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Application of in situ product-removal
techniques to biocatalytic processes
Gary J. Lye and John M. Woodley
Biocatalytic processes for the manufacture of small, highly functionalized molecules frequently have limited productivity.
A common reason for this is the presence of the reaction products that can cause inhibitory or toxic effects (making poor
use of the enzyme) or promote unfavourable equilibria (giving low conversions). In each case, the product needs to be removed
as soon as it is formed in order to overcome these constraints and hence increase the productivity of the biocatalytic process.
Here, we review the need for in situ product removal and the process research required for its implementation.

n response to mounting socio-economic pressure,
national governments are placing increasing demands
on pharmaceutical companies to produce better
medicines at lower prices. ‘Better’ medicines are those
with a higher specificity and fewer side effects, which
inevitably means that the biologically active molecules
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to be manufactured are structurally complex. In 1997,
for example, 50 of the top 100 drugs were single
isomers1; drugs now reaching the marketplace possess
multiple chiral centres2.
As a result of these demands on pharmaceutical companies, biocatalysis is now receiving considerable attention for the synthesis of molecules involved in the treatment of human immunodeficiency virus (HIV), heart
disease, cancer, diabetes and bacterial infections including tuberculosis3. Similarly, in order to drive drug prices
down, the product synthesis and purification sequences
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Box 1. Quantifying the benefits of ISPR
Before implementing in situ product-removal (ISPR) methodologies, the benefits that are required to offset the increased
costs in terms of process R&D and capital equipment must be clearly defined. It is also necessary to do this quantitatively so that different ISPR methodologies can be compared on the same basis. The potential benefits of ISPR and their
impact on the design and operation of biocatalytic processes are summarized in Table I.
The basis chosen for the comparison will be specific to a particular process. In cases where catalyst costs are high, for
example, it will be necessary to make the most effective use of the catalyst, in which case the yield of product on
catalyst (gP gB21) is important. In other cases, such as the transformation of an expensive pharmaceutical intermediate,
the yield of product from substrate (gP gS21) might be the preferred basis.
Table I. The potential benefits of in situ product removal
Benefit

Basis

Impact

Increased product concentration
Increased yield on biocatalyst
Increased yield on substrate
Increased volumetric productivity

gP l21
gP gB21
gP gS21
gP l21 h21

Reduced reactor volume, easier DSP
Reduced catalyst costs
Reduced substrate costs
Reduced reactor volume and/or processing time, easier DSP

Abbreviations: DSP, downstream processing; gB, grams biocatalyst; gP, grams product; gS, grams substrate.

