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Immobilisation of hydroxynitrile lyases

Ulf Hanefeld*

Hydroxynitrile lyases are a versatile group of enzymes that are applied both in the laboratory and on an

industrial scale. What makes them particularly interesting is that to date five structurally unrelated

categories of hydroxynitrile lyases have been discovered. Given their great importance they have often

been immobilised utilising many different methodologies. Therefore the hydroxynitrile lyases are ideally

suited to compare different immobilisation methods and their dependence on the structural features of

the enzyme in question, since the activity is the same in all cases. This review examines all the different

immobilisation methods applied to hydroxynitrile lyases and draws conclusions on the effect of the

approach.

1. Introduction

Enzymes as versatile tools for organic chemistry have already

been discovered a long time ago. Indeed, the first enantio-

selective synthesis ever described is the application of emulsin

for the preparation of enantiopure mandelic acid. In 1908

Rosenthaler utilised this crude hydroxynitrile lyase (HNL; also

known as oxynitrilase) from almonds (Prunus amygdalus) for the

stereospecific addition of cyanide to benzaldehyde.1 In rever-

sing the natural direction of the reaction the first enantio-

selective preparation of a stereocentre was a fact. The

conversion of the unstable mandelonitrile into the stable

corresponding acid then enabled the determination of the

absolute stereochemistry. This milestone of organic chemistry

was immediately followed by a search for more HNLs by

Rosenthaler and others.2,3 Krieble shortly afterwards recon-

firmed the results and the first enantioselective catalyst was

thus introduced into chemistry (Scheme 1).4,5

With their application the quest for immobilisation of

enzymes also immediately arose. The targets were twofold:

separation and improvement. By enabling straightforward

separation of the enzyme, a pure product is readily obtained

and recycling of the enzyme becomes possible. By immobilisa-

tion the stability of enzymes is often improved, but remarkably

also the activity and selectivity can be positively influenced.6–14

1.1. Hydroxynitrile lyases (HNLs)

After the initial rush hydroxynitrile lyases were neglected until

their rediscovery by Pfeil 50 years ago.15–18 The enzyme from

almonds Prunus amygdalus PaHNL was purified, crystallised

and characterised. It was shown to contain a flavine co-factor

and to be highly enantioselective in the synthesis of
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(R)-cyanohydrins. This led to the application of this enzyme by

the groups of Kyler,19 Brussee20 and Effenberger21 and to the

search for HNLs with different enantioselectivities. From 1990

onwards many new enzymes were identified and their

structures elucidated.22–25 This revealed a fascinating aspect

of these enzymes.

The Prunus HNLs are evolved from flavine dependent dehy-

drogenase/oxidase structures and are in general (R)-selective

and glycosylated.26,27 From Sorghum bicolor SbHNL was isolated

and shown to be (S)-selective;28,29 structurally it is related to

serine carboxypeptidase with an a/b-hydrolase fold. Similarly

several other HNLs, namely Hevea brasiliensis HbHNL,27 Man-

ihot esculenta MeHNL,30 Arabidopsis thaliana AtHNL,31,32 Xylella

fastidiosa XfHNL33 and Baliospermum montanum BmHNL,34

have an a/b-hydrolase fold; they are related to the esterase/

lipase superfamily. Interestingly, of these 5 structurally closely

related HNL’s some are (R)- and others (S)-selective. The

generally (R)-selective Linum usitatissimum LuHNL35 is structu-

rally closely related to Zn-dependent alcohol dehydrogenases

and is equally Zn-dependent. The very recently described cupin

superfamily based HNLs PsmHNL and BpHNL are the newest

members of the hydroxynitrile lyases.36 Structurally these barrel

shaped enzymes are very different from all other HNLs but their

catalytic activity is the same.

Clearly HNLs are a prime example of convergent evolution

(Fig. 1) with five different ancestors and four different protein

scaffolds for one catalytic reaction. All these enzymes are stable

at around pH 7 and catalyse the enantioselective synthesis of

cyanohydrins.26,27 The plant derived Prunus, Sorghum, Hevea,

Manihot and Linum HNLs in nature are all part of a defence

mechanism, catalysing the release of toxic HCN. Interestingly,

most of these plants form part of the human diet.37–39 For the

AtHNL, XfHNL, BmHNL, PsmHNL and BpHNL no natural

substrates are known26 and the cupin based HNLs are much

better catalysts for the synthesis than the breakdown of cyano-

hydrins.36 For six of these structurally diverse HNLs X-ray

structures have been reported (Fig. 1) and many of them are

commercially available.

1.2. Cyanohydrin chemistry

When the initial experiments with HNLs were reported, it was

noted that the reproducibility of the results was a significant

problem. The optical rotation values changed over the course of

the reaction and in 1921 it was demonstrated that the results

were highly pH dependent.5 The chemical, racemic reaction is

base catalysed and also proceeds at pH 7. Only at lower pH

values, preferably below 5, it is suppressed (Scheme 2). At the

same time most enzymes do not function optimally at this low

pH, some are even inactive. It is therefore essential to find

reaction conditions under which the HNLs are stable and active

while the base catalysed racemic reaction is suppressed.26,40–42

Several different approaches have been developed:

1. Work in an aqueous phase with a low pH to guarantee a large

difference in rate between the HNL and the chemical reaction.

