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ymes to improve biocatalyst
performance: coupling genetic modification and
physicochemical tools
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Rodrigo Torresb and Roberto Fernandez-Lafuente*e

Improvement of the features of an enzyme is in many instances a pre-requisite for the industrial

implementation of these exceedingly interesting biocatalysts. To reach this goal, the researcher may

utilize different tools. For example, amination of the enzyme surface produces an alteration of the

isoelectric point of the protein along with its chemical reactivity (primary amino groups are the most

widely used to obtain the reaction of the enzyme with surfaces, chemical modifiers, etc.) and even its “in

vivo” behavior. This review will show some examples of chemical (mainly modifying the carboxylic

groups using the carbodiimide route), physical (using polycationic polymers like polyethyleneimine) and

genetic amination of the enzyme surface. Special emphasis will be put on cases where the amination is

performed to improve subsequent protein modifications. Thus, amination has been used to increase the

intensity of the enzyme/support multipoint covalent attachment, to improve the interaction with cation

exchanger supports or polymers, or to promote the formation of crosslinkings (both intra-molecular and

in the production of crosslinked enzyme aggregates). In other cases, amination has been used to directly

modulate the enzyme properties (both in immobilized or free form). Amination of the enzyme surface

may also pursue other goals not related to biocatalysis. For example, it has been used to improve the

raising of antibodies against different compounds (both increasing the number of haptamers per enzyme

and the immunogenicity of the composite) or the ability to penetrate cell membranes. Thus, amination

may be a very powerful tool to improve the use of enzymes and proteins in many different areas and a

great expansion of its usage may be expected in the near future.
1. Introduction

Enzyme features, such as specicity, selectivity and activity
under mild conditions, have attracted the attention of
researchers to these molecules as catalysts for industrially
relevant reactions.1 However, together with the positive prop-
erties, enzymes also have some features that are in opposition
with their use as industrial catalysts: e.g., enzymes are soluble,
unstable, inhibited by substrates, products and other
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compounds, and the good catalytic properties are only opti-
mized towards the physiological substrate.2 In nature enzymes
are submitted to strict regulations in complex metabolic routes
to give a rapid response to changes in the medium. However,
now we intend to use the enzymes in an industrial reactor,
where they are no longer required to have this regulative
behavior.

Genetic tools have permitted us to obtain more stable and
efficient biocatalysts using site-directed mutagenesis or
directed evolution.3 This strategy may be more or less complex
and time-consuming to produce the desired enzyme (Fig. 1),
but once the variant enzyme is ready, the large scale produc-
tion will not be more expensive than using a native enzyme
(it may actually become cheaper if enzyme overproduction is
achieved).

Another tool to improve enzyme properties is the chemical
modication of enzymes.4,5 (Fig. 2) Chemical modication may
pursue one-point modications (the effect of the modication
on the enzyme features may be hard to predict)6,7 or the intro-
duction of intramolecular crosslinkings to increase the enzyme
rigidity and thus, enzyme stability may be enhanced.8 On one
hand, the modication may be performed quite rapidly, but the
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Site-directed mutagenesis in biocatalysts design.

Fig. 2 Chemical modification of enzymes in biocatalysts design.
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enzyme will need to be modied each time the biocatalyst is
prepared. On the other hand, it is not necessary to be restricted
to natural amino acids and it is not limited to enzymes with
available genes.5

Immobilization also is used to improve enzyme proper-
ties.9–11 This technique needs to be used to solve the water-
soluble nature of enzymes.12,13 (Fig. 3) Immobilization consists
in the connement of the enzyme molecules in a limited space,
and permits to have a heterogeneous catalyst, easy to separate
from the reaction medium, and to reuse it, if the enzyme is
stable enough. There are many immobilization techniques,14

more or less adequate for each specic case depending on the
enzyme and the process (e.g., substrate size).15 However, as this
immobilization step is almost compulsory in the preparation
of an industrial biocatalyst, many authors are trying to solve
other enzyme limitations during immobilization.9–11 Thus,
This journal is © The Royal Society of Chemistry 2014
immobilization inside porous structures avoids the interaction
of the enzyme molecules with other enzyme molecules (pre-
venting enzyme aggregation) or with interfaces such as gas
bubbles, able to inactivate enzymes11 (Fig. 3). Rigidication of
the enzyme three-dimensional structure may be achieved via
multipoint covalent attachment,9 while the multisubunit
immobilization of multimeric enzymes prevents their inactiva-
tion via dissociation (Fig. 3).16 In some cases, the generation of
favorable environments may permit the stabilization of the
enzyme under certain conditions.17,18