must have greater overall volumetric productivities
(and/or yields) and the process research and development must be completed more quickly in order to enter
the market as early as possible4.
The application of enzyme-based catalysts is moving
from racemic resolutions to asymmetric syntheses in
order to improve yields and to allow the production of
more-complex molecules. Similarly, bioreactor operation is moving from dilute to high concentrations of
reactant and product in order to meet the volumetric
productivities required in the industrial context.
Although many biocatalytic processes (whole-cell and
isolated-enzyme mediated) are now finding applications in industry, there remain three fundamental barriers to their widespread use. First, cheap, stable enzyme
catalysts must become more easily available. Second,
systematic design methods are needed to speed up the
development of whole process sequences and to enable
rational choices to be made between chemical and
biocatalytic routes to the same end product. Finally,
the low productivities that are often observed with
biocatalytic systems, relative to the chemical equivalent,
must be enhanced in order to develop more-economic
processes. It is the last of these barriers and, in particular, the potential of in situ product removal (ISPR) to
enhance bioreactor productivities that is the focus of
this article.
Limitations of biocatalytic processes and the
role of ISPR
The productivity of biocatalytic processes is frequently limited by the need to operate the reaction
under conditions unsuited to the biocatalyst. Indeed,
this differentiates biological from chemical catalysis, in
that the optimal environment for the biological catalyst has been carefully evolved for operation under natural
physiological conditions, whereas chemical catalysts
are designed for a specific conversion at user-defined
conditions. Inevitably, the need for high process productivities outside the environment for which the biocatalyst was evolved leads to compromises over bioreactor
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design and operation. In several cases, however, compromises are not sufficient and it is necessary to maintain
one environment around the biocatalyst while the bulk
of the reactor operates under different conditions.
This philosophy of compartmentalization is, in principle, an effective strategy to overcome the problem of
low productivities. It has already been successfully
applied to cases where the pH5 or substrate concentration6 need to be different for the reactor and the
biocatalyst. A further need is for compartmentalization
of the product owing to inhibitory (reversible loss of
catalytic activity) or toxic (irreversible loss of catalytic
activity) effects on the biocatalyst, to product degradation
and/or to unfavourable reaction equilibria. These limitations to productivity in the presence of the product
have been well documented in the past7,8.
ISPR methods address these limitations by selectively
removing the product from the vicinity of the biocatalyst as soon as it is formed and can also provide further
benefits for the subsequent downstream processing9–11.
ISPR methods can increase the productivity or yield of
a given biocatalytic reaction by any of the following
means12: (1) overcoming inhibitory or toxic effects;
(2) shifting unfavourable reaction equilibria; (3) minimizing product losses owing to degradation or uncontrolled release; and (4) reducing the total number of
downstream-processing steps. The various bases for
quantitative comparison of ISPR techniques and the
impact these can have on the design and operation of
a biocatalytic process are summarized in Box 1.
Despite these advantages, however, the application of
ISPR to the production of small molecules has been
slow except in a limited number of well-known cases.
The primary examples are of low-value, high-volume
products, such as the removal of organic acids and solvents from fermentation processes9. In this article, we
explore some of the reasons for this and outline the
latest methods available for the selective in situ recovery
of high-value, low-volume products from biocatalytic
processes, so that the potential of the technology can
be fully exploited.
TIBTECH OCTOBER 1999 (VOL 17)
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The separations challenge
Several separation steps are necessary in a biotransformation process to recover and purify the desired
product (Fig. 1). The ease or otherwise of the separation will depend upon the type of reaction being performed, the biocatalyst form (whole cell, immobilized
enzyme or free enzyme) and the design and operation
of the bioreactor. These factors will determine whether
or not there are undesirable regio- or stereoisomers of
the product to be removed, whether or not there are
compounds resulting from the decomposition or further reaction of the product that need to be separated
and, ultimately, the relative concentrations of substrate
and product molecules in the reactor at the end of the
reaction. The last point is particularly important,
because the substrate and product molecules of a biocatalytic process will generally be structurally and chemically very similar to each other and hence extremely
difficult to separate.
In terms of the sequence in which the various separation steps are carried out, the ‘rule of thumb’ is generally to perform first those operations for which the
separation driving force is largest; that is, where there
is the greatest difference in physicochemical properties
between the species to be separated. Given the large
size difference between the biocatalyst and substrate and
product molecules, especially when using immobilized-enzyme or whole-cell biocatalysts, the first separation step will logically be some form of solid–liquid
separation such as filtration or centrifugation.
There are various physical and chemical methods for
the subsequent separation of substrate and product molecules, and these can be classified according to the basis
on which the separation is achieved (Table 1). The most
appropriate techniques are those that involve partitioning of the product into a second liquid phase or
the adsorption onto or generation of a solid phase.
Although examples of product recovery using distillation do exist, even with in situ applications13,39, such

Substrate concentration(s)
Degree of conversion
Presence of impurities
Substrate stability

S

a

P

c
d
Biocatalyst form
Biocatalyst loading
Catalytic stability
Mechanical stability

b
B

Product concentration(s)
Byproduct formation
Product stability
trends in Biotechnology

Figure 1
Schematic representation of the separation challenges to be addressed in the design
of a biocatalytic process. The circles represent the three components present in the
reactor – substrate (S), product (P) and biocatalyst (B). The intersections of the circles
represent the four permutations of separations required: (a) P from S; (b) P from B;
(c) P from S and B; and (d) S from B. The adoption of an in-situ-product-retrieval technique requires that separations a, b and c are carried out simultaneously; separation
d is necessary to facilitate reuse of either the biocatalyst or unconverted substrate.
The labels on each circle represent the key factors affecting the ease of separation
of that component from any other.

techniques are often not sufficiently selective and are
only applicable to limited classes of biocatalytic process,
such as those with small and highly volatile molecules.
The selectivity and capacity requirements of the various
separation techniques will be discussed later.
The mode of operation of ISPR techniques (i.e.
whether they are batch, fed-batch or continuous and
whether the separation step occurs within the bioreactor or outside it) have been extensively discussed in previous reviews on this topic9,12 and will not be repeated
here. Much of the work reported was, however, concerned with the recovery of ethanol or organic acids
from fermentation processes. Other reviews on process
integration have been confined to a particular class of

Table 1. Classification of key substrate and product separation techniques according to the basis of separation
Separation basis
(driving force)
Physical properties
Volatility

Comments

Example techniques

Refsa

Few examples with these properties.