Immobilisation often stabilises the HNLs under these conditions.

Equally lower temperatures have this effect, but less pronounced.

2. Work in a biphasic system with a low pH in the aqueous

phase. Since the substrate and product concentrations are now

lower in the aqueous phase, the chemical reaction is slowed

down. In the organic layer the chemical reaction virtually does

not proceed.

3. In a further development of method 2 it is possible to

work in emulsions to overcome diffusion limitations of a

biphasic system.

Scheme 1 First enantioselective synthesis: PaHNL catalysed addition of cyanide

to benzaldehyde and subsequent acid catalysed hydrolysis to (R)-mandelic acid.

Fig. 1 Convergent evolution of hydroxynitrile lyases (HNL). The X-ray structures

have the Protein Data Bank ID: SbHNL: 1gxs, HbHNL: 3c6x, MeHNL: 1eb9,

AtHNL: 3dqz, PaHNL: 3gdn, PmHNL: 3red. The cupin depicted is a decarboxylase

with ID: 2uy9.

Scheme 2 The base catalysed cyanohydrin synthesis and the HNL catalysed

cyanohydrin synthesis compete with each other. Reaction conditions that

suppress the base catalysed reaction are essential for the application of HNLs.

Moreover, the reaction equilibrium is not always in favour of the cyanohydrin

formation.
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4. Since the chemical reaction virtually does not proceed in

an organic phase, it is possible to work in organic solvents. For

this purpose the HNL has to be immobilised.

Immobilisation is highly important for at least two of the

approaches that ensure a high enantiopurity of the desired

cyanohydrin. From the very beginning of HNL catalysed

reactions, this has therefore been carefully investigated.

Next to the pH value, a key point is the equilibrium of the

reaction. In particular for ketone derived cyanohydrins a large

excess of cyanide, four to five fold, has to be applied

(Scheme 2).26,40–42 In situ derivatisation of the cyanohydrin

would enable shifting of the equilibrium. This, however, can

only be achieved under water-free reaction conditions.

Immobilisation might enable this in future, by helping to

create HNLs that are active in dry organic solvents.

1.3. Immobilisation

Immobilisation has, during the past decades, been the key to

success for several industrial, enzyme catalysed processes.

Many different approaches have been developed, consequently

there is a large choice of methods available. These have been

classified in many different ways, but in general one can

distinguish between three approaches, which can then again

be subdivided. Other ways of classification have been used and

are equally valid, however, for ease of discussion for the HNL

case this grouping is chosen (Fig. 2).6–14

1. Non-covalent immobilisation on a carrier: this can be

subdivided into adsorption via hydrophobic interactions, via

hydrogen bonds and via ionic interactions and also includes

immobilisation by deposition of the enzyme on the carrier

material.

2. Covalent immobilisation: this is based on a chemical

reaction of functional groups of the enzyme with a linker/tether

that binds the enzyme to a carrier or, in the case of carrier-free

immobilisation, binds the enzymes together. This second case

yields essentially pure enzyme as a cross-linked insoluble solid.

3. Encapsulation or entrapment: here the enzyme itself

remains essentially unaltered, it is however physically locked

up in a porous system. This encapsulation can range from

really encapsulating single enzymes per capsule or container to

an entrapment by a membrane. It can even be argued that in a

biphasic system the enzyme is entrapped in the water layer, and

thus immobilised, however, here only entrapment and encap-

sulation in a carrier are considered as immobilisation.

Given the wide range of applications of the HNLs essentially

all different methods of immobilisation have been applied.

Since many of these methods have also been applied to

different HNLs including those from different superfamilies,

the HNLs are an ideal test-case for comparing these methods.

In addition to all the mentioned immobilisation methods

the simplest way of applying HNLs as immobilised catalysts is

by using the crude plant preparation, possibly after defatting or

by employing whole cells. These systems and the purified

dissolved enzymes form the reference point with which all

immobilisation efforts should be compared.

2. Crude enzyme systems

The first experiments with PaHNL were performed with

emulsin, a soluble, crude enzyme preparation first described

in 1837 by Wöhler and Liebig as the active principle that

releases HCN from amygdalin (glycosylated mandelonitrile).43

In 1991 Brussee et al. replaced this by ground, defatted almond

meal, a solid.44 In this almond meal the enzyme is essentially

immobilised in its natural cellular environment and it proved

its value in the synthesis of enantiopure, aromatic cyano-

hydrins. In 1992 the almond meal approach was followed by

Huuhtanen and Kanerva, applying it successfully also for the

preparation of a wide range of aliphatic cyanohydrins

(Scheme 3).45 In the second case acetone cyanohydrin was used

as a cyanide source, i.e. the PaHNL first releases cyanide from

the ketone based cyanohydrin and then utilises it in the synthesis

reaction. This transcyanation19 is possible due to the differences in

the equilibrium constants of ketone and aldehyde based

Fig. 2 Enzymes can be immobilised in many different ways, by deposition,

adsorption, covalent binding (with and without a carrier) and by encapsulation.

To illustrate all these methods PaHNL is depicted here. This enzyme has not been

immobilised by all these methods.

