
may have a higher loading of biological species
immobilized therein and/or thereon than the porous
support having the biological species immobilized
therein and/or thereon by a process performed at
atmospheric pressure. It may have a reduced s rate of
leaching of the biological species than it would have
if it were loaded with the biological species under
atmospheric pressure. The biological species may be
protein, a ptotein fragment, a saccharide, a DNA
fragment, a peptide or a combination of two or more of
these. It may be an enzyme. The porous support may be
an inorganic porous support, and may comprise silica,
or may comprise a metal, or a metal oxide or a mixed 0
metal oxide. The metal may be for example, iron,
titanium, zirconium or aluminium. The porous support
may be a foam, for example open celled foam, or may be
sintered or 



otherwise porous. It may be mesostructured cellular
foam (MCF) or FDU-12. The porous support may be
mesoporous. It may have a mean pore size of between
about 2 and 50 nra The porous support may be
particulate, and may have a mean particle size between
aboutlOOran and 200 microns. It may have a narrow
particle size distribution. The porous support may be
hydrophobic. In a third aspect of the invention there
is provided a method for catalyzing a chemical
reaction comprising exposing a starting material to a
porous support having a biological species immobilized
therein, wherein the biological species comprises an
enzyme capable of catalyzing the reaction of the
starting material to produce a product The porous
support having a biological species immobilized
therein may be made by a process comprising
immobilizing the biological species in and/ox on the
porous support according to the first aspect of the
present invention. It may have greater than about 50mg
of biological species per gram of support immobilized
therein and/or thereon. The porous support may have a
higher loading of biological species immobilized
thereon than the porous support would have if it were
loaded with the biological species under atmospheric
pressure. The product may be a chiral product, and may
have an enantiomeric excess (ee) of greater than about
95%. The chemical reaction may be an asymmetric or
enantioselective chemical reaction. The method may be
conducted whereby the starting material is in
solution. The method may comprise passing the solution
through the porous support, and may comprise passing
the solution through the porous support at a rate such
that the starting materia] has sufficient time to
react to produce the product. The method may comprise
suspending, stirring or otherwise distributing the
porous support in the solution. It may additionally
comprise allowing sufficient time for the starting
material to react to produce the product. The
sufficient time may depend on the nature of the
biological entity, the starting material and the
reaction. It may be for example between about 10
minutes and 24 hours. The solution may also comprise a
reagent, said reagent being capable of reacting with
the starting material under the influence of the
biological species to produce the product. The method
may also comprise one or more of: - separating the
porous support from the solution, - washing the porous
support, - drying the porous support, and - separating
the product from the solution. 



The steps of washing and drying the porous support may
enable reuse of the porous support in subsequent
reactions. The step of washing may comprise one or
more individual washing steps, and each individual
washing step may use different washing liquids. Each
washing liquid may, independently, be aqueous or
organic. The porous support may or may not be dried
between any two individual washing steps.In an
embodiment, there is provided a method for catalyzing
a chemical reaction comprising; - exposing a solution
comprising a starting material and a reagent to a
porous support having a biological species immobilized
therein, - allowing sufficient time for reaction of
the starting material and the reagent, - separating
the porous support from the solution, and - separating
a product from the solution, wherein the biological
species comprises an enzyme capable of catalyzing the
reaction of the reagent and the starting material to
produce the product. The porous support having the
biological species immobilized therein may be made by
a process comprising immobilizing the biological
species in and/or on the porous support according to
the first aspect of the present invention. The
invention also provides a product when produced by the
chemical reaction catalysed by the method of the third
aspect. In a fourth aspect of the invention there is
provided a reactor (for example a packed bed reactor)
for converting a starting material to a product
comprising a porous support having a biological
species immobilized therein according to the process
of the first aspect of the invention, said porous
support being disposed within a housing. The
biological species may be capable of converting the
starting material to the product. The housing may
comprise for example an HPLC column housing, a
pressure housing, a pressure vessel or some other
suitable type of housing. It may comprise a
restraining device for preventing the porous support
from exiting the housing. The restraining device may
be porous, and may be a frit, a filter or some other
porous device known in the art of HPLC column
manufacture. The invention also provides for a reactor
according to the fourth aspect of the invention when
used for converting a starting material into a
product. In a fifth aspect of the invention there is
provided a process for preparing a reactor for
converting a starting material to a product (for
example a reactor according to the fourth aspect of
the invention) comprising at least partially filling a
housing with a porous 



support having a biological species immobilized
therein. The biological species may be capable of
converting the starting material to the product. The
porous support having the biological species
immobilized therein may be according to the second
aspect of the invention, or may be made by
immobilizing the biological species in the porous
support according to the process of the first aspect
of the invention. The housing may have means to
prevent the porous support from exiting the housing.
The means may comprise for example a filter, a frit or
some other porous material. The means may have a pore
sizesmaller than the porous support. The means and the
housing may be capable of withstanding the pressures
used in the reactor, They may be capable of
withstanding a pressure of at least 10MPa. The housing
may be for example an HPLC column housing, and the
construction thereof may be according to the methods
and parameters well known in the art of making HPLC
columns, or it may be some other type of housing. The
t least partially filling may comprise forming a
mixture, for example a slupy or a suspension, of the
porous support with a filling liquid and locating the
mixture in the housing. The process may also comprise:
- increasing the pressure within the housing to a
filling pressure - passing a second liquid through the
housing at the filling pressure; and - optionally,
reducing the pressure within the housing to
atmospheric pressure. The second liquid may be the
same as the filling liquid, or it may be different
from the second liquid. In a sixth aspect of the
invention there is provided a process for preparing a
reactor for converting a starting material to a
product (for example a reactor according to the fourth
aspect of the invention) comprising: - at least
partially filling a housing with a porous support; and
- immobilizing a biological species in and/or on the
porous support by passing a liquid comprising the
biological species through the porous support under
high pressure. The step of immobilizing may be
conducted according to the process of the first aspect
of the invention. The biological species may be
capable of converting the starting material to the
product. The housing may be as described for the fifth
aspect of the invention. The invention also provides a
reactor for converting a starting material to a
product when made by the process of the fifth or sixth
aspect of the invention. It further provides 