Distillation
Gas stripping
Membranes (MF, UF etc.)
Centrifugation
Size exclusion
Pervaporation or perstractionb
Extraction, ATPS, SCCO2
Precipitation
Crystallization

13
14
15

Ion-exchange, electrodialysisb
HIC, adsorption
Reversible complexation
Affinity methods

24,28,29
30–37
34
38

Molecular weight or size

The difference between substrate and product is
frequently too small.

Solubility

High capacity but generally low selectivity.

Chemical properties
Charge
Hydrophobicity
Specific elements

High selectivity but generally low capacity.

15–20
21–26
27

of use for in situ product-removal applications only.
techniques are based on a combination of separation driving forces.
Abbreviations: ATPS, aqueous two-phase systems; HIC, hydrophobic-interaction chromatography; MF, microfiltration; SCCO2, supercritical carbon dioxide;
UF, ultrafiltration.
a Examples
bCertain
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Figure 2
Transketolase-catalysed condensation of glycolaldehyde with b-hydroxypyruvate to yield L-erythrulose with the evolution of carbon dioxide.
Abbreviations: TK, transketolase; TPP, thiamine pyrophosphate.

biocatalytic reaction, such as those involving lipases39.
The following examples show how some of the recovery and separation techniques listed in Table 1 have been
applied to a range of biocatalytic processes, with varying
degrees of success and using different ISPR configurations.

proceeded to completion34. Further work is required
to assess the real benefits of ISPR in this specific case.
Clearly, the use of this technique will have applications
in the recovery of products other than L-erythrulose,
because a-hydroxylated aldehydes will always yield
products containing a cis-diol moiety.

Examples of ISPR application
Synthesis of L-erythrulose with transketolase
Enzymes have proved to be particularly useful catalysts for asymmetric carbon–carbon-bond synthesis.
Useful reactions can be catalysed by lyases (including
aldolases) and transferases [e.g. transketolase (TK; EC
2.2.1.1)]. We have used TK (isolated from recombinant
Escherichia coli in which the enzyme was overexpressed) to condense b-hydroxypyruvate (ketol donor)
with glycolaldehyde (aldehyde acceptor), yielding
L-erythrulose (Fig. 2). L-Erythrulose inhibits the enzyme,
reducing the rate of the reaction, thus providing a clear
logic for the application of ISPR40.
Using this condensation reaction as a model system,
a variety of methods have been investigated as ISPR
techniques, including ion exchange, complex formation
and physical adsorption. Complex formation based on
phenylboronate–diol interactions showed the greatest
potential for use as a selective means of removing
L-erythrulose from the reaction medium. Because
concentrations of free phenylboric acid of >100 mM
were toxic to TK, an immobilized phenylboronate
resin (Affigel 601) was used34. The experimentally
determined binding capacities indicated that, with
L-erythrulose, b-hydroxypyruvate and glycolaldehyde
present, no b-hydroxypyruvate bound but that 21% (on
a molar basis) of glycolaldehyde bound together with
L-erythrulose34. Substrate feeding of the glycolaldehyde
was subsequently used to overcome the low selectivity
of these adsorbents41 and the TK was immobilized to
aid separation of the biocatalyst from the product42.
When ISPR was performed on the model reaction
using this resin with substrate feeding, the reaction