Scheme 3 Defatted almond meal is a powerful tool for cyanohydrin synthesis,

both with HCN and acetone cyanohydrin as a cyanide source.
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cyanohydrins, mentioned above (Section 1.2 and Scheme 2). Since

then many variations of the almond meal approach – also from

other plant kernels – have been described. The beauty of this

system lies in its simplicity. The plant material is ground and

defatted with an organic solvent and then is ready for use. In

particular for the screening of plant materials for HNL activity this

has proven its value.24,46,47

Most of the described reactions were performed in biphasic

reaction systems. A modified approach was introduced by

reducing the aqueous phase significantly. In the ‘‘micro-

aqueous’’ approach the water layer is essentially the water

attached to the defatted almond, loquat or peach meal. The

real problem here is, however, that while data on the water

content of the organic solvent (diisopropyl ether) are given, the

water content of the kernel meal is unknown. A true control of

the water content is thus impossible; it seems to be close to

saturation.48–50

The application of almond meal in diisopropyl ether (DIPE)

was carefully investigated for two industrially relevant inter-

mediates: o-chlorobenzaldehyde (for clopidogrel synthesis)51

and hydroxy-pivalaldehyde (for pantolactone synthesis).52

These substrates are known to be difficult for PaHNL

(Scheme 4). Modest to good results were obtained for o-chloro-

benzaldehyde, for hydroxy-pivalaldehyde the enantioselectivity

was disappointing. No recycling experiments were performed, it

thus remained unclear whether one of the targets of immo-

bilisation – separation and improvement of the enzyme – was

achieved. In tert-butyl methyl ether (TBME) and toluene the

almond meal methodology was successfully employed as part

of complex natural product syntheses, vittatalactone44,53,54 and

sugar cyanohydrin esters.55 In none of these cases any recycling

studies were performed.

Very interestingly a variation of this approach has recently

been described by Pohl for the acid sensitive AtHNL. The

isolated enzyme is inactive at pH values below 5 and therefore

it is difficult to suppress the racemic chemical reaction when

applying it in aqueous media (see above Section 1.2.). AtHNL

was overexpressed in E. coli and the whole cells were used

rather than a plant meal. When applying them in a buffer

saturated solvent (‘‘micro aqueous’’ conditions) the chemical

reaction was suppressed and excellent results were obtained.

Remarkably a significant difference between wet cells and

lyophilised cells was observed, the dry cells giving higher

enantioselectivity (Scheme 5). In this case recycling studies

were performed and the enzyme preparation showed good

stability over three cycles, both for activity and enantio-

selectivity.56

A cascade of two reactions was realised in a whole cell

system by cloning both MeHNL and arylacetonitrilase from

Pseudomonas fluorescens into one expression system. Initially

Pichia pastoris was used, then E. coli whole cells were shown to

give the better whole cell catalysts. These whole cell duo

catalysts proved to be excellent for the conversion of benzalde-

hyde into (S)-mandelic acid in a single process step. Reactions

were performed in aqueous systems and in combination with

ionic liquids. Enantioselectivities of greater than 94% were

obtained (Scheme 6).57–59

3. Non-covalent immobilisation

HNLs are soluble enzymes that are not membrane bound;

additionally the Prunus HNLs tend to be glycosylated. Con-

sequently they all have polar and also charged groups on their

surfaces and cannot be immobilised via hydrophobic inter-

actions like lipases (Fig. 2). All other non-covalent immobilisation

methods work, as will be discussed here.

The first example for the successful immobilisation was

described in 1965 by Pfeil, utilising ECTEOLA cellulose, a

cellulose treated with epichlorohydrin and subsequently with
Scheme 4 Application of almond meal (PaHNL) for the synthesis of industrially

relevant intermediates.

Scheme 5 Whole cells of E. coli expressing AtHNL employed under ‘‘micro

aqueous’’ conditions. The first value for the ee is derived from the reaction with

wet cells, the second from the reaction with lyophilised cells.

Scheme 6 Recombinant E. coli whole cells containing MeHNL and aryl acetoni-

trilase from Pseudomonas fluorescens efficiently catalyse the formation of (S)-

mandelic acid and (S)-mandelic acid amide as by product.