a method for converting a starting material to a
product comprising passing the starting material
through a reactor according to the fourth aspect of
the invention, or a reactor made by the process of the
fifth or sixth aspect of the invention. Brief
Description of the Drawings A preferred form of the
present invention will now be described by way of
example with reference to the accompanying drawings
wherein: Figure 1 is a graph showing catalytic
activities of CALB/MCF-C|g (squares), CALBZMCF-C 8
(circles), and free CALB (triangles) in the example;
Figure 2 shows two graphs showing conversion vs. time
in sequential runs over CALB/MCF-Cg prepared by (a)
the conventional immobilization method, and (b) the
pressure-driven method of the present invention;
Figure 3 is a graph showing 1-hour conversions
achieved in sequential runs by commercial immobilized
CALB (Novozym 435) (squares), CALB/MCF-Cbimmobilized
by the pressure-driven method of the present invention
(circles) and CALB/MCF-Cis immobilized by the
pressure-driven method of the present invention
(diamonds); and Figure 4 shows four graphs of the
conversion of CALB/MCF-Cbprepared by (a) the pressure
driven method of the present invention, (b) the
conventional method, (c) Novozym 435, and (d) free
CALB, wherein catalysts were tested before (solid
lines) and after (dashed lines) thermal treatment.
Detailed Description of the Preferred Embodiments The
present specification discloses a novel
pressure-driven method to entrap or immobilise enzymes
or other biological entities within the pores of a
solid support (matrix), such as a mesoporous silica
support modified with hydrophobic silanes. The
leaching and thermal stability of the immobilized
enzymes have been examined. The solid support may
comprise cell-like mesopores connected by windows of a
smaller size. A solid support having a suitable pore
size may be used. The suitable pore size may depend on
the size of biological material, so that the
biological species fits into the cell-Uke mesopores of
the solid support, In the case of MCF, the pore sizes
(window pore size and cell pore size) may be readily
controlled during its synthesis. The process of the
present invention comprises passing a biological
species through a porous support, optionally recycling
the species through the porous support, under high
pressure. The high pressure may depend for example on
the particle size and pore size of the porous support.
It may be greater than about 10MPa, and may be greater
than about 



15, 20, 25, 30, 35, 40, 45 or 50MPa, and may be
between about 10 and 50, 20 and 50, 30 and 50, 40 and
50, 10 and 40, 10 and 30, 10 and 20, 20 and 40 or 20
and 30MPa, and may be about 10, 15, 20, 25, 30, 35,
40, 5 or 50MPa. The passing, or recycling, may be for
a period of at least 30 minutes, or at least 1, 1.5,
2, 2.5, 3, 3.5, 4, 4.5 or 5 hours, and maybe for
between about 0.5 and 5 hours, or between about 0.5
and 2, 0.5 and 1, 1 and 5, 2 and 5 or 1 and 3 hours,
and may be for about 1, 1.5, 2, 2,5, 3, 3.5, 4, 4.5 or
5 hours. A low temperature such as O0C may be used
during the passing or recycling. This may be useful
where the biological species is unstable. The low
temperature may be between about 0 and 150C, or
between about 0 and 10, 0 and 5, 5 and 10 or 10 and 15
C, and may be about0 5, 10 or 150C. The biological
species may be a protein, a protein fragment, a
saccharide, an enzyme, a DNA fragment, a peptide or a
combination of two or more of these. The biological
species may be in a fluid, and the fluid may be a
liquid, for example an aqueous liquid, and may be
dissolved, suspended, emulsified or dispersed in the
fluid. The concentration of the biological species in
the fluid will depend on the nature of the biological
species. The concentration may be between about 1 and
50mg/ml, ox between about 1 and 25, 1 and 10, 1 and 5,
5 and 50, 10 and 50, 25 and 50> 5 and 25 or 5 and 10
mg/ml, and may be about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,
15, 20, 25, 30, 35, 40, 45 or 50 mg/ml. The fluid may
also comprise other species, for example, salts,
buffers, nutrients etc. The pH of the fluid may depend
on the nature of the biological species, and should be
such that the biological species is stable. It may
have a pH between about 2 and 9, or between about 2
and 7, 2 and 5, 4 and 9, 7 and 9 or 4 and 7, and may
have a pH of about 2, 3, 4, 5, 6, 7, 8 or 9. The
biological species may be passed through, or recycled
through, the porous support at a temperature that does
not denature or degrade the biological species and
will depend on the nature of the biological species. A
porous support having a biological species immobilized
thereon according to the present invention may have
greater than 50mg biological species per gram of
porous support, or greater than 75, 100, 125, 150,
175, 200, 225, 250, 275 or 300 mg/g, and may have
between about 50 and 300mg/g, or between about 100 and
300, 150 and 300, 200 and 300, 250 and 300, 50 and
250, 50 and 100, 100 and 250 or 150 and 200mg/g, and
may have about 50, 75, 100, 125, 150, 175, 200, 225,
250, 275 or 300 mg/g. The porous support may have a
higher loading of biological species immobilized
thereon than the . porous support would have if it
were loaded with the biological species under
atmospheric pressure. It may be at least about 10%
higher, or at least about 15, 20, 25, 30, 



35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95 or
100% higher than the porous support would have if it
were loaded with the biological species under
atmospheric pressure. It may for example be about 10,
15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75,
80, 85, 90, 95, 100, 110, 120, 130, 140 or 150% higher
than the porous support would have if it were loaded
with the biological species under atmospheric
pressure. The biological species may be physically
adsorbed into and/or onto the porous support. The
porous support may be mesoporous. It may have a mean
pore size of between about 2 and 50nm or between about
10 and 40, 10 and 30, 10 and 20, 20 and 50, 30 and 50,
40 and 50, 20 and 40 or 20 and 30nm, and may have a
mean pore size about 10, 15, 20, 25, 30, 35, 40, 45 or
50nm. The porous support may be an inorganic porous
support, and may comprise silica, or a metal, or a
metal oxide or mixed metal oxide. The metalmay be for
example iron, titanium, zirconium or aluminium. The
porous support may be a foam, for example open celled
foam, or may be sintered or otherwise porous. It may
be mesostructured cellular foam (MCF) or FDU- 12, as
described in Schmidt- Winkel et al, Science, 1999,
548, Lettow et al, Langmuir, 2000, 16, 8291 and Fan et
al, Angew. Chem. Int. Ed. 2003, 42, 3146. It may be a
silica foam according to the copending application
entitled "Mesocelhilar Foam Particles". The porous
support may be particulate, for example
microparticulate or nanoparticulate, and may have a
particle size between about lOOnm and 200 microns. The
particle size may be between about 500nm and 200
microns, or between about 1 and 200, 10 and 200, 50
and 200, 100 and 200, i and 100, 1 and 50 or 1 and 10
microns or between about lOOnm and 100 microns, lOOnm
and 10 microns, lOOnm and 1 micron or 500nm and 1
micron, and maybe about 100, 200, 300, 400, 500, 600,
700, 800 or 900 microns, or about 1, 2, 3, 4, 5, 6, 7,
8, 9, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110,
120, 130, 140, 150, 160, 170, 180, 190 or 200 microns.
The porous support may have a narrow particle size
distribution. There may be less than about 50% of
particles having a particle size more than 10%
different from (greater than or less than) the mean
particle size, or there may be less than about 45, 40,
35, 30, 25, 20, 15, 10 or 5% of particles having a
particle size more than 10% different from the mean
particle size, and may be about 1, 2, 3,4, 5, 10, 15,
20, 25, 30, 35, 40, 45 or 50% of particles having a
particle size more than 10% different from the mean
particle size. The particles of the porous support may
for example comprise cell-like mesopores connected by
windows of a smaller size. The ratio of the size of
the mesopores and the size of the windows may be
between about 10:1 and 1.5:1, or between about 10:1
and 2:1, 10:1 and 



5:1, 5:1 and 1.5:1, 3:1 and 1.5:1, 5:1 and 3:1 or 8:1
and 4:1, and may be about 10:1, 9:1, 8:1, 7:1, 6:1,
5:1, 4.5:1, 4:1, 3.5:1, 3:1, 2.5:1, 2:1 or 1.5:1, or
may be some other ratio. The particles of the porous
support may have some other structure. It should be
understood that when reference is made to the "pore
size" of such materials, it refers to the effective
pore size, i.e. the size of the narrowest portion of a
flow channel through the material. Thus in a structure
comprising cell-like mesopores connected by windows of
a smaller size, the "pore size" refers to the size of
the windows, and not to the size of the mesopores. The
particles may have a pore volume between about 0.5 and
5cm3/g, and may have a pore volume between about 0.5
and 2, 0.5 and 1, 1 and 5, 3 and 5 or 1 and 3 cm3/g,
and may have a pore volume between about 0.5, 1, 1.5,
2, 2.5, 3, 3.5, 4, 4.5 or 5 cmVg. They may have a void
volume of between about 50 and 90%, or between about
50 and 70, 60 and 70, 70 and 80, 80 and 90 or 75 and
85%, and may have a void volume of about 50, 55, 60,
65, 70, 75, 80, 85 or 90%. They may have a bulk
density of betweenabout 0.2 and lg/ml, or between
about 0.5 and 1, 0.2 and 0.5, 0.2 and 0.4, 0.2 and
0.3, 0.3 and 0.4 or 0.25 and 0.35g/rnl. and may have a
bulk density of about 0.2, 0.25, 0.3, 0.35, 0.4, 0.45,
0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95
or lg/ml, The support may be a hydrophobic support.
The process may comprise the step of 5 hydrophobing
the porous support. The step of hydrophobing may
comprise exposing the porous support to a hydrophobing
agent. The hydrophobing agent may be in solution, and
may be dissolved in a solvent. The hydrophobing agent
may have a group capable of reacting with the porous
support, and may also have at least one hydrophobic
group. For example, if the porous support comprises
silica, then the hydrophobing agent may io comprise a
hydrolysable group, such as a chlorosilyl group, an
alkoxysilyl group, a silazane group or some other
suitable group. The hydrophobic agent may be a silane,
for example a halosilane, a silazane or an
alkoxysilane or some other type of hydrolysable silane
(such as an acetoxysilane, an oximosilane, an
amidosilane etc.). The hydrophobic group may be an
alkyl group, for example Cl to C24 alky] or bigger
than C24 alkyl, or an U aryl group, for example C6 to
C12 aryl, or some other suitable hydrophobic group.
The alkyl group may be straight chain or branched
chain, and may have between 1 and 24 carbon atoms, or
between 1 and 18, 1 and 12, 1 and 6, 6 and 24, 12 and
24 or 6 and 18 carbon atoms, and may have 1, 2, 3, 4,
5, 6, 7, 8, 9, 10, 11, 12, 14, 16, 18, 20, 22 or 24
carbon atoms. It may comprise a cycloalkyl group such
as cyclopentyl, cyclohexyl or z cycloheptyl. The aryl
group may be for example phenyl, biphenyl, naphthyl or
some other 



aryl group. The aryl or alld group may be fluorinated
or polyfluorinated or perfluorinated. The hydrophobing
agent may have one, two, three or more than three
hydrophobic groups per molecule. It may for example
have a formula RnSiX-;.,, or RMe^SiCl, where R is the
hydrophobic group, X is the hydrolysable group and n
is 1, 2 or 3. Alternatively the 25 hydrophobing agent
may comprise a siloxane or a cyclosiloxane. Suitable
hydrophobing agents may include
chlorodimethyloctylsilane,
chlorodimethyloctadecylsilane, methoxytrimethylsilane,
dimethyldimethoxysilane, hexamethyldisilazane,
hexamethyldisiloxane, decamethylcyclopentasiloxane
(D5) or other cyclosiloxanes. The process of
hydrophobing may comprise exposing the porous support
to the hydrophobing 0 agent, optionally together with
a catalyst, for between about 1 and 48 hours, for
example between 1 and 24, 1 and 12, 12 and 48, 24 and
48 or 12 and 36 hours (e.g. for about 1, 2, 3,4 ,5 ,6,
12, 18, 24, 30, 36, 42 or 48 hours) at a temperature
between about 10 and 800C. The temperature may be
between about 10 and 60, 10 and 40, 10 and 20, 20 and
80, 40 and 80, 60 and 80, 20 and 60 or 40 and 60 C,
and may be about 10, 20, 30, 40, 50, 60, 70 5 or 8O0C.
The catalyst may depend on the nature of the
hydrophobing agent and of theporous support. It may be
for example an amine, such as a tertiary amine, and
may be for example trimethylamine or triethylamine,
pyridine r some other base. The hydrophobing agent
and, if present, the catalyst, may be dissolved in a
solvent. The solvent may be OTganic, and may be
non-hydr xylic, and may e for example toluene, xylene
or some other suitable solvent. The exposing may
comprise immersing the porous support in a solution of
the hydrophobing agent in the solvent, and may
comprise stirring, swirling, shaking, sonicating or
otherwise agitating the solution with the porous
support therein, or it may comprise passing the
solution through the porous support, and optionally
recirculating the solution through the porous support.
The present invention also envisages other types of
chemical modification which may be appropriate
depending on the nature of the porous support and the
biological species. The porous support may be degassed
and/or dried before being chemically modified or
hydrophobed. It may be heated to a temperature between
about 100 and 200C, for example between 100 and 150,
100 and 120, 150 and 200, 170 and 200 or 125 and 1750C
(e g. about 100, HO, 120, 130, 140, 150, 160, 170,
180, 190 or 2000C). It may have heated, and optionally
dried, gases passed therethrough at a temperature as
listed above. It may have gases, optionally dried
gases, passed therethrough at atmospheric temperature.
It may be exposed to a vacuum at a temperature as
listed above. The vacuum may have 



an absolute pressure of less than about 10"2 torr, or
less than about 5*1O 3 , 10"3 , 5*l q 10"4, 5* 0 s ,
10 s , 5*10 or 10 6 torr, and may have an absolute
pressure of between about 10"2 and 10 6 torr, or
between about 10'3 and 10"6 torr, 10 4 and 10*6 torr,
10 5 and 10"6 torr, 10 3 and 10 5 torr or 10"4 and 10'
s torr, and may have a pressure of about 5*10' 3, 10
3, 5*10 , 10 4 , 5* 10 5, 10 5, 5*1O or 10 torr. After
being chemically modified (e.g. hydrophobed), the
porous support may be washed one or more times. Each
wash may be with a different washing solvent, or some
of the washes may be with the same solvent The solvent
may be aqueous or may be organic. The organic solvent
may be polar or non-polar. Suitable solvents include
water, methanol, ethanol, isopropanol, acetone,
dichloromethane, ethyl acetate, toluene and xylene,
and may also be any miscible combination of suitable
solvents. After any or all of the washes the porous
support may be dried. The drying may comprise for
example heating (for example as described above),
passing a gas through the porous substrate, or
exposing the porous substrate to a vacuum (for example
as described above). The gas may be air, nitrogen,
carbon dioxide or some other gas, and may be heated or
may be not heated.After the step of passing the
biological species through the porous support, the
porous support may be washed one or more times, as
described above. After any or all of the washes the
porous support may be dried, The drying may comprise
for example heating, passing a gas through the porous
substrate, or exposing the porous substrate to a
vacuum. The gas may be air, nitrogen, carbon dioxide
or some other gas, and may be heated or may be not
heated. The heating (and/or the heated gas) may employ
a temperature that does not degrade or denature the
biological species. This will depend on the nature of
the biological species. The porous support having the
biological entity supported therein may be thermally
stable. It may be thermally stable up to a temperature
of about 500C, or up to a temperature of about 60 70,
80, 90 or 1000C. It may show a loss in catalytic
activity of less than about 10%, or less than about 9,
8, 7, 6, 5, 4, 3, 2 or 1% on heating to the
temperature for about 15 hours, or about 14, 13, 12,
11, 10, 9, 8, 7, 6 or 5 hours. The heating may be in
air or in some inert gas, for example nitrogen or
carbon dioxide, or it may be in a vacuum. A porous
support according to the present invention, having a
biological species immobilized therein, may be used to
catalyse a chemical reaction of a starting material to
a product. The chemical reaction may be one which may
be catalysed by the biological 



species. It may be an asymmetric reaction and may be a
reaction that generates a chiral product. The
enantiomeric excess of the chiral product may be
greater than about 95%, or greater than about 96, 97,
98, 99, 99.5, 99.6, 99.7, 99.8 or 99.9, and may be
about 95, 96, 97, 98, 99, 99.5, 99.6, 99,7, 99.8, 99.9
or 100%. The enantiomeric excess may be about the same
as if the reaction were conducted with the biological
species not immobilized in the porous support, or it
may be different. The method of catalyzing the
reaction may comprise passing a solution of the
starting material in a solvent through the porous
support, or it may comprise suspending, stirring or
otherwise distributing the porous support in the
solution. The solution may also comprise a reagent,
said reagent being capable of reacting with the
starting material under the influence of the
biological species to produce the product. The solvent
may be any suitable solvent which is capable of
dissolving the starting material and, if present, the
reagent. It may be an aqueous solvent or an organic
solvent, or a mixture comprising an aqueous and an
organic solvent. Suitable solvents include water,
methanol, ethanol, isopropanol, acetone,
dichloromethane, ethyl acetate, toluene and xylene,
and combinations of solvents. Thus the reaction maybe
conducted continuously, by passing a stream of
starting material in a solvent, optionally together
with a reagent, through the porous support.
Alternatively it may be conducted batchwise, wherein,
for example, asingle batch comprises contacting a
batch of starting material in a solvent, optionally
together with a reagent, with the porous support,
allowing sufficient time for reaction. In either case
it is important that the starting material be in
contact with the porous support for sufficient time
for reaction to occur. The sufficient time will depend
on the nature of the starting material, of the
reaction and of the porous support (for example the
loading of biological species in the porous support).
The sufficient time may be between about 10 minutes
and 24 hours. The sufficient time may be between 10
minutes and 12 hours, 10 minutes and 6 hours, 10
minutes and 3 hours, 10 minutes and 1 hour, 10 and 30
minutes, 1 and 24 ho s 6 and 24 hours, 12 and 24
hours, 18 and 24 hours, 1 and 12 hours or 1 and 6
hours, and may be about 10, 20, 30, 40 or 50 minutes,
or about 1, 2, 3, 4, 5, 6 7, 8, 9, 10, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20, 21, 22, 23 or 24 hours, or may
be more than 24 hours. If the reaction is conducted
continuously as described above, the flow rate of the
solution through the porous support having the
biological entity immobilized therein may be
sufficient to allow sufficient time for the reaction
to occur. Thus the flow rate will be less than or
equal to one column length per the sufficient time (as
detailed above). The 



actual flow rate (in ml/min, for example) will
therefore depend on the dimensions (particularly the
cross-sectional area) of a container (e.g. column) in
which the porous support having the biological entity
immobilized therein is located. The flow rate may be
adjusted, for example, by adjusting the pressure
applied to the solvent comprising the starting
material. The method may also comprise one or more of:
- separating the porous support from the solution, -
washing the porous support, - drying the porous
support, and - separating the product from the
solution. The step of separating the porous support
may comprise filtering, centrifuging,
ulrxacentnfuging, settling, decanting or a combination
of these, or it may comprise some other suitable
method. The step of washing may comprise suspending
the porous support in a washing solvent, stirring,
swirling, shaking, sonicating or otherwise agitating
the porous support in a washing solvent, passing a
washing solvent through the porous support or any
combination of these. The washing solvent may be any
suitable solvent, for example water, methanol,
ethanol, isopropanol, acetone, dichloromethane, ethyl
acetate, toluene and xylene, or it may be a
combination of solvents. The step of washing may be
conducted several times, and may be conducted using
different washing solvents. After each washing step,
the porous support may be dried, or it may not be
dried. Thedrying may comprise for example heating,
passing a gas through the porous substrate, or
exposing the porous substrate to a vacuum. The gas may
be air, nitrogen, carbon dioxide or some other gas,
and may be heated or may be not heated. The heating
(and/or the heated gas) may employ a temperature that
does not degrade or denature the biological species.
This will depend on the nature of the biological
species. A low temperature such as O0C may be used
during the passing or recycling. This may be useful
where the biological species is unstable. The low
temperature may be between about 0 and 2S0C, or
between about 0 and 20, 0 and 15, 0 and 10, 0 and S, 5
end 10, 10 and IS, 15 and 20, 20 and 25, 5 and 20, 5
and 15 or 10 and 2O0C, and may be about 0, 5, 10, 15,
20 or 25 C The step of separating the product from the
solution may be performed using any of the methods
known in the art for doing so. These may include, for
example, one or more of: preparative HPLC, preparative
GC, column chromatography, evaporation, distillation,
recrystallisation, solvent precipitation or
sublimation. 



The support with the biological entity immobilized
thereon may be reused for multiple batches, i.e. in
any one batch (except the first batch) the support
with the biological entity thereon may have been used
in an earlier reaction. It may be reused for more than
1 batch, or more than 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19 or 20 batches. The
catalytic activity on any reuse may drop from the
original catalytic activity by less than about 20%, or
less than about 20, 15, 10 or 5%, and may drop by
about 0, 0.1, 0.2, 0.3, 0.4, 0.5, 1, 1.5, 2, 2.5, 3,
4, 5, 10, 15 or 20%. Experiment Materials The support
materials were mesosrractured cellular foam (MCF) and
FDU-12, which were synthesized according to literature
(Schmidt-Winkel et / Science, 1999, 548, Lettow et al,
Langmuir, 2000, 16, 8291 and Fan et al, Angew. Chem,
Int. Ed., 2003, 42, 3146). Free enzyme, Candida
Antarctica 2 Lipase B (CALB), was purchased from
Roche. Novozyme 435 (a commercial immobilized enzyme)
was provided by Novo Nordisk.
Chlorodimethyloctylsilane and
chlorodimethyloctadecylsilane were purchased from
Aldrich. Methods Chemical Modification of Mesoporous
Materials Two long-chain alkyl groups, octyl and
octadecyl, were used to prepare hydrophobic mesoporous
materials. After degassing at 15O0C under vacuum
overnight, MCF (3.0 g) was suspended in toluene (40
ml), Triethylamme (12.0 mmol, 1.67 ml) and
chlorodimethyloctylsilane (6.0 mmol, 1.42 ml) were
then added sequentially understirring. The suspension
was stirred at 6O0C for 24 hr and filtered. The solid
was washed with toluene, methanol, acetone and
dichloromethane several times, and dried under vacuum,
The modified MCF is termed MCF-C8. MCF-Cl 8 was
prepared by the same procedure except that
chlorodimethyloctadecylsilane (6.0 mmol, 2.08 g) was
used instead of chlorodimethyloctylsilane. FDU-12-C8
was also prepared by the same procedure using FDU- 12
instead of MCF. Enzyme Immobilization Conventional
Loading Method The functionalized MCF (0.6 g) was
stirred vigorously in 50 ml of CALB stock solution (8
mg/ml) for 24 hr, The suspension was filtered and
washed with distilled water and hexane After drying
under vacuum, the sample was subjected to C, H, N
analysis for 



enzyme loading, based on the proportion of nitrogen in
free enzyme. The result was confirmed by measuring the
protein amount in the supernatant after immobilization
via Bradford assay. Pressure-Driven Loading Method The
functionalized MCF (0.6 g) was dispersed in
cyclohexane and then packed into a high-pressure
liquid chromatography (HPLC) column (100 mm x 4.6 mm)
under ft high pressure using a slurry packer. The
packed column was fully dried under vacuum. Enzyme
stock solution (50 ml, 8 mg/ml) was cycled through the
silica column for 2 hr under a high pressure of 5000
psi (about 35MPa) The enzyme-loaded silica was then
collected from the column, washed with distilled water
and hexane, and dried under vacuum. The enzyme loading
was determined by C, H, N analysis and Bradford assay
as described in the previous section. Catalytic
Reaction Kinetic resolution of 1-phenylethanol
acylated with isopropepyl acetate was used to assess
the catalytic activity (Scheme 1). Scheme 1: Kinetic
resolution of 1-phenylethanol with isopropenyl acetate
by CALB In a typical procedure, a certain amount of
catalyst (containing a fixed total CALB loading of 10
mg) was dispersed in dry toluene (t5 ml). I
-phenylethanol (10.8 mmol, 1.34 ml) and isopropenyl
acetate (17.4 mmol, 1,58 ml) were then added
sequentially atroom temperature. The reaction was
monitored with gas chromatography (GC) until complete
conversion was achieved. The enantiomeric excess (%
ee) was then determined by HPLC. Catalyst Recycling
After the reaction was finished, the catalyst was
filtered, washed several times with toluene, and dried
under vacuum. The dried catalyst was reweighed so as
to determine the exact amount of substrates to be used
in the new reaction cycle. Pack Bed Reactor CALB was
immobilized onto MCF-C18 by the pressure-driven method
using a 250 mm x 4.6 mm HPLC column. The column was
washed several times with distilled water under a high
pressure (2000 psi). It was then dried under vacuum,
and used directly as a pack bed reactor. 0.65 M of
1-phenylethanol and 0,97 M of isopropenyl acetate in
toluene were flowed through the pack bed reactor. To
determine the flow rate for achieving full conversion,
the product was continuously analyzed with GC. 



Results and Discussion Characterization
ofFunctionalized MCF Calcined MCF has well-defined and
ultralarge mesopores with a mean pore diameter of 24
ran, Its pore volume and surface area are 2.2 cmVg and
680 m2/g, respectively, The pore diameter can be
controlled easily by changing the synthesis condition.
The modification of MCF with Cg groups decreased the
pore diameter by 2 nm (Table 1). When modified with
Ciggroups, MCF showed a decrease in pore diameter by 4
nm. The surface area and pore volume of MCF-Cg and
MCF-Cj were also lower than the unmodified MCF (Table
1), Table 1. Characteristics of the CALB-loaded
mesoporous silica. Enzyme Loading Compared to the
conventional method, the pressure-driven method gave
much higher enzyme loading (by 3 to 4 times) on MCF-C
, MCF-Cu and FDU-12-C8in a shorter period of time
(Table 1). For example, 24-hour of stirring led to an
enzyme loading of 92 mg/g of MCF-C8, whereas an enzyme
loading of 275 mg/g MCF-Cg was achieved by the
pressure-driven method in just 2 hr. FDU-12-C , which
has smaller pore size and pore volume than MCF-Cs,
showed a lower enzyme loading than MCF-Cg. Italso
demonstrated a greater enzyme loading by the
pressure-driven method than by the conventional
method. Activity and Selectivity in Kinetic Resolution
of 1-Phenylethanol The acylation of 1-phenylethanol by
CALB was performed at room temperature in toluene.
CALB/MCF-C and CALB/MCF-dg prepared by the
pressure-driven method showed similar catalytic
activity (see Figure 1). Under typical reaction
conditions (see above: "Catalytic reaction"), complete
conversion (i.e. 50% conversion) of (R)-Iphenylethanol
to (R)-I -phenylethyl acetate was achieved after 5 hr
in both cases. In contrast, free CALB showed a slower
reaction rate, giving 45.5% conversion in 5 hr. Free
enzyme usually formed aggregates in organic solvents.
By loading CALB uniformly within the mesopores of MCF
silica, aggregation might be avoided or reduced,
giving rise to a greater enzyme catalytic activity.
All three catalysts in Figure 1 demonstrated high
enantioselectivities (ees > 99.7% and e p > 99.7%),
illustrating that the pressure-driven loading process
did not alter the selectivity of CALB. (ee, refers to
the enantioselectivity of the substrate, in other
words, remaining reactant, and ebp stands for the
enantioselectivity of the product.) 



Enzyme Leaching over Multiple Reaction Runs Any enzyme
leaching during reaction would lead to decreased
conversions in subsequent runs. It could also be
determined quantitatively by C, H, N analysis.
CALB/MCF-Cg prepared by the conventional method showed
a substantial drop in conversion ((from 50% to 37%)
over 5 runs (Figure 2a). In contrast, CALB/MCF-Cg
prepared by the pressure-driven method only showed a
minor decrease in conversion (from 50% to 46.5%) after
8 runs or 48 hours of reactions (Figure 2b). The
results of C1 H, N analysis indicated that after 5
runs, over 65% of CALB was leached out of MCF-Cg when
immobilized by the conventional method (see Table 2).
Table 2, Enzyme loading Jn MCF-Cg over different
reaction cycles. When introduced by the
pressure-driven method, CALB mostly remained within
the mesoporous support, with only about 10% leaching
detected after 8 runs. We note that the
pressure-driven method not only improved enzyme
loading, but also reduced enzyme leaching.The enzyme
molecules were likely pushed and settled deep within
the mesopores of MCF-Cg by the pressure-driven method.
In contrast, a substantial amount of the enzyme
molecules were probably weakly adsorbed on the outer
surface of the support in the conventional stirring
method. This would explain the differences in the
amount of enzyme leaching from the two immobilization
methods. After the enzymes were loaded by the
pressure-driven method, the immobilized enzyme
catalysts were washed with distilled water several
times. The filtrate from these washes did not contain
any enzymes, as determined by the Bradford assay. This
also illustrated that the enzymes were firmly
entrapped within the mesopores of MCF-Cg. Assessment
of Reusability The reusability of CALB/MCF-Cg and
CALB/MCF-Cig prepared by the pressuredriven method was
compared to the commercially available Novozyme 435.
Compared to Novozyme 435, CALB/MCF-Cig and CALB/MCF-C
showed superior 1-hour conversions over multiple runs
(Figure 3). This study illustrates that enzymes
immobilized on mesoporous silica supports by the
pressure-driven method have more stable activity than
those immobilized in polymer matrix commercially
(Novozyme 435). Thermal Stability To examine their
thermal stability, free and immobilized CALB catalysts
were treated at 8O0C for 15 hr, and then tested with
the kinetic resolution reaction. 



CALB/MCF-Cg prepared by the pressure-driven method did
not show any loss in activity from the heat treatment
(Figure 4a). In contrast, CALB/MCF-Cg prepared by the
conventional method and Novozyme 435 showed a
substantial reduction in activity after the thermal
treatment (Figures 4b and 4c). Free CALB was severely
deactivated upon heat treatment and lost a majority of
its activity (Figure 4d). This study illustrates the
need to immobilize the enzyme catalysts to achieve
greater thermal stability, and the pressure-driven
method is particularly effective at this. Pack Bed
Reactor ofCALB/MCF-Cis CALB/MCF-Cibpacked bed reactor
was prepared by the pressure-driven method using a 250
mm x 4.6 mm HPLC column. Full conversion of (R)-I
-phenylethanol to (R)- 1-phenylethyl acetate was
achieved at a flow rate of 1.5 ml/mm with 0.65 M of 1-
phenylethanol and 0.97 M of isopropenyl acetate in
toluene. A flow rate below 0.5 ml/min gave white
products from the polymerization of isopropenyl
acetate by CALB. This polymer product increased the
back pressure. The polymerization did not occur under
the optimized reaction condition (1.5 ml/mm). The
activity and enantioselectivity of the pack bed
reactor did not vary during a continuous reaction of 6
hr.Conclusions The novel pressure-driven method of
enzyme immobilization greatly enhanced the enzyme
loading onto a hydrophobic mesoporous silica support.
A very high enzyme loading of up to 280 mg/g of
support was achieved. The immobilized enzymes showed
less leaching during multiple runs than commercial
Novozyme 435. The thermal stability of enzymes was
also significantly improved by the novel
immobilization approach. CALB/MCF-Cis prepared by the
pressure-driven method was successfully applied as a
packed bed reactor. This method can be broadly applied
to immobilize other enzymes onto mesoporous silica.
This study also illustrates MCF as an excellent
support for enzyme immobilization. The pore size of
MCF can be easily controlled to optimize the loading
of enzymes of different sizes.Claims: I . A process
for immobilizing a biological species in a porous
support comprising passing a fluid comprising the
biological species through the porous support under
high pressure. 2. The process of claim 1 wherein the
pressure is greater than about 1OMPa. 3. The process
of claim I wherein the pressure is between about 25
and 50MPa. 



4. The process of claim  wherein the biological
species is an enzyme. 5. The process of claim 1
wherein the fluid is an aqueous liquid. 6. The process
of claim 1 wherein the porous support comprises porous
silica. 7. The process of claim 1 wherein the porous
support has a mean pore size of between about 2 and 50
run. 8. The process of claim 1 wherein the porous
support comprises mesocellular siliceous foam. 9. The
process of claim 1 wherein the porous support is
hydrophobic. 10. The process of claim 1 comprising the
step of hydrophobing the porous support before passing
the liquid therethrough. II, The process of claim 1
comprising recycling the fluid through the porous
support under high pressure. 12. The process of claim
1 comprising drying the porous support before passing
the fluid therethrough. 13. A porous support having a
biological species immobilized therein, wherein the
porous support has a higher loading of biological
species immobilized therein than the porous support
having the biological species immobilized therein by a
process performed at atmospheric pressure. 14. A
porous support having a biological species immobilized
therein, when made by a process comprising passing a
fluid comprising the biological species through the
porous support under high pressure, 15. The porous
support of claim 14 wherein, in the process, the
pressure is greater than about 1OMPa. 16. The porous
support of claim 14 wherein, in the process, the
pressure is between about 25 and 50MPa. 17. The porous
support of claim 14 wherein the biological species is
an enzyme. 18. The porous support of claim 14 wherein,
in the process, the fluid is an aqueous liquid. 19.
The porous support of claim 14, said porous support
comprising porous silica.20. The porous support of
claim 14, said porous support having a mean pore size
of between about 2 and 50 nm. 21. The porous support
of claim 14, said porous support comprising
mesocellular siliceous foam. 



5 22, The porous support of claim 14, said porous
support being hydrophobic. 23. The porous support of
claim 14 wherein the process comprises the step of
hydrophobing the porous support before passing the
liquid therethrough. 24. The porous support of claim
14 wherein the process comprises recycling the fluid
through the porous support under high pressure. o 25.
The porous support of claim 14 wherein the process
comprises drying the porous support before passing the
fluid therethrough, 26. A hydrophobic mesoporous
silica support having an enzyme immobilized therein,
when made by a process comprising: hydrophobing a
silica support, 5 drying the silica support, and
recycling an aqueous fluid comprising the enzyme
through the silica support under high pressure. 27. A
method for catalyzing a chemical reaction comprising
exposing a starting material to a porous support
having a biological species immobilized therein,
wherein the 0 biological species comprises an enzyme
capable of catalyzing the reaction of the starting
material to produce a product, and wherein the porous
support having the biological species immobilized
therein is made by a process comprising passing a
fluid comprising the biological species through the
porous support under high pressure. 28. The method of
claim 27 wherein the product is a chiral product. 5
29. The method of claim 27 wherein the starting
material is in solution. 30. The method of claim 29
comprising passing the solution through the porous
support having the biological species immobilized
therein. 31. The method of claim 29 wherein the
solution also comprises a reagent. 32. The method of
claim 27 wherein the porous support having the
biological o species immobilized therein has been used
in an earlier reaction. 33. A product when produced by
the chemical reaction catalysed by the method of any
one of claims 27 to 32. 34. A reactor for converting a
starting material to a product comprising a porous
support having a biological species immobilized
therein by a process comprising passing 5 a fluid
comprising the biological species through the porous
support under high pressure,said porous support being
disposed within a housing, and said biological species
being capable of converting the starting material to
the product. 



35. A process for preparing a reactor for converting a
starting material to a product comprising at least
partially filling a housing with a porous support
having a 5 biological species immobilized therein by a
process comprising passing a fluid comprising the
biological species through the porous support under
high pressure, said biological species being capable
of converting the starting material to the product.
36. A process for preparing a reactor for converting a
starting material to a product comprising: io - at
least partially filling a housing with a porous
support; and - immobilizing a biological species in
the porous support by a process comprising passing a
fluid comprising the biological species through the
porous support under high pressure; wherein the
biological species is capable of converting the
starting material to the i5 product. 