F

O2

Synthesis of fluorocatechol by Pseudomonas putida
ML2
The specific hydroxylation of aromatic compounds
such as benzene or toluene to their corresponding cis
glycol involves the first enzyme of the aromatic degradation pathway, benzene dioxygenase. It is also possible
to make use of the second enzyme in the pathway, a
dehydrogenase, to produce the corresponding catechol,
which, in a bacterium, is normally degraded further.
However, using fluorobenzene as the reactant, the
product formed (fluorocatechol) is not attacked by the
third enzyme, catechol 1,2-dioxygenase, and so the fluorocatechol accumulates. This compound is a valuable
precursor for the synthesis of pharmaceuticals such as
adrenergic catecholamines and biogenic amines. This
reaction [oxidation of fluorobenzene to fluorocatechol
by P. putida ML2 (Fig. 3)] has been used as a model
system to study several process constraints43.
The high toxicity and low aqueous solubility of the
reactant fluorobenzene caused difficulties that were
overcome by controlled feeding of the reactant, thus
maintaining a low concentration within the reactor33.
In addition, fluorocatechol is toxic to the microorganism at concentrations .0.2 g l21. To alleviate this toxicity, ISPR was implemented via adsorption onto activated carbon in an external packed bed. With this
material, fluorocatechol binding was unaffected by the
presence of low concentrations of fluorobenzene and a
high degree of selective binding was not necessary
owing to the controlled feeding of the substrate. As a
result of implementing ISPR, a 30-fold improvement
in final product concentration was achieved upon elution
from the adsorbent33.

F

F

H
OH

NADH

NAD+

OH
H

OH

NAD+

OH

NADH
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Figure 3
Two-step oxidation of fluorobenzene to fluorocatechol by Pseudomonas putida ML2.
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Table 2. Examples of industrial in situ product removal research

ISPR rationale
ISPR method
Biocatalyst
Scale
Benefit

Stereoselective reduction30

Monoterpene synthesis32

6-Hydroxynicotinic-acid synthesis27

Toxicity
Amberlite XAD-7
Zygosaccharomyces rouxii
300 l
6.73 increase in product
concentration

Inhibition
Amberlite XAD-2
Ceratocystis variospora
20 l
483 increase in product
concentration

Inhibition
Continuous precipitation
Achromobacter xylosoxidans
Not stated
Increased volumetric productivity

Abbreviation: ISPR, in situ product removal.

Industrial examples of ISPR
Although many companies are actively involved
in biocatalysis for the production of fine chemicals,
agrochemicals and pharmaceuticals3, the majority of
industrial processes are still based on sequential unit
operations. Industrial examples of research into ISPR
techniques do exist, however, for a range of reactions
and have produced some impressive results (Table 2).
In all cases, these have been implemented to overcome
inhibitory or toxic effects of the product on the biocatalyst. In many cases, ISPR was implemented together
with controlled feeding or release of the substrate,
which was also toxic to the biocatalyst, to maintain low
substrate concentrations in the bioreactor medium.
The separation techniques involved generally rely on
adsorption to hydrophobic resins or on liquid–liquid
extraction, again suggesting that these are the most
appropriate separation technologies for ISPR applications
(Table 1).
The hydrophobic Amberlite XAD resins have been
the most widely used in the industrial context. The
stereoselective reduction of 3,4-methylene dioxyphenyl
acetone to S-3,4-methylene-dioxyphenyl isopropanol
by a whole-cell Zygosaccharomyces rouxii biocatalyst has
been demonstrated up to a scale of 300 l using an agitated filter unit as a bioreactor30. Preadsorption of the
substrate onto an XAD-7 resin allowed simultaneous in
situ substrate supply and ISPR, so that the final product
concentration (after elution) in a batch process increased
from 6 g l21 to 40 g l21. The maximum capacity of the
XAD-7 for S-3,4-methylenedioxyphenyl isopropanol
was approximately 80 g l21 of wet resin. Similarly,
XAD-2 was used to enhance the production of
monoterpenes, such as geraniol, that inhibit a strain of
Ceratocystis variospora used for their production by fermentative bioconversion32. Here, on the 20 l scale, the
use of ISPR increased the final product concentration
from 0.04 g l21 to 1.9 g l21.
Jaquet and co-workers discussed the selection of an
ISPR technique for the recovery of 3-pyridylacetic acid
from the whole-cell Pseudomonas-oleovorans-catalysed
transformation of 3-ethylpyridine24. Reactive solvent
extraction with Aliquat 336 in octan-1-ol was the
ISPR technique finally selected; simultaneous extraction and back-extraction of the acid product were
achieved in a membrane-based contactor, allowing final
product concentrations .15 g l21. One example of a
continuous ISPR process has also been described for
the conversion of niacin to 6-hydroxynicotinic acid by
whole Achromobacter xylosoxidans LK1 cells27. This process was developed because the magnesium salt of the
TIBTECH OCTOBER 1999 (VOL 17)