Review Article Chem Soc Rev

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

9
 J

an
u
ar

y
 2

0
1
3
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
3
/2

0
2
2
 2

:5
7
:5

0
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3cs35491a


6312 Chem. Soc. Rev., 2013, 42, 6308--6321 This journal is c The Royal Society of Chemistry 2013

triethylamine. The carrier was first charged with chloride ions

and then pure, salt-free PaHNL was absorbed. The enzyme is

thus immobilised via ionic interactions. Using salt-free 50%

aqueous MeOH as the reaction medium, any desorption of the

enzyme is avoided. This allowed for the application in a packed

bed reactor with a continuous flow, demonstrating that one of

the targets of immobilisation – separation – can be achieved

very readily (Scheme 7). Although no details on stability

and time on stream are provided this separation enabled a

continuous reaction.60,61

Taking up the earlier work Effenberger et al. in 1987

compared the application of PaHNL solution with PaHNL

immobilised on Avicel, a crystalline cellulose.21 After pre-treat-

ment of this cellulose with buffer (pH = 5.4) the enzyme

solution was adsorbed. The immobilisation thus occurred via

hydrogen bonds. This wet enzyme preparation was utilised in

buffer saturated ethyl acetate and compared with a biphasic

system with aqueous enzyme solution and an organic layer. The

immobilised enzyme was less active – possibly due to diffusion

limitations – but gave much better enantioselectivities. The

improvement in enantiopurity of the products is due to the

reduced aqueous layer (see Section 1.2). In a later work the

group could demonstrate that by lowering the pH value of the

reaction, both for the aqueous phase and for the Avicel immo-

bilisation approach, the enantioselectivity could be improved

even further.62–64 The notoriously difficult ketones as substrates

were converted by this Avicel PaHNL with excellent results

(Scheme 8). Clearly, the Avicel has no significant influence on the

stability, activity or selectivity of the enzyme. Themain advantage of

this immobilisation is that it enables the application in organic

solvents. Dispersing the enzyme on a carrier suppresses lumping of

the enzyme and thus diffusion limitations are reduced. The organic

solvents have to be buffer saturated; in many ways this is similar to

the method that was labelled ‘‘micro aqueous’’ for the kernel meal

and whole cell approach.

Avicel immobilised PaHNL was then compared with Celite

immobilised enzyme. Celite (kieselguhr, diatomaceous earth)

are the silicate skeletons of diatoms that can be mined at

several locations.6,8 There are many different Celites with very

different structures but in most cases the literature is unclear

about the nature of the Celite. The immobilisation on this

material does in all cases, however, take place via hydrogen

bonds. The material bares no charges and consists mainly of

silica. Both the Avicel and the Celite immobilised PaHNL gave

good but not excellent ee = 87–89% for the conversion of

hydroxy-pivalaldehyde, an intermediate for the production of

pantolactone (Scheme 4).65 The results with Celite as a carrier

were confirmed independently in another comparative study.52

Nonetheless, both carriers clearly give much better results than

the almond meal approach (see Section 2), most likely because

the almond meal was used at a high pH value (5.5).52

The real breakthrough for the production of enantiopure

pantolactone was achieved by expressing a single isoenzyme of

PaHNL. This isoenzyme PaHNL5 could be applied at very low

pH = 2.5 in an aqueous phase. These conditions were compared

with the same enzyme on Celite in a micro aqueous system in

DIPE.While the ee in both cases was 97%, the immobilised enzyme

gave much lower yields. No explanations for this were given.66,67

When the first synthetic application of MeHNL was

described it was immobilised on nitrocellulose and the authors

state that Avicel was not suitable.68 Nitrocellulose is a charged

carrier with zwitter ionic nitro groups. It thus enables an ionic

interaction with the enzyme which seems to be essential for

MeHNL. Immobilisation was again achieved by soaking the

support with a buffer with a low pH value (here 3.3) and then

Scheme 7 PaHNL immobilised on ECTEOLA cellulose for the continuous

production of (R)-mandelonitrile, this enzyme preparation can be used for a

wide range of aldehydes.

Scheme 8 Lower pH values enable higher ee values for ketone based cyano-

hydrins, independent of immobilisation.
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adding the enzyme dropwise. The immobilised enzyme

performed very well in buffer saturated solvents, both with

aldehydes and ketones, aromatic and aliphatic.

It should be noted that most of the immobilised HNLs up to

this point were not tested for recyclability or improved stability.

The target of immobilisation in all cases except the first was to

apply the enzyme in a wet organic solvent rather than in

aqueous or biphasic systems. In a very systematic study Wehtje

et al. immobilised PaHNL by adsorption on controlled pore

glass, Sephadex G-25 and Celite.69 In dry DIPE no chemical

reaction was observed but also the enzyme was inactive. Full

activity was achieved with 2% water and Celite was the best

carrier. It has to be noted that Celite can be used to control

water activities and keep them constant.8 It might therefore be

the case that Celite creates the most constant water concen-

tration for the enzyme, ensuring optimal working conditions.

In a packed bed reactor with a continuous flow of benzaldehyde

and HCN in DIPE close to 90% yield could be obtained and the

enzyme remained stable for at least 50 h (similar to Scheme 7).

To maintain activity it was essential to add enough water to the

substrate stream.

Adlercreutz beautifully demonstrated the importance of

water in several further studies, by immobilising HbHNL on

Avicel (crystalline cellulose), Celite and the modestly hydro-

phobic Accurel EP-700 polyamide. Again Celite was the best

carrier and water had to be added. In addition to HbHNL

PaHNL, SbHNL and MeHNL were also immobilised on Celite.

HbHNL displayed the highest enantioselectivity and all

enzymes required water to be active.70–72 HbHNL on Celite

was then studied in many different solvents and was

co-immobilised with a series of additives. While sugars had

no effect on the enzyme, polyethylenimine (PEI), different

PEG’s and albumin improved the enzyme half-life. PEI had

the most pronounced stabilising effect. So clearly Celite immo-

bilisation enables separation and continuous reactions and in

addition also the improvement of an enzyme.73 Both initially

defined targets of immobilisation are thus achieved.

Improvement of the enzyme was also attained for AtHNL.