With a handful of exceptions, these three tools are used in an
individual way to design a biocatalyst, without considering that
all of themmay (or even must) be used simultaneously to have a
biocatalyst with enhanced properties.19–21 This becomes espe-
cially relevant considering, as previously discussed, that the
enzymes must be nally used in an immobilized form.12
RSC Adv., 2014, 4, 38350–38374 | 38351

https://doi.org/10.1039/c4ra04625k


Fig. 3 Strategies of enzyme immobilization in biocatalysts design.
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In this review, we will focus on the amination of the enzyme
molecule surface, using physical, chemical or genetic strategies,
to improve its properties, such as stability, but also activity or
selectivity. Special emphasis will be paid to the coupled use of
amination to improve the immobilization, chemical or physical
modications of the enzyme.

The amination of the surface of a protein may fulll many
different objectives (Fig. 4). For example, it may alter the exist-
ing interactions between the groups in the enzyme surface to
tune the enzyme properties.19 This is easily obtained using
chemical modication because chemical amination is usually
based on the amidation of carboxylic acids (see section
below).22,23 This modication produces a clear alteration of the
Fig. 4 Chemical amination in biocatalysts design.

38352 | RSC Adv., 2014, 4, 38350–38374
ionic interactions on the protein surface: ionic bridges may be
broken and changed by repulsion forces. These changes may
affect the conformation of the enzyme, and thus its stability,
activity, specicity or selectivity.24,25

This alteration of the sign in the ionic character of areas of
the protein surface may facilitate the use of cation exchangers to
purify the enzyme that does not naturally have a tendency to
become adsorbed on these supports (e.g., using poly-Lys
tags).26–28

Amination may also increase the enzyme chemical reactivity
versus a support used for covalent immobilization.21 Most of the
supports used to immobilize proteins are designed to involve
the primary amino groups of the protein. That is because the
This journal is © The Royal Society of Chemistry 2014
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amino group of the Lys is an nucleophile, relatively frequent in
enzyme sequences, usually placed on the protein surface due to
its hydrophilicity and can directly react with a broad diversity of
groups that may be introduced in the support (epoxyde,29 vinyl
sulfone,30 glutaraldehyde,31,32 cyanogen bromide,33 tosyl chlo-
ride,34 tresyl chloride,35 glyoxyl,36 etc.). An enrichment of the
enzyme surface in primary amino groups will produce an
increase in the immobilization rate. Site-directed introduction
of Lys residues may also permit the immobilization/purication
of the enzyme, using supports such as glyoxyl, which require
immobilizing the enzyme via several enzyme/support
attachments.37,38

Amination increases the possibility of achieving a higher
interaction between enzyme and activated supports,19,21 that is,
a higher number of covalent attachments that increase enzyme
stabilization, or even controlling the immobilization area.39,40

If the amino groups are chemically introduced using ethyl-
enediamine, the new amino groups present a lower pK value
than that of the Lys (9.2 versus 10.7 without considering alter-
ations caused by the local environment),41 being thus more
reactive and permitting both, immobilization and multipoint
covalent attachment under milder conditions.19 This may be
very important when the enzyme is unstable at alkaline pH
values.42 However, this modication will be uncontrolled along
the whole protein surface, while the site directed mutagenesis
permits to introduce reactive groups just in the desired area of
the protein, not altering the other areas of the protein.

The increase of amino groups on the enzyme surface may
also facilitate some further chemical or physical modication of
the enzyme. For example, it may simplify the coating of the
enzyme with anion exchangers.43,44 The increase on primary
amino groups has also been used in certain cases to improve the
prospects of achieving intra (to stabilize enzymes)45 or inter-
molecular covalent attachments (to prepare crosslinked enzyme
aggregates, CLEAs).46 The lower pK value of the chemically
introduced amino groups using ethylenediamine has also
permitted to have a more general chemical modication of
protein surfaces with other molecules via modication of these
amino groups under milder conditions than that required by
the unmodied enzyme.47