product, but not of the substrate, is insoluble at neutral
pH. A continuous process using a stirred-tank reactor
and integrated settling device for recovery of the product
crystals allowed productivities of 1.5 g l21 h21 to be
obtained.
Finally an ISPR process operated commercially for
the lipase-mediated resolution of (6)-trans-methylmethoxyphenylglycidate to produce an intermediate in
the synthesis of Diltiazem has recently been reported20.
The rationale for operating in ISPR mode was that the
hydrolysis product, (2S,3R)-methoxyphenylglycidic
acid, rapidly decomposed in the reactor medium to
4-methoxyphenylacetaldehyde, which proved to be an
irreversible inhibitor of the enzyme. The industrial process20, based on an extractive hollow-fibre membrane
reactor with an effective membrane area of 1440 m2,
has now been operated by Tanabe in Japan for four years
at an overall productivity of 75 kg m22 yr21.
New operations for ISPR applications
Requirements for new separation techniques
As outlined in the above examples, one of the major
requirements for ISPR is the need to improve the selectivity of the separation technique employed; that is, to
discriminate more effectively between the substrate and
product molecules (Fig. 4). The operating conditions
for the majority of reported ISPR applications have
involved a product concentration similar to or significantly greater than the concentration of unreacted substrate (Fig. 4b,c). In general, as illustrated above, this
can be facilitated by controlled feeding of the substrate.
However, many reactions of interest (e.g. oligosaccharide synthesis) must, owing to unfavourable reaction
equilibria, be operated in the region where the substrate concentration is greater than that of the product
(Fig. 4a). Here, the substrate must be present in a large
excess to shift the equilibrium position of the reaction
towards product formation. Separation techniques to
be used in these instances must obviously exhibit highly
selective binding of the product and low nonspecific
binding of the substrate.
Equally, for the development of economic processes,
the capital and operating costs of the ISPR technique
must be minimized. In practice, this means that the separation technique must have a high capacity for the target molecule (on a mass basis) to reduce the quantities
of adsorbents, complexing agents and solvents required,
as well as exhibiting the required selectivity. Although
extractive processes generally have a high capacity for the
target compound, research needs to be directed towards
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Figure 4
Selectivity requirements for in situ product removal (ISPR) separation
techniques. The diagram schematically plots the optimal substrate
(S) and product (P) concentrations required for effective use of the
biocatalyst and reaction components. Three regions can be distinguished: (a) where the optimal substrate concentration is in excess
of the product (S . P); (b) where substrate and product concentrations are very similar (S < P); and (c) where the product concentration is in excess of the substrate (P . S). Movement from c to a
requires the implementation of increasingly selective ISPR techniques if the product is to be separated from the substrate under
the conditions present in the reactor.