This (R)-selective enzyme is very acid sensitive, which limits its

application. By immobilising it on Celite R-633 and drying it its

application in buffer saturated TBME became possible (results

similar to Scheme 5).74 Interestingly, the enzyme also remained

active with less water, displaying activity when all other HNL’s

were already inactive. Recycling studies showed that the

enzyme preparation could be reused several times, exhibiting

excellent enantioselectivity for mandelonitrile with ee >98%

and minor loss of activity. For this enzyme both targets of

enzyme immobilisation were accomplished, improved pH sta-

bility and thus high enantioselectivity and easy separation and

hence recycling of the AtHNL.

A very systematic study of carriers was performed for

MeHNL. Out of 15 carriers, including Avicel, several zeolites,

alumina, ZrO2 and TiO2, Microbead silica gel 300A was shown

to be most suitable with 90% adsorption rate. The pH range

optimal for immobilisation was 4.8–6.8. The enzyme was tested

in a 20 L reactor with buffer saturated TBME in the synthesis of

(S)-mandelonitrile from benzaldehyde and HCN (1 : 1.5). 22

batches were performed and overall 23.3 kg benzaldehyde were

converted into 28.6 kg cyanohydrin (98% yield) with an ee =

98.9%.75 A recent patent by the same authors indicates that this

type of process is implemented by Nippon Shokubai with

PaHNL for the production of (R)-3-chloro-5-difluoromethoxy-

mandelonitrile with an ee = 99% (Scheme 9), again in a batch

reactor.76

Finally, a critical point on the way of adsorption has to be

made. In all these studies except for the one by Pfeil, the carrier

is soaked with an aqueous enzyme solution and left to dry,

some studies from Effenberger mention centrifugation before

drying but the other studies do not. This means that all the

enzyme in solution is sucked into the porous carrier and then

the solvent – water – is evaporated. Whether the enzyme is then

immobilised by hydrogen bonds or ionic interactions or just

deposited is often unclear. In all those cases where the immo-

bilised enzyme is then used in an organic solvent in which it

cannot dissolve the nature of the non-covalent attachment is

fortunately not relevant. To really be sure about the nature of

the interactions much more rigorous studies need to be

performed.

4. Covalent immobilisation

Enzymes can be immobilised by formation of covalent bonds.

On the surface of the enzyme amino groups from lysine can

react with aldehydes to form imines (which can then be

reduced to amines), they can attack highly reactive epoxides

and form an amine link or they react with (activated) acids to

form amides. Equally acid groups on the surface can react with

amines or alcohols to form amides or esters. Glycosylated

enzymes can additionally be immobilised via the sugar groups.

Thus a wide range of reactions is available to form covalent

bonds with the enzyme (Scheme 10). As illustrated in Fig. 2 two

different strategies can be applied: the covalent link can tie the

enzyme to a carrier (carrier-based immobilisation) or to another

enzyme (carrier-free immobilisation).6–14,77

4.1. Carrier-based covalent immobilisation

Wehtje et al. immobilised PaHNL covalently (in addition to his

non-covalent studies see 3) on silica beads and controlled pore

glass. The silica beads performed much better and three

different linker systems were tested.78 The silica was treated

with aminopropyl triethoxysilane and this amino tether was

then extended with glutaraldehyde (Scheme 10). After binding

Scheme 9 Immobilisation on Microbead Silica Gel 300A enables the applica-

tion of different HNLs in a batch reactor. Excellent activity and selectivity is

reported for recycling in at least 22 batches.
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of the PaHNL the diimine was reduced with Na(CN)BH3. Alter-

natively the silica beads were functionalised with glycidoxypro-

pyl trimethoxysilane, thus introducing an epoxide group, which

was then hydrolysed to a diol. This can be treated with period-

ate, again generating an aldehyde group that reacts with an

amino group of the enzyme with subsequent reduction. As a

third approach the diol can be activated with tresyl chloride

and then treated with the enzyme, leading to an SN2 reaction.

The first method with the glutaraldehyde immobilised all

enzymes with good activity and high loadings were attained. With

the periodate approach much less enzyme was immobilised but

with excellent activity, the third line led to almost complete

deactivation. Therefore the glutaraldehyde route was used and

the immobilised PaHNL was tested in a packed bed reactor with

acetate buffer pH = 5.4 and 25%MeOH, similar to Becker and Pfeil

(Scheme 7).61With a benzaldehyde to HCN ratio of 1 : 2 the reactor

was run for 100 h continuously and a constant yield of 95% (R)-

mandelonitrile with ee = 95% was achieved. Clearly PaHNL can be

immobilised both covalently and non-covalently and used for

prolonged reactions under continuous conditions. The strategies

are equally suitable for industrial conditions.

Kula et al. then described the immobilisation of LuHNL on

Eupergit.79 This is a copolymer of methacrylamide, N,N0-methylen-

bis(acrylamide) and a monomer with an epoxide group. The

immobilisation is based on the nucleophilic attack of an enzyme

amino group, ring opening the epoxide (Scheme 10). When apply-

ing this LuHNL in buffer (pH = 4.0) saturated TBME the enzyme

was very stable, while the native enzyme degraded rapidly. It could

be recycled and used for several days, demonstrating the improve-

ments made to the enzyme by immobilisation. The enantio-

selectivity equalled that of the best results with native enzyme

(ee = 88%) for the notoriously difficult substrate butanone. When

scaled to gram size the ee value did however drop to 77%

(Scheme 11). Nonetheless this immobilisation demonstrated that

Scheme 10 Covalent enzyme immobilisation is commonly achieved by reacting amino- or acid groups on the surface of the enzyme with a suitable activated carrier.