The physical coating of the enzyme surface with poly-amine
polymers, such as polyethylenimine or polyallylamine, may
have many positive effects on enzyme properties, effects that are
derived from the physical and chemical features of the poly-
mer.48,49 Among these, we can point out the partition effect,
keeping away from the enzyme environment some deleterious
hydrophobic compounds (oxygen,50,51 hydrophobic organic
cosolvents,52,53), the prevention of interaction with inactivating
interfaces,54 and stabilization of multimeric structures.54,55

However, in the context of this review, it be remarked that
the coating with poly-amine polymers of the enzyme surface
permits, in an indirect way, the enzyme ionic exchange on a
cation exchanger, even though initially the enzyme had no
tendency to become adsorbed to this cation exchanger.54

In the next sections of this review, we will present and
discuss in a deeper way all these general ideas, supplying some
of the available examples.
This journal is © The Royal Society of Chemistry 2014
2. Chemical amination
2.1. Chemical amination of enzymes using the carbodiimide
route

This is the most used strategy to achieve the chemical amina-
tion of protein surfaces. The use of water-soluble carbodiimides
in conjunction with reactive nucleophilic species, as a tech-
nique for the modication of carboxyl groups in enzymes and
other proteins, was introduced many years ago.56,57 Proteins
have many reactive groups that can react with carbodiimides in
the same fashion as with simple nucleophiles.58–60

Ethyl-di-methyl-amino-propyl carbodiimide (EDC) allows the
modication of amino acid side chains thereby generating
“new” enzymes via covalent modication of existing proteins.
For this reason it has been used extensively for the chemical
modication of proteins.22,58,60

Using carbodiimides and nucleophiles such as primary
amines it is possible to modify carboxyl groups from different
proteins. The nature of the current chemical reactions
involved in carboxyl group modications using water-soluble
carbodiimides has been previously described.57,61 This chem-
istry is summarized in Fig. 5. In the rst step of the reaction,
the carboxyl group is added to the carbodiimide, forming a
very labile O-acyl-iso-urea intermediate. As a result of the re-
protonation at the site of the Schiff's base, the intermediate
will change into a carbocation, followed by reaction with
nucleophilic species such as ethylenediamine at high
concentrations in order to give a stable amide bond (Fig. 5,
route 1).

On the other hand, the O-acyl-iso-urea intermediate can
form N-acyl-urea via an intramolecular acyl transfer mecha-
nism. If the nucleophile is water, the carboxyl group will be
regenerated with the conversion of 1 molecule of carbodii-
mide into its corresponding urea (Fig. 5, route 2).57,61

However, kinetic studies on the modeling of carbodiimide–
carboxyl-nucleophile system have shown that the
rearrangement can be slow compared to the nucleophilic
attack if the concentration of nucleophile is sufficiently
high.57 Therefore, the coupling reaction of carboxyl and
nucleophile groups can be driven essentially to completion
in the presence of excess of both carbodiimide and the
nucleophilic reagent.

In aqueous solutions at acidic pHs, carbodiimides may react
also with free sulydryl groups from side chains of cysteine,62

as well as accessible phenolic groups of tyrosines.63 Indeed, it
has been reported that the carbodiimide activated O-acyl-iso-
urea on one molecule may undergo displacement by the
slightly nucleophilic hydroxyl of tyrosine (Fig. 6).60,63,64 Kinetic
studies have shown that reaction rates of sulydryl and
carboxyl groups with EDC are approximately equal, while tyro-
sine reacts more slowly. Carraway and Koshland63 have shown
that EDC converts accessible tyrosine residues in proteins to O-
arylisourea derivatives, which are resistant towards acid
hydrolysis. However, they have also shown that hydrox-
aminolysis of the modied protein quantitatively reverses this
tyrosine modication.
RSC Adv., 2014, 4, 38350–38374 | 38353
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Fig. 5 Reactions between carbodiimide and carboxylic groups of proteins.

Fig. 6 Side reactions during protein modifications with carbodiimide.
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The reaction of carbodiimides with the carboxyl group in
proteins can lead to inhibition; this can be caused by interac-
tion of neighboring nucleophiles that could generate intra-
molecular crosslinkings (Fig. 7, route A). For example,
erythrocyte membrane ATPase is inhibited by the carbodiimide.
The mechanism of the inhibition is thought to be via formation
of the O-acyl-iso-urea species followed by the attack of an
adjacent nucleophile causing the loss of urea, covalent binding
of the nucleophile with the binding site to produce cross-
linking. Protection of the enzyme by using methyl glycinate only
occurs when this nucleophile is added simultaneously with the
carbodiimide; subsequent addition to the nucleophile does not
cause regeneration of the O-acyl-iso-urea.58,65

Furthermore, another cause of enzymatic inhibition by use
of carbodiimides can be attributed to O,N-acyl shi
Fig. 7 Rearrangement of proteins following treatment with carbodiimid

38354 | RSC Adv., 2014, 4, 38350–38374
rearrangements (Fig. 7, route B). The O-acyl-iso-urea is relatively
labile to hydrolysis, which causes regeneration of the active
enzyme. However, residues partially shielded from solvolysis
are susceptible to the stable N-acyl-urea rearrangement. Func-
tionally important acid groups may frequently be found shiel-
ded in active sites and this type of chemical modication
becomes now feasible.58,64

If properly performed, this route may permit the simple
amination of the enzyme surface in a very controlled way.
2.2. Chemical amination of free enzymes

The rst interest of, the amination of enzymes via the carbo-
diimide route was themodication of the carboxylic acids of the
protein to discriminate the existence of essential carboxylic
e. (A) intramolecular crosslinkings. (B) O,N-acyl shift rearrangements.

This journal is © The Royal Society of Chemistry 2014
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groups for the function of the proteins, and that was performed
with diamines,59 but also with just mono amine compounds60,66

as the nal goal was not the amination of the enzyme surface
but the modication of the carboxylic residues.

However, some examples may be found where the objective
was to aminate the enzyme surface and check the effects of this
modication on the enzyme performance. Table 1 shows a
resume of the main examples.67–77 The objectives could be
enzyme crosslinking (analyzing the effect of the crosslinking
size),67 or just to check the effect of the general modications.
Stabilities or activities could be improved in some cases. In a
quite sophisticated strategy, several polysaccharides were
derivatized with 1,4-diaminobutane and covalently attached to
bovine pancreatic trypsin through a transglutaminase-catalyzed
reaction.77
Table 1 Effect of chemical amination on biochemical properties of free

Enzyme Source
EC
number Type of modication

Alpha-
chymotrypsin

Bovine
pancreas

3.4.21.1 Succinylation of the enzyme fo
carbodiimide activation and
ethylenediamine cross-linking

Glucoamylase Aspergillus
niger

3.2.1.4 Modication of three carboxyl
available in the enzyme with c
and ethylenediamine activatio

Lysozyme Hen egg
white

3.2.1.17 Carbodiimide route activation
followed by modication with
ethanolamine, ethylenediamin
methylamine, or
4(5)-(amino-methyl)-imidazole

Beta-glucosidase A. niger
NIAB280

3.2.1.21 Modication of the enzyme wi
dimethylaminopropyl) carbodi
presence of glycinamide or eth

Carboxymethyl-
cellulase

A. niger 3.2.1.4 Modication of the enzyme wi
dimethylaminopropyl) carbodi
presence of dimethylamine hy
and ethylenediamine dihydroc
nucleophile

Glucoamylase Fusarium
solani

3.2.1.3 Chemical amination of the en
ethylenediamine

Xylanase Scopulariosis
sp.

3.2.1.8 Carbodiimide activation and
ethylenediamine modication

Serine protease Bacillus
lentus

3.4.21 Combined use of chemical mo
site-directed mutagenesis of th

Invertase NA 3.2.1.26

Invertase NA 3.2.1.26 Pectin was attached to ethylen
activated carbohydrate moietie
enzyme using modication wi
dimethylaminopropyl) carbodi

Trypsin Pancreas 3.4.21.4 Modication of the enzyme wi
polysaccharides derivatized wi
diaminobutane through a tran
catalyzed reaction

a NA: not available.

This journal is © The Royal Society of Chemistry 2014
Thus, amination of free enzymes, even although not very
utilized, has been used in diverse examples with good results.
2.3. Chemical amination of enzymes to improve its
immobilization

2.3.1. Increase of the number of the enzyme/support
covalent attachments. One of the goals that may be pursued
by amination of the enzyme surface is to increase the amount of
reactive groups on the enzyme surface and thus improve the
prospects of getting an intense multipoint covalent attachment
during immobilization. This approach is effective if the support
(e.g., glyoxyl-agarose,36 epoxy,31 etc.) and immobilization
protocol are chosen in a way that may permit to get this
multipoint covalent attachment. Table 2 shows a resume of the
main examples.
enzymesa

Effect of amination on enzyme properties Reference

llowed by Increase in thermostability from 3- to 21-fold 67

groups
arbodiimide
n

Increase on thermostability 68

of the enzyme

e,

Specic modication of Asp-101 decreases
enzyme activity (83–52% of the native
enzyme)

69

th 1-ethyl-3(3-
imide in
ylenediamine

Increase of half-lives at high temperatures
(64 and 67 �C), with better results using
ethylenediamine

70

th 1-ethyl-3(3-
imide in
droghloride
hloride as

Improving catalytic efficiency (Vmax/Km)
from 0.16 to 1

71

zyme using Increase on activity and stability depending
on the modication degree improving
catalytic efficiency from 136 to 225

72

of the enzyme
Decrease on catalytic efficiency and
obtaining of two optimal pHs

73

dication and
e enzyme

Modication of enzyme selectivity allowing
catalyzing coupling reactions of both L- and
D-amino acid esters

74

Increase of stability to temperature of the
enzyme around 10 �C, to pH below 3.0 by
20% and denaturing compounds such as
urea by 2 h

75

ediamine-
s of the
th 1-ethyl-3(3-
imide

Increase of optimal temperature by 8 �C and
thermostability by 7.3 �C. Improving on half-
life at 65 �C from 5 min to 2 days, enzyme
stability at pH 2 by 33% and pH 12 by 27%

76

th
th 1,4-
sglutaminase-

Shi of the optimal pH to alkaline values.
Increase of thermostability around 22- to
�48 fold in the range 50–60 �C. Increase of
half-life time ranging from 9- to �68 fold in
presence o 0.3% (w/v) sodium dodecylsulfate
(SDS)

77

RSC Adv., 2014, 4, 38350–38374 | 38355
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Table 2 Chemical amination of enzymes to improve their immobilization

Enzyme Source
EC
Number Type of modication and Immobilization Effect of amination on enzyme properties Reference

Penicillin acylase E. coli 3.5.1.11 Aminated enzyme immobilized on
glyoxyl agarose by multipoint covalent
attachment

Improvement of enzyme immobilization
at pH 9 by multipoint covalent
attachment. Increase of thermostability
by a 4-fold factor compared to the
unmodied enzyme

78 and 79

Glutaryl acylase NA 3.5.1.93 Aminated enzyme immobilized on
glyoxyl agarose by multipoint covalent
attachment

Improvement of enzyme immobilization
at pH 9 by multipoint covalent
attachment increase of thermostability
by a 20-fold factor compared to the
unmodied enzyme

80

Glucoamylase A. niger 3.2.1.3 Aminated enzyme immobilized on
glyoxyl agarose by multipoint covalent
attachment

Improvement of enzyme stability by 500-
fold factor, keeping 50% of the initial
activity of the immobilized enzyme

81

Laccase Trametes
versicolor

1.10.3.2 Aminated enzyme immobilized on
glyoxyl agarose by multipoint covalent
attachment

Stabilization of the enzyme 280-folds
with a 60% of the initial activity. The
biocatalyst can be used for 10 cycles in
oxidation of phenyl compounds without
detecting decrease in enzyme activity

82 and 83

Lipase Candida rugosa 3.1.1.3 Aminated enzyme immobilized on
electrochemically PANI activated with
glutaraldehyde

Higher specic activity (52%) and
thermal stability (3-times) aer
immobilization compared to
immobilized unmodied enzyme.
Increase of reuse of the enzyme at pH 10

84

Invertase Baker's yeast 3.2.1.26 Different aminated enzymes (periodate
and ethanolamine-treated enzyme,
periodate and ethylenediamine-treated
enzyme and TNBS followed by periodate
and ethylenedianzine-treated enzyme)
were immobilized on Sepharose

Higher yields of immobilization, and
improvements on thermal and storage
stability of the enzyme

85

Lipase Bacillus
thermocatenulatus

3.1.1.3 Enzyme immobilized on octyl-agarose,
aminated and then desorbed, and nally
immobilized on glyoxyl agarose

Stabilization of the enzyme around 1200-
fold compared to enzyme immobilized
on CNBr and further aminated

88

Lipase Thermomyces
lanuginosus

3.1.1.3 Enzyme immobilized on octyl-agarose,
aminated and then desorbed, and nally
immobilized on glyoxyl agarose

