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New frontiers in enzyme immobilisation: robust
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This tutorial review focuses on recent advances in technologies for enzyme immobilisation, enabling
their cost-effective use in the bio-based economy and continuous processing in general. The
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application of enzymes, particularly in aqueous media, is generally on a single use, throw-away basis
which is neither cost-effective nor compatible with a circular economy concept. This shortcoming can

be overcome by immobilising the enzyme as an insoluble recyclable solid, that is as a heterogeneous

rsc.li/chem-soc-rev catalyst.

Key learning points

(1) The advantages and limitations of immobilised enzymes in industrial applications, in particular in continuous processing.
(2) The different technical and regulatory requirements dictated by the end use of the immobilised enzymes in e.g. commodity chemicals vs pharma and food

applications.

(3) The different immobilisation methods - on carriers (supports) or carrier-free — and the nature of the carriers used, including new nanomaterials, such as

graphene oxide, metal organic frameworks and magnetically recoverable enzymes.
(4) The different reactor technologies used and the emergence of continuous flow biocatalysis in combination with multi-enzyme cascades, including

microreactors for more efficient and cost-effective processing.

(5) Recent advances in enzyme immobilisation, including the integration of protein engineering and enzyme immobilisation and in vivo immobilization,

for better design and more cost effective production.

1. Introduction

With the looming prospect of anthropogenic climate change,
widespread environmental degradation and mass extinctions,
the transition to a greener, more sustainable manufacture
of commodity chemicals and liquid fuels is an imperative.
Catalysis is the most powerful tool in the green chemistry
toolbox, reducing waste, improving atom economy, minimising
energy requirements and intensifying reactions. Riding on the
wave of advances in genomics, bioinformatics and protein
engineering, catalysis with enzymes, i.e. biocatalysis, has
become a mature green and sustainable technology that is
widely applied in industry." ™

Enzymes are biocompatible, biodegradable and are manu-
factured from inexpensive, renewable resources. In contrast
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with precious metal catalysts, enzyme prices are reasonably
stable over time and expensive product purification steps to
remove traces of catalyst are not required. Enzymatic reactions
are performed at close to ambient temperatures and pressures in
water at physiological pH, affording high rates and selectivities.
Furthermore, there is no need for functional group protection or
activation and processes are more atom and step economic,
generating less waste and consuming less energy than conven-
tional processes. In short, biocatalytic processes are more
cost-effective, have a smaller environmental footprint and are
more sustainable than traditional processes for chemicals
manufacture.

Enzymes are now used in a wide range of applications, from
detergents, through production of paper and pulp, textiles,
leather and food and beverages,” to commodity chemicals,
agrochemicals and pharmaceuticals manufacture. Thanks to
advances in protein engineering, enzymes can be optimised to
exhibit exquisite selectivities, in particular stereoselectivities,
and high activities with non-natural substrates under the
challenging conditions of high substrate concentrations and
elevated temperatures of industrial processes. Nowhere are
their capabilities more evident than in the application of
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biocatalysis in the industrial synthesis of a broad range of
important pharmaceuticals.”**

1.1 Types of biocatalytic processes

Biocatalytic processes can be divided into two types: (i) invol-
ving suspensions of growing microbial whole cells, i.e. fermen-
tations, and (ii) involving dead cells which contain the
particular enzyme or the isolated enzyme. The former have
the advantage that cofactors and fresh enzyme are automati-
cally regenerated with the machinery of the cell when necessary
but the disadvantage that product needs to be efficiently
secreted in the medium and not be toxic for the living cells.
In this review we shall be mainly concerned with the use of
isolated enzymes in their immobilised form. The isolated (free)
enzyme has the advantage that there is no competition with
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other enzymes which may be present in whole microbial cells
but the added costs of isolation and eventual purification make
it more expensive.