Equally sugar rests of glycosylated enzymes can be derivatised.

Scheme 11 Immobilisation on Eupergit stabilises LuHNL for use under acidic

conditions.
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both targets of immobilisation are achieved: separation and

improvement of the enzyme.

Extending this Eupergit work Tükel et al. reported that

Prunus pseudoarmeniaca PpHNL could be immobilised under

the same conditions and be applied also at low pH = 4 in buffer

saturated TBME.80 20 cycles were performed without loss of

activity or enantioselectivity, proving the versatility of this

carrier for HNLs with very different structures.

An unusual immobilisation was described by Gröger et al.

with chitosan as a carrier. This polymer of amino sugars was

activated with glutaraldehyde and encapsulated in a polyvinyl

alcohol hydrogel (Lentikat). Then the PaHNL was covalently

attached via imine bonds. The enzyme was tightly attached and

could be recycled 20 times without loss of activity or enantio-

selectivity. A biphasic reaction mixture with buffer pH = 4.5 and

TBME–hexane proved to be most suitable for the production of

(R)-mandelonitrile.81 A complimentary study showed that

immobilisation via this method yielded very little attached

enzyme, leaving room for improvement.82

Fig. 3 Carrier-free immobilisation of HNLs was performed with CLEC and CLEA methodology.

Scheme 12 CLEA immobilisation of HNLs enabled their application in buffer

saturated organic solvents and after a straightforward filtration step the next

step could immediately be performed.

Scheme 13 HNLs can be encapsulated in sol–gels. Many of them are sensitive

to MeOH so this needs to be removed under vacuum from the sol. Subsequent

addition of the enzyme in neutral buffer ensures the encapsulation in the aqua-gel.
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4.2. Carrier-free covalent immobilisation

Immobilisation of the neat enzyme by cross linking it has the

great advantage that the preparation is essentially only

enzyme.83 No unnecessary ballast is introduced but the enzyme

is ideally stabilised by the cross linking (Fig. 3). When crystals

of MeHNL were cross linked with glutaraldehyde to obtain

Cross Linked Enzyme Crystals (CLEC) it was however found

that the glutaraldehyde could also deactivate the enzyme. With

1% glutaraldehyde concentration more than 90% of the MeHNL

activity was lost. The obtained CLEC was then very stable. When

only 0.1% aldehyde was used 25% activity was kept but the CLEC

was not robust. Overall this approach was disappointing.84

Much better results were obtained with Cross Linked

Enzyme Aggregates (CLEA; Fig. 3), introduced by Sheldon

et al.85,86 PaHNL was aggregated with 1,2-dimethoxyethane

and cross linked with glutaraldehyde. When applying this CLEA

in DIPE saturated with pH = 5.5 buffer the undesired chemical

reaction could be suppressed and an ee of 95–99% could be

obtained for several different aldehydes (benzaldehyde, o-chloro-

benzaldehyde, cinnamon aldehyde). Additionally the enzyme

could be recycled 10 times without loss of activity. Extending

these studies to MeHNL it was found that here ammonium

sulphate was the best precipitant.87,88 The MeHNL CLEA worked

best under micro aqueous conditions, i.e. buffer saturated

solvents. Interestingly the structurally related HbHNL89 and also

AtHNL90 did not yield CLEAs with a high activity. A very detailed

study on the working conditions of PaHNL and MeHNL CLEAs

showed that utilising buffer saturated solvents gave the best

results for both enzymes, conditions that were then employed to

test the advantages of immobilisation.91 By working in a wet

solvent and simply filtering off the enzymes the filtrate could be

used for a follow-up step. Base catalysed TMS protections, acid

Table 1 Comparison of immobilised and homogeneous HNLs

Enzyme

Method PaHNL PpHNL HbHNL MeHNL AtHNL SbHNL LuHNL

Homogeneous Aqueous;
biphasic

Biphasic Aqueous;
biphasic

Aqueous;
biphasic

Aqueous;
biphasic

Aqueous;
biphasic

Aqueous;
biphasic

Separation No No No No No No No
Improvement — — — — — — —
Meal/whole
cell

Yes
Meal

No No No Yes
Whole cell

No No

Separation Filtration 3 � recycle
pH stability;

Improvement Org. layer only Org. layer only
Non-covalent Yes No Yes Yes Yes Yes No
On carrier ECTEOLA cellulose;

Avicel;
Celite

Celite Nitrocellulose;
microbead silica
gel 300A

Celite Celite

Separation Continuous reaction
with Celite and ECTEOLA
cellulose

— 22 � recycle 5 � recycle —

Improvement Very stable
Org. layer only

Org. layer only
Very stable

pH stability;
Org. layer only

pH stability;
Org. layer only

pH stability;
Org. layer only

Covalent Yes Yes No No No No Yes
On carrier Silica beads with

glutaraldehyde;
chitosan +
glutaraldehyde + Lentikat

Eupergit Eupergit

Separation Continuous react.
with silica beads/
glutaraldehyde;22 �

recycle with modif.
Lentikat

20 � recycle Several � recycle

Improvement Both very stable Very stable,
improv.
temp. stab.