increasing the selectivity of such processes. Likewise, for
separation techniques based on adsorption or complexation, there is a need for resins with increased capacity.
For example, using Affigel 601 to recover L-erythrulose
in TK-catalysed condensations, experimentally determined capacities of up to 0.66 mmoles (g resin)21
were measured in model solutions. Under experimental ISPR conditions, however, capacities of only
0.4 mmoles (g resin)21 were observed because of the
ionic strength of the medium (R. P. Chauhan, PhD
thesis, University of London, London, UK, 1996). This
indicates that at least a tenfold increase in capacity
would be required for this reaction to operate effectively
with ISPR on a reasonable scale.
Novel separation techniques to meet these requirements for ISPR applications will emerge via advances
in either the underlying science (to generate new,
more-selective techniques) or in the process engineering
(to enhance the performance of existing operations).
The most attractive separation techniques, particularly
in the industrial context, will tend to be those that can
be applied to the widest range of applications because
they are generic or can be made so with little modification to the design and operation of the existing process
equipment. Two such recent advances, molecularly
imprinted polymers (MIPs) and counter-current chromatography (CCC), have the potential to be applied as
highly selective ISPR tools.
Molecularly imprinted polymeric adsorbents
Molecular imprinting is an emerging technique in
which polymeric adsorbents are synthesized that
exhibit highly selective binding for a particular target
molecule. Current imprinting strategies rely on either
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covalent or noncovalent interactions between the target molecule and the polymer during the imprinting
and adsorption stages, or on a combination of both44–46.
The noncovalent approach is the easiest and most
widely used methodology to date (Box 2). MIPs have
been shown to discriminate between stereoisomers and
between different molecules on the basis of a single
hydroxyl group46, and are therefore of interest as a
highly selective ISPR tool. An added benefit is that
molecular imprinting is a potentially generic separation
technique, as shown by the wide range of product categories (e.g. pharmaceuticals, pesticides, amino acids,
carbohydrates, dyes and metal ions) to which it has been
successfully applied45.
The known characteristics of MIPs can be compared
with the desired criteria of solid adsorbents for use in
ISPR applications (Table 3). Although the selectivity
and mechanical and chemical stability of the polymers
are excellent, their major drawback is currently their
low capacity for the target molecule. Ongoing research
on the rational design of functional monomers should
improve this in the near future. A tenfold increase in
capacity, together with the intensive application and
reuse of the adsorbents, might lead to their eventual
introduction in industrial processes.
MIPs have recently been used as an ISPR tool to
overcome an unfavourable reaction equilibrium in the
synthesis of the artificial sweetener aspartame38. Enzymatic condensations of benzyloxycarbonyl-L-aspartic
acid (Z-L-Asp) with L-phenylalanine methyl ester
(L-Phe-OMe) carried out in the presence of aspartameimprinted polymers increased the yield of aspartame by
a factor of more than four.
Counter-current chromatography
CCC is a form of chromatography using two immiscible liquid phases (rather than a conventional solidphase ligand support) to separate solutes on the basis of
their relative solubility in the two solvents47. Solvent
pairs can be aqueous–aqueous, aqueous–organic or
organic–organic. The technique, which is essentially an
intensive liquid–liquid extraction process, allows chromatographic-quality separations but with a much
greater capacity than conventional solid adsorbents. It
can be applied to a wide range of purification applications, including natural-product isolations (e.g. antibiotics and metabolic intermediates) and fine-chemical
separations. As with MIPs, it is a potentially generic
separation technique: by modifying the relative polarity
of the two liquid phases, many different solute separations
can be performed in the same machine.
Although there are several devices currently available,
those based on the ‘epicyclic coil planet centrifuge’
design47 have the greatest potential to become a generic,
preparative-scale, purification operation and hence ISPR
tool. The principle of operation of these devices is as
follows48. An inert plastic or stainless steel tube (internal
diameter typically 1–3 mm) is first wound around a
drum. The drum is then rotated in a planetary, epicyclic
motion around a stationary (or sun) gear. During the
period of rotation, each point within the coil will
experience an alternating acceleration field with the
greatest force occurring at the furthest point from the
centre of rotation. The fluctuating fields will establish
alternating zones of phase mixing (low acceleration
TIBTECH OCTOBER 1999 (VOL 17)
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force) and phase separation (high acceleration force) of
the two immiscible liquids in the coil. This repeated
action of phase mixing and separation is typical of a conventional equilibrium-stage separation process except
that, in this case, owing to the motion and speed of
rotation of the coil, thousands of stages can occur in a
single machine. Fractionation of a sample is usually
achieved by pumping the less-dense mobile phase
through the coil, where it is repeatedly contacted with
the denser stationary phase (which is retained within
the coil owing to its rotation).
The mixture to be separated is introduced into the
mobile phase and the fractionated components emerge
from the end of the tube in the order of their partition
coefficients. The quality of fractionation that can be
achieved depends upon several factors including the
physical and chemical properties of the two phases (e.g.
density, viscosity, polarity), the properties of the coil
(e.g. construction material, internal diameter, length),
the mobile-phase’s flow rate and the mechanical design
of the instrument (e.g. drum radius, sun-gear radius,
rotational speed). The machine is also versatile in its
mode of operation. Either of the two solvent phases
can be used as the stationary phase, and the mobile
phase can also be switched during operation so that
highly retained solutes can be eluted from the coil. A
key design requirement for ISPR applications of this
technology will be to match the solvent characteristics
for selective elution with those already established for
extractive biocatalysis49. Unlike conventional HPLC,
CCC machines can handle crude feed materials containing particulates, although phases with a tendency
to emulsify can cause operational problems resulting in
the stationary phase overflowing as emulsified droplets.
For ISPR applications, biological catalysts such as
enzymes or even whole cells can be immobilized
within the stationary phase of the coil. Provided that
the product preferentially partitions to the mobile
phase, it can be effectively removed from the environment of the biocatalyst as soon as it is formed. This
principle has already been successfully demonstrated for
the enantioselective hydrolysis of 2-cyano-cyclopropyl1,1-dicarboxylic acid dimethyl ester50, in which the
efficient separation of product from substrate and biocatalyst in a single unit also simplified the subsequent
product-purification steps. Separation specificity can
also be improved in a similar manner by the dissolution
of affinity ligands or chiral selection reagents in either
of the two phases51.
Conclusions
There is a clear role for the application of ISPR techniques in improving the yield and productivity of
biocatalytic processes. However, there are several limitations to the use of current separation techniques such
as low selectivity, low capacity or both. New separation
techniques, such as the use of MIPs and CCC, are
currently being researched to overcome some of these
limitations.
In addition to the study of new separation techniques,
research is required in several areas to provide a more
complete evaluation of the potential of ISPR. For
example, ISPR needs further evaluation for reactions
with unfavourable equilibria and there is a need for an
economic analysis of the benefits of ISPR compared
TIBTECH OCTOBER 1999 (VOL 17)