Notwithstanding the numerous advantages, industrial appli-
cations of enzymes are often hampered by a lack of long term
operational stability owing to loss of the tertiary structure
(denaturation) under the extreme conditions extant in indus-
trial synthesis. Moreover, free enzymes are soluble, homoge-
neous catalysts in water, which makes them difficult to recover
unless expensive membrane systems are used and this limits
their use in continuous processing. A free enzyme may also
aggregate in hydrophobic media or in aqueous solutions at a
PH near its isoelectric point, resulting in diffusion limitations
and decreased enzyme activity.’

1.2 Enzyme immobilisation: advantages and limitations

The above mentioned problems can be remedied by immobilising
the enzyme as a solid heterogeneous catalyst which is insoluble
in water and, hence, is readily recovered by filtration or
centrifugation, thus facilitating its reuse and product separa-
tion in downstream processing. Since an immobilised enzyme
cannot easily penetrate biological membranes it has low or
no allergenicity. Furthermore, immobilisation suppresses
unfolding of the enzyme’s tertiary structure, thus affording a
more stable biocatalyst which can be used under a wider range
of reaction conditions, including water immiscible organic
solvents. Another advantage is that immobilised enzymes are
suitable for use in continuous flow operation, e.g. in a packed
bed or a plug flow reactor. A limitation of immobilisation is
that it generally leads to some loss of activity during immobi-
lisation, often due to interaction of the wrong conformation
with the carrier and, of course, the additional cost of the carrier
has to be considered. Because it is a heterogeneous catalyst
activity loss can also result from diffusion limitations, espe-
cially with macromolecular substrates, and dependent on the
particle size (see later). Loss of activity can also result from
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Table 1 Large scale processes using multi ton to multi-thousand ton per year of immobilised biocatalysts

Enzyme Industry Type Process

Nitrile hydratase Chemical wWC Acrylonitrile hydrolysis to acrylamide
Penicillin amidase Pharma IME Manufacture of -lactam antibiotics
Glucose isomerase Food IWC/IME High-fructose corn syrup
Aminoacylase Chemical IME p- and r-amino acids

Lipase Food IME Cocoa butter analogues

Lipase Food IME Omega-3 ethyl esters

Epimerase Food IME Allulose sweetener

Lipase Chemical IME Enantiomerically pure amines
Lipase Chemical IME Enantiomerically pure herbicides, e.g. outlook
Transaminase Pharma IME Sitagliptin

IWC = Immobilised Whole Cells; IME = Immobilised Enzyme.

abrasion of the solid particles, e.g. by a mechanical stirrer in the
bioreactor. All these factors are compensated by the capacity to
recycle the immobilised enzyme and usually an industrial
evaluation of feasibility requires an initial calculation of the
minimum number of cycles needed to reach the financial
break-even point. It is worth noting, however, that immobilisa-
tion is not always the answer on an industrial scale. Novozymes
has recently developed a liquid formulation of Thermomyces
lanuginosus lipase (TLL), instead of the commonly used immo-
bilised lipases, for the production of fatty acid methyl esters
(FAMEs) for use as biodiesel. The liquid formulation, Callera™
L, performed admirably with less expensive non-degummed
oils, such as crude soybean oil containing 3-5% water.®

Historically, immobilisation of enzymes has been essential
to the commercial viability of many large scale biocatalytic
processes.” Examples involving immobilised enzymes or immo-
bilised whole cells are shown in Table 1. They include glucose
isomerase for the production of high fructose corn syrup,
penicillin G amidase for the production of semisynthetic anti-
biotics, the use of lipases for the production of cocoa butter
analogues and the production of chiral amines in organic solvents,
all at multi-thousand to multi-hundred thousand tonnes per annum
scale. The glucose isomerase process involves the conversion of
107 tonnes of glucose per annum. It is worth noting, however, that
glucose production involves conversion of 10° tonnes of corn starch
per annum using soluble amylases.