pH stability;
org. layer only

Covalent Yes No Yes Yes Yes No Yes
Carrier-free CLEA CLEA CLEA/CLEC CLEA CLEA
Separation 10 � recycle — Several � recycle — 4 � recycle
Improvement Improv. stability;org.

layer only
Moderately
active

Improv.
stability;org. layer
only (CLEA);
CLEC: loss of
activity

Loss of activity Improv. stability;
org. layer only

Encapsulation Yes
Different sol–gels

No Yes
Liquid crystal
Sol–gel

Yes
Sol–gel

Yes
Sol–gel

No No

Separation Filtration 4 � recycle Filtration 3 � recycle
Improvement Higher activity due

to larger surface area
Higher activity
due to larger
surface area

Higher activity
due to larger
surface area

Higher activity
due to larger
surface area
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catalysed hydrolysis of the nitrile group and Ritter reactions were

possible with good step economy (Scheme 12). Clearly these

CLEAs achieved one of the two targets of enzyme immobilisa-

tion: separation.

LuHNL was also immobilised as a CLEA.92 Just like the

carrier bound LuHNL on Eupergit79 it was tested in the buta-

none conversion (Scheme 11). The enzyme could be recycled 4

times, but some loss of activity was observed. The enantio-

selectivity remained, however, high and the ee of the cyano-

hydrin was 79–81%, a very small improvement on the Eupergit

immobilised LuHNL.

Until recently there was some confusion about the water

content of the reaction mixture necessary for HNLs to work

well. Adlercreutz et al. had shown that different HNLs were

inactive in dry organic solvents but regained the activity when

placed in aqueous reaction mixtures.73 On the other hand some

CLEAs displayed activity in dry solvents. This was therefore

rigorously studied. The reaction did indeed proceed in dry

solvents with MeHNL as the catalyst. However, analysis at the

end of the reaction revealed that the reaction mixture was

essentially water saturated. It was found that MeHNL, but also

PaHNL CLEAs consist of more than 30% of water.93 They create

their own ‘‘micro aqueous’’ conditions. To date no HNL is

active under completely dry conditions. Only AtHNL on Celite

does display low activity at very low water concentrations.74

A combi CLEA was prepared from MeHNL and a nitrilase.94

The work preceded the co-expression of the enzymes discussed

above (Scheme 6 and Section 2)57–59 and demonstrated that the

application of the CLEA immobilisation approach is not limited

to one single enzyme.

Overall HNL CLEAs help to achieve the targets of immo-

bilisation, separation and improved stability towards organic

solvents.

5. Encapsulation

The inclusion of an enzyme in a structured material offers

several advantages over the above-described immobilisation

methods.6–14 The enzyme is not modified and if it is kept in

solution it should behave as in homogeneous solution. The

polarity of the carrier might influence the enzyme and equally

the diffusion of the substrate and the product. In addition the

pore size strongly influences the diffusion of the substrate,

large carrier structures limiting it while small carrier particles

can actually lead to an increased surface area and thus

particularly easy access to the enzyme.

In a biphasic liquid crystal system HbHNL was immobilised

and investigated in the synthesis of (S)-mandelonitrile. In this

exploratory work it was shown that good to excellent space time

yields (100 mmol l�1
� h) and ee = 80–95% could be achieved,

however only with a 5-fold excess of HCN.95

A more successful approach is the sol–gel encapsulation of

enzymes.8,12–14 In this approach a suitable silica gel precursor

is chosen, such as tetramethoxylsilane (TMOS). By adding

alkylated silicon derivatives for instance methyltrimethoxy-

silane (MTMS) or dimethyldimethoxysilane (DMDMS) the polarity

of the gel can be tuned. It can vary between the hydrophilicity of

silica gel with many silanol groups up to the hydrophobicity of

reverse phase silica which is completely alkylated on its surface.

Acid is used to induce hydrolysis and the precursors of the sol–gel

form monomeric and then oligomeric silicates. The partly

hydrolysed, partly condensed oligomers are soluble and called

sol. Further condensation leads to the gel, a highly porous and

amorphous structure filled with water and the alcohol released

during the reaction, the aqua-gel. For the HNLs it was noticed that

the alcohol could be detrimental for the enzyme.96 In those cases it

can be removed from the sol under reduced pressure.

The enzyme can be added to the sol stage and it is then

encapsulated in the growing aqua-gel. Drying by lyophilisation

or just under vacuum will lead to the Xero-gel with shrunk

pores due to capillary forces. If the water in the aqua-gel is

exchanged against acetone and that against supercritical CO2, it

is possible to avoid the shrinking of the gel and an aero-gel is

obtained (Scheme 13). Since all HNLs do not survive this

treatment and are only active in the presence of water HNLs

are immobilised in aqua-gels.