Box 2. The noncovalent approach to the
preparation of molecularly imprinted
polymers
To synthesize molecularly imprinted polymers (MIPs)
using the noncovalent approach, polymerizable
monomers containing functional groups complementary
to the target (template) molecule must first be selected.
This selection depends upon the chemical functionality
of the target molecule and whether hydrogen bonding
or electrostatic or hydrophobic interactions are to be
exploited in the solvent used for rebinding of the target
molecule. Widely used functional monomers include
methacrylic acid, 4-vinylpyridine and 4-vinylbenzoic acid.
The functional monomers are associated with the template molecule dissolved in an organic solvent (Fig. I),
together with a cross-linking reagent such as ethylene
glycol dimethacrylate or divinylbenzene, and a polymerization initiator. The association can be with a single
functional monomer or with a mixture, as shown here.
The functional monomers are then copolymerized, using
either bulk or suspension polymerization techniques,
to form a highly cross-linked, macroporous polymer.
Extraction of the template molecules yields particles with
well-defined three-dimensional cavities specific for the
adsorption of the original target molecule in terms of
size, shape and chemical functionality.
The most important parameters for selective binding to
MIPs are the selection of the functional monomer(s) and
its association with the template molecule in the imprinting solvent. The choice of imprinting solvent and crosslinker will also influence the porosity, internal surface
area, mechanical properties and nonspecific binding of
the final polymer. The mean particle size and size distribution are important from the engineering point of view,
as these will determine the solute-mass-transfer kinetics
and hence the best mode of application of the MIPs.

Template

Association

Polymerization

Extraction
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Figure I.

401

REVIEWS

Table 3. Selection criteria for solid adsorbents compared
with those of imprinted polymers for in situ product-removal
applications
Desired criteria for solid
adsorbentsa

Known characteristics of
molecularly imprinted
polymersb

Low capacity (,40 mg g21 in
batch mode)
Favourable adsorption isotherm
Langmuir–Fraudlich isotherms
Adequate mass-transfer kinetics
Rapid adsorption kinetics
High degree of selective binding Highly selective binding
Low degree of nonspecific binding Significant nonspecific binding
Readily regenerated and recycled Easy regeneration and recycling
Mechanical and chemical stability Excellent mechanical and
chemical stability
Biocompatible (toxicity, biofilms
Not known
etc.)
Sterilizable (in certain cases)
Sterilizable
Reasonable cost
Initially expensive

High capacity for target molecule

aAdapted

from Ref. 7.
from Ref. 45 and Lye and Stein (unpublished).

bCompiled

with the use of sequential downstream-processing operations. Finally, ISPR needs to be evaluated in parallel
with molecular-biology techniques such as directed
evolution and protein engineering52,53, which have
now shown the potential to overcome issues of product inhibition (albeit for a limited number of model
enzymes). Here, the challenge will be quantitatively to
evaluate the speed of implementation and potential
benefit of the biological techniques with those of ISPR.
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