1.3 The bio-based economy

The ongoing transition from chemicals manufacture from
fossil resources to a more circular production from renewable
biomass in a so-called bio(mass)-based economy'®'" has
provided an important boost to the widespread application of
biocatalysis. A truly bio-based economy is by definition
circular'? since it uses only renewable resources and is totally
unreliant on fossil feedstocks. Nonetheless, multiple recycling
of the catalyst, i.e. the enzyme, is obviously an additional
benefit. The goal is to achieve carbon neutrality, i.e. no net
green-house gas (GHG) emissions consisting mainly of carbon
dioxide. This is essential in connection with climate change
mitigation and the preservation of natural resources and bio-
diversity. It is worth noting that the 450 million tonnes of
carbon per annum used for the global chemical industry
represents ca. 0.1% of the global production of biomass.

5852 | Chem. Soc. Rev., 2021, 50, 5850-5862

A switch from oil and natural gas to a renewable biomass
feedstock means a switch from hydrocarbons to carbohydrates
as base chemicals'® and the latter are more amenable to
biocatalytic conversion in aqueous media. Bio-based chemicals
are not new. Fermentation has long provided a variety of
chemicals but the availability of cheap crude oil stunted the
development of bio-based chemicals. Furthermore, until
recently the lack of viable expertise to manipulate cellular
metabolism limited the range of bio-based chemicals which
could be produced on an industrial scale. However, commer-
cialisation of fermentation processes for industrial monomers
such as lactic acid, succinic acid, ethylene, 1,3-propanediol and
1,4-butanediol has paved the way for increasing substitution of
fossil fuel derived commodity chemicals.

Bio-refineries are expected to increasingly provide product
and by-product streams useful as chemical feedstocks. How-
ever, first generation (1G) renewable biomass such as cane and
beet sugar and corn starch are not viewed as being sustainable
in the long term owing to competition with food production.
In contrast, second generation (2G) feedstocks, in particular
polysaccharides in agricultural and forestry residues and food
supply chain waste (FSCW), are seen as eminently sustainable.

Biocatalysis has two major contributions in a biorefinery:
(i) the selective deconstruction of polysaccharide biomass to
Ce and Cs sugars using cocktails of isolated enzymes and
(ii) conversion of the sugars to biofuels and commodity chemi-
cals by fermentation. In addition the sugars can be converted to
commodity chemicals and polymers using combinations of
chemocatalysis and biocatalysis with free enzymes."

2. Immobilisation methods

There are basically three methods to immobilise either whole
microbial cells or isolated enzymes (Fig. 1): (i) on an insoluble
organic or inorganic carrier (support), (ii) entrapment in a
carrier such as hydrogel or polymer matrix which is generated
in the presence of the cells or free enzyme, (iii) carrier-free self-
immobilisation by cross-linking of enzymes or whole cells. In
all three methods a free enzyme is converted from a water
soluble homogeneous catalyst into a solid heterogeneous
catalyst. In a fourth method, encapsulation, the free enzyme
remains a homogeneous water-soluble catalyst but is, in

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Immobilisation of enzymes or whole microbial cells.

emulation of the intracellular environment, confined behind a
membrane which is permeable to substrate and product.

2.1 Immobilisation of whole cells

The primary method for whole-cell immobilisation is entrap-
ment in hydrogels, for example by ionotropic gelation of
water-soluble polyelectrolytes consisting of charged functional
group-containing polysaccharides (alginate, pectate, carrageenan,
chitosan). In particular, entrapment of whole cells in calcium
alginate beads is widely used for the immobilisation of both dead
and viable whole cells, for example in the fermentative production
of ethanol.™ It involves dropwise addition of a solution of calcium
chloride to a solution of sodium alginate and the whole cells in
water (Fig. 2). Alginate is a natural polysaccharide, extracted from
seaweed. It is stable at high temperatures, biocompatible and
biodegradable and approved for use in food, cosmetic and
pharmaceutical applications. Moreover, alginate beads have good
mechanical stability and low-cost.

Another method for whole cell immobilisation is entrap-
ment in hydrogel polymer matrices, in particular polyacrylamide.
An interesting industrial example is the immobilisation of whole
cells of a Rhodococcus rhodochrous J1 containing a nitrile hydratase

lonotropic Coo COO,
gelation > X

COO Na* COO"Na*

“ca2t .
Ca Ca?
COO"Na* Ccoo Roleld]

WMAA)

Insoluble calcium alginate gel

COO Na*

Soluble sodium alginate

Polyelectrolyte | Gelating ion

-COO"  Alginate Ca?*, Al**, Co?*
Pectinate Mg?*, Ca?*

-S05 Carrageenan | Ca?

-NH;* Chitosan Polyphosphate

Fig. 2 Immobilisation of whole cells by ionotropic gelation.
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in a polyacrylamide hydrogel for use as a highly active and
selective catalyst for production of the corresponding monomer,
acrylamide by hydration of acrylonitrile."?

Entrapment is not used as much for the immobilisation of
isolated enzymes because enzyme molecules are much smaller
than whole cells and are, therefore, more easily subject to
activity loss by leaching of enzyme. The primary method for
immobilisation of isolated enzymes involves binding to a
prefabricated carrier (support).'® The latter can be a synthetic
polymer, a biopolymer or an inorganic solid such as alumina or
(mesoporous) silica. Immobilisation comprises (i) simple
physical adsorption (via van der Waals and hydrophobic inter-
actions) on the surface, (ii) ionic bonding or (iii) covalent
attachment or (iv) metal affinity binding.

2.2 Immobilisation of isolated enzymes on insoluble carriers

Simple adsorption is the easiest and least invasive procedure.
It is the method of choice for applications in water free media
as organic solvents and oils. The binding is sufficiently strong
and lipases immobilised on hydrophobic resins, in particular
poly methyl methacrylates, are widely used. Indeed, the quin-
tessential example, Novozyme 435, comprising C. antarctica
lipase (CaLB) immobilised on a macroporous resin consisting
of polymethyl methacrylate cross-linked with divinyl benzene,
is probably the most widely used immobilised enzyme in
industry and academia."” Lipases immobilised on hydrophobic
resins are used in packed columns for, e.g. the production of
edible oils as cocoa butter analogues, fats used in infant
formula or omega-3 fish oil derivatives, for multiple cycles over
many months of activity."® We also note that Evonik has been
using CaLB for the synthesis of emollient esters (e.g. myristyl
myristate or coconut oil esters) on a large scale for many years.
It replaced an environmentally unfavourable chemical synthesis
under harsh conditions."

Lipases typically possess a hydrophobic face with a lid that
covers the active site, presumably to prevent it hydrolysing the
non-lipid esters in a cell. This lid opens in a hydrophobic
environment, such as the surface of a lipid droplet, activating
the enzyme. By using a hydrophobic support the lipase can
be bound while simultaneously locking the lid into the open
position.

Another pertinent example involving an organic solvent is
the immobilised (R)-selective transaminase (TA) on a very
hydrophobic resin used in the key step for the synthesis of
sitagliptin, the active ingredient of the drug Januvia (Fig. 3).°

The TA had already been optimised by directed evolution
but an undesirable constraint of the developed protocol was the
need for a DMSO/water solvent system. Immobilisation of the
TA at 4% loading on a hydrophobic octadecyl functionalised
polymethacrylate resin, afforded an immobilisate which per-
mitted a 91% product yield and >99% ee at 200 g L™ * ketone
substrate concentration in isopropyl acetate saturated with
water at 50 °C. No detectable loss of activity was observed
during 10 consecutive recycles over a 200 h period. This
enabled >90% reduction in the amount of TA used (despite
a 45% loss of activity on immobilisation) compared with the

Chem. Soc. Rev., 2021, 50, 5850-5862 | 5853
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Fig. 3 Synthesis of sitagliptin using an R-transaminase.

soluble enzyme process. Not surprisingly, the lyophilised free
enzyme was completely denatured in the organic solvent
immediately after addition and, consequently, exhibited zero
activity. Finally, the generality of the method was demonstrated
with another nine prochiral ketone substrates.

Ionic binding of enzymes can involve the use of an ion-
exchange resin. Selection of a commercial resin (either cationic
or anionic) can be made to complement the overall surface
charge on the enzyme which depends on the protein isoelectric
point and the pH of the solution. The first full scale industrial
use of an immobilised enzyme was reportedly the synthesis of
an r-amino acid using an r-amino acid hydrolase by Tanabe
Seiyaku in 1969. It involved ionic binding of the enzyme to a
DEAE-Sephadex resin for use in a packed bed reactor (Fig. 4).

Immobilisation by simple adsorption or ionic binding has
the disadvantage that the enzyme is susceptible to leaching in
aqueous media depending on the pH and ionic strength and,
hence, limits its application to water free systems. This short-
coming can be overcome by employing covalent bonding
through reaction of free amino groups in, for example, lysine
residues on the surface of most enzymes, with epoxide groups
on the carrier surface. A widely used class of carriers are, for
example, epoxy methacrylates (Fig. 5).>' A major advantage of
the latter is that they are chemically and physically very stable,
they can be produced by suspension polymerization in particle
sizes suitable for either batch or column applications and
conform to the regulatory requirements for applications in
pharma and food.

Recombinant proteins are generally produced with a string
of six to nine histidine residues, a so-called His-tag, attached to
the N- or C-terminus. This enables enzyme purification by

NHAC HFide
L-aminoacylase OH
HO + R OH R/\”/ + AcOH
o on DEAE-Sephadex o]
in packed bed reactor
T *
NHAc Ac,0 NHAc
OH - OH
R)\ﬂ/ racemisation R
O
)
N,
S
o
o DEAE-Sephadex
H’O ol\
OH n
Fig. 4 L-Amino acid catalysed synthesis of L-amino acids.
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Fig. 5 Covalent attachment of enzymes to epoxy methacrylate resins.

binding of the histidine imidazole groups in the His-tag
to immobilised transition metal ions under specific buffer
conditions. This technique forms the basis for affinity immo-
bilisation that exploits chelating groups on the surface of
polymers such as iminodiacetic acid (IDA) with preloaded
metals such as Ni**, Zn**, Fe®*, Co*" and Cu®'. These metals
have great affinity for the histidine group on the surface of the
enzyme and this provides the advantage of high immobilisation
yield and increased enzyme activity compared to other immo-
bilisation methods through such non-invasive binding.”?
Moreover the possibility exists for highly selective simultaneous
isolation of the expressed enzyme and its immobilisation in
a single efficient step. A proper design of polymers and ligands
ensures minimisation of metal leaching, which can cause
regulatory issues in industrial scale-up.

A shortcoming of carrier immobilised enzymes in general is
the huge dilution of activity, ranging from 90% to >99%, with
proportional diminishing space-time yields and productivities,
caused by the large volume of the catalytically inert carrier. This
problem can be circumvented by using carrier-free, self-
immobilisation techniques whereby enzyme molecules are
covalently linked together, forming microscopic particles.

2.3 Carrier-free self-immobilisation of isolated enzymes: CLEAs

The most convenient and popular method for selfimmobilisation
of enzymes is as cross-linked enzyme aggregates (CLEAs).”?
Addition of, for example, a saturated solution of ammonium
sulfate to a solution of the enzyme at optimum pH results in
precipitation of the enzyme as physical aggregates held
together by non-covalent bonding without perturbation of the
tertiary structure, that is without denaturation. Subsequent
cross-linking by addition of glutaraldehyde renders the
aggregates permanently insoluble while maintaining their
pre-organised tertiary structure and, hence, their activity.
Cross-linking involves reaction of the aldehyde functionalities
with free amino groups, usually contained in lysine residues,
on the surface of neighbouring enzyme molecules. Other
di-aldehydes derived from polysaccharides, such as pectin
dialdehyde, can be used as cross-linkers but glutaraldehyde is
by far the most cost-effective.

The CLEA technology has many advantages. CLEAs are cost-
effective as they avoid the often substantial costs of a carrier
and, since precipitation with ammonium sulfate is typically
used to purify enzymes, CLEAs can be produced directly
from crude enzyme preparations, for example directly from

This journal is © The Royal Society of Chemistry 2021
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fermentation broth. As they are carrier-free, they exhibit high
catalyst productivities (kg product per kg catalyst) and space
time yields (STYs). They exhibit improved storage and opera-
tional stability to denaturation by heat, organic solvents and
autolysis and are eminently stable towards leaching in aqueous
media and high ionic strength. They can be used in aqueous
media or organic solvents and are easily recovered for recycling
by filtration, centrifugation or decantation, thus facilitating
downstream processing. The CLEA technology has broad scope
and has been successfully applied to countless enzymes from
the five classes of enzymes typically used in industrial
synthesis: hydrolases, oxidoreductases, lyases, transferases and
isomerases.”>** CLEAs are highly porous materials and diffu-
sional limitations are not observed with bioconversions
commonly used in organic synthesis.

Immobilisation of an enzyme as a CLEA can lead to dramatic
enhancement of storage and operational stability and is parti-
cularly effective with multimeric enzymes which often have
limited thermal stability outside the cell owing to facile dis-
sociation and loss of activity. For example, the industrially very
important nitrile hydratases (NHases) are multimers and notor-
iously unstable outside the cell. Hence, processes involving
NHases, e.g. the earlier mentioned process for acrylamide
manufacture, are generally performed as whole cell processes.
However, a NHase-CLEA showed a dramatic increase in storage
stability compared to the free enzyme and could be recycled
36 times with only minor loss of activity.>® The industrially
important enzyme halohydrin dehalogenase (HHDH) is a tetra-
mer and immobilisation as a CLEA afforded 90% activity
recovery, a strong tolerance to organic solvents and 70% activity
retention after 10 recycles.”?

Recently, increasing emphasis on renewable feedstocks has
precipitated a growing attention for enzymatic conversion of
macromolecular substrates, such as polysaccharides and pro-
teins, which cannot easily access the pores of standard CLEAs.
Consequently, so-called porous CLEAs with better internal
mass transfer, were developed by adding starch to the enzyme
solution prior to precipitation and cross-linking.”* Following
cross-linking, a-amylase is added to catalyse hydrolysis of the
starch and produce a highly porous CLEA with improved mass
transfer of macromolecular substrates. Alternatively, macro-
molecular cross-linkers can be used to produce porous CLEAs.

2.4 Size matters: activity and the particle size dilemma

The success, or failure, of an immobilisation procedure is
largely determined by the activity recovery which is simply the
activity of the total amount of immobilisate produced divided
by the total activity of the free enzyme offered, expressed as a
percentage. The masses of the free enzyme offered and the
resulting immobilisate may, of course, be totally different. The
often quoted immobilisation yield, in contrast, corresponds to
the percentage of the free enzyme offered that has been
immobilised and says nothing about the recovered activity
which could be zero.

The activity of heterogeneous catalysts is directly related to
their surface area and porosity. The smaller the particles the

This journal is © The Royal Society of Chemistry 2021
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higher the relative surface area, the better the diffusion of
substrates and products in the catalysts. Hence, from the point
of view of activity the smaller the better. With large particles
activity loss may be due to diffusional limitations and it is
important, therefore, to determine if an observed activity loss is
intrinsic or owing to diffusion limitations. This can be achieved
by ascertaining if grinding the immobilised enzyme particles
leads to an increase in activity. Whether or not diffusion
limitations are observed is dependent on the absolute rate of
the free enzyme catalysed reaction. If the reaction rate is very
high, then the observed rate will often be diffusion controlled;
but most of the reactions that we are concerned with in organic
synthesis are not very fast reactions and, hence, not easily
subject to diffusion control.

The problem with small particles is that they are difficult to
recover by filtration or centrifugation and for batch processing
a compromise has to be found. This is the dilemma of particle
size. For the processing of large volumes of substrate, as in oil
refining and petrochemicals, continuous processing over
highly active catalysts with small particle sizes is required. This
is achieved by conducting the processes with a bed of catalyst
which is fluidised by the rapid upwards flow of the substrate.
The particles must be sufficiently dense, non-compressible and
of a uniform size that they are not swept out of the reactor by
the substrate.

The limitations of CLEAs are more related to their physical
properties. They have a relatively small, non-uniform particle
size (5-50 pm and typically below 10 pm). This is generally
sufficient for separation by filtration or centrifugation in a
batch operation but the small particle size together with limited
rigidity is a handicap for application in fixed-bed reactors due
to a high pressure drop. This can be counteracted by blending
with non-compressible particles such as controlled-pore glass
or perlite (volcanic glass) but the size and fragility of enzyme
particles remains an issue for large scale applications.

An effective way to tackle the particle size and uniformity
problem of CLEAs involves self-immobilisation by addition of a
cross-linker to a suspension of an enzyme in a water-in-oil
emulsion. This affords uniform enzyme microspheres, aptly
named ‘spherezymes’, with a particle diameter of 50 pm and
a size distribution within 3% and more controlled structural
features.”

When using polymers in industrial processes, they should
preferably be in the form of spherical beads as uniform as
possible in terms of particle size distribution. Generally, indus-
trial processes use particles larger than 100 micron that can fit
either batch reactors or column reactors. Packed columns
usually utilise polymers with larger particle size to minimise
pressure drop issues.

3. Regulatory requirements

Regulatory issues can shape the direction of technical innova-
tion in enzyme immobilisation. When designing immobilised
enzymes for commercial applications, such as in the food or
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pharmaceutical industry, or for medical applications, a key
aspect to consider is that the chemicals used are not hazardous,
can be used safely, are easily removed and do not pose risks to
human or animal health. Consequently adherence to regulatory
codes (such as ISO and CFR) supersedes attaining maximum
biocatalyst performance when deciding the materials involved.
Extractability, leaching, cytotoxicity and toxicological consi-
derations all relate to the material selection. Some materials
are generally acceptable, such as cellulose triacetate for immo-
bilisation of lactase in dairy applications. Heavy metals and
toxic chemicals should be avoided but glutaraldehyde is
allowed as a cross-linker by CFR regulations.

Enzymes from animals are of particular concern owing to
the possibility of transmissible diseases, including transmissi-
ble spongiform encephalopathy (TSE) diseases such as bovine
spongiform encephalopathy (BSE), which is associated with
contaminating proteins, as well as transgression of various
religious codes. In food applications it may also be required
that the immobilised enzyme does not contain any residual
DNA if originating from a genetically modified microorganism.

For pharmaceutical applications it is necessary to consult
the Pharmacopoeia for the suitability of materials. In the case
of unlisted materials a toxicological analysis is required by the
pharmaceutical user on each extractable and leachable used in
the manufacture of the immobilised enzyme, including the
carrier and the enzyme. The maximum level allowed for each
chemical used is based on the number of cycles, application,
human daily dosage, and other factors. Such information is
subsequently included in the Drug Master File submitted to the
national regulatory body - such as the FDA.

It is also self-evident that standard immobilisation techni-
ques with broad industrial applicability should be available so
that it is not necessary to go through the regulatory process
with each application.

4. Novel carrier materials and
separation technologies

The ideal carrier for enzyme immobilisation should have:

Minimum cost-contribution, ie. enzyme costs are <5%
of the total process costs, sufficient availability, as well as
environmental compatibility.

Good physical and mechanical stability to be used in differ-
ent solvents and reactor/configurations.

A large surface area and good porosity for efficient mass
transfer and high activity.

Optimum affinity for the enzyme in terms of hydrophilicity
or hydrophobicity, depending on the application.

A readily functionalised surface to attach the enzyme.

Facile rec