Utilising a hydrophobic sol–gel PaHNL was immobilised

and compared with Avicel adsorbed enzyme. The sol–gel immo-

bilised enzyme showed higher activity and it was also more

stable, however, no data on the enantioselectivity were given.97

PaHNL, MeHNL, AtHNL and HbHNL were then immobilised

in an aqua-gel and tested in a range of conversions.74,89,96

Excellent enantioselectivity and activity were observed, only

for the bulky m-phenoxy benzaldehyde the reaction was slowed

down, most likely due to diffusion problems.96 While some of

the HbHNL was lost during the encapsulation the obtained gel

enabled a heterogeneous reaction and no activity leached

during the reaction. All reactions were performed with

aqua-gels that were filled with a suitable buffer in an organic

solvent, TBME or similar. The HbHNL aqua-gel could be

recycled several times without loss of enantioselectivity

(ee = 98%) but the activity decreased.96 This was shown to be

Scheme 14 When the homogeneous HNL catalysed reaction is performed in

a biphasic system no reaction takes place in the organic layer. The

undesired racemic chemical reaction can be suppressed with a low pH in the

aqueous layer.
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due to the brittle structure of the aqua-gels. The capsules

containing the enzyme seem to break and release the enzyme

during the washing between cycles. This problem was also observed

for AtHNL.74 With these properties the sol–gels are not really

recyclable and hence the target separation is only partly achieved.

The most remarkable finding for the aqua-gel immobilised

HNLs was the improved activity, in particular for AtHNL

(10 fold).74 In the case of lipases it was hypothesised that a similar

increase in activity was due to conformational changes, i.e. the

permanent opening of the lid.8,10,11 This cannot be the case for the

HNLs. It is much more likely that the highly increased surface area

plays a key role. The HNLs in the aqua-gel are surrounded by water.

Due to the gel the surface area thereof is large and the substrate can

readily diffuse from the organic layer into the water layer in the gel.

This is then similar to the advantages of an emulsion.

6. Comparison

Comparing all the heterogeneous enzyme preparations

(Table 1) two points can be noted:

1 The success of a method is not linked to the enzyme

structure; i.e. the CLEA method works beautifully for PaHNL,

MeHNL and LuHNL. But for HbHNL and AtHNL little activity

could be immobilised although they are structurally similar

to MeHNL (Fig. 1). On the other hand non-covalent

Scheme 15 A number of HNL catalysed reactions are performed on an industrial scale.
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immobilisation on Celite and the similar Microbead silica gel

works for all four structure types of HNLs tested so far.

2 The key improvement made is that the enzymes can be

used in almost pure organic solvents, allowing much more

concentrated reactions (no water phase) and suppressing the

undesired racemic reaction.

It is also clear that the two targets of immobilisation namely

separation and improvement of the enzyme have been attained

for the HNLs, in particular with the Celite immobilisation and

the covalent immobilisation on Eupergit and similar carriers.

The reference point to define the real success of an immo-

bilisation is the homogeneous enzyme in solution and to a

lesser extent the crude and solid enzyme preparation, the

kernel meal (Section 2). The ideal conditions for HNL catalysed

cyanohydrin synthesis were discussed under Section 1.2. The

best conditions are a low pH value for the buffered aqueous

layer in a biphasic system. Low temperatures are advantageous

since they also help to suppress the racemic base catalysed

reaction and they prevent volatile HCN from evaporating. The

organic layer in which most of the starting material and

product reside also helps to suppress the racemic reaction,

since no reaction occurs in it. It does however introduce

diffusion limitations, which have to be overcome by rapid

stirring. Griengl et al. improved this even further by performing

the reactions in emulsion, reducing the conversion time to

minutes.98–100

Several homogeneous HNL catalysed reactions have been

scaled and are used industrially, in particular by DSM.101 A

clear trend is visible, typically the biphasic system with low pH

and temperature is used (Scheme 14).102 Only for one example

an emulsion is reported which has to be broken by filtering

over Celite, i.e. by immobilising the enzyme after the reac-

tion.103 The first large scale success was the HbHNL catalysed

synthesis of m-phenoxy-benzaldehyde cyanohydrin pioneered

by Griengl (Scheme 15). More examples followed, most on a

smaller scale. It has to be noted that in many cases the key to

success was a genetic modification of the enzyme. In this way

improved enantioselectivity was introduced. The details for all

processes are shown Scheme 15. All these processes are batch

processes and are based on wild type or mutant enzymes that

were expressed in microorganisms, ensuring cheap and

abundant supply of the HNLs. A micro-reactor system that

allows continuous processes has been described. It gives

similar results as the batch processes on a ml scale.104,105

The main differences between the homogeneous and the

immobilised HNLs are that the aqueous layer is reduced and

that the solid HNLs can be filtered off. This is equally achieved

with the crude enzymes. The reduced aqueous layer helps to

suppress the undesired racemic reaction that proceeds only in

water (Scheme 14), demonstrating the benefit of immobilising

the enzymes. In addition the immobilised HNLs have the

distinct advantage that they can be recycled more than

20 times without significant loss of activity or selectivity when

used in a batch reactor. In a packed bed reactor a continuous

reaction was stable for 100 h proving this reactor concept

beyond doubt.

7. Conclusions and outlook

The immobilisation of enzymes has two targets: to enable

separation, thus ensuring recycling and continuous reactions

as well as pure products, and to improve the enzymes immo-

bilised (stability, activity). Both targets were achieved with

widely applicable immobilisation techniques that are straight-

forward to utilise. Adsorption on Celite or silica beads and

covalent immobilisation on Eupergit worked in all attempted

cases. It can therefore be expected that these techniques will in

future be applied even more widely, easing HNL application in

the laboratory and industry.
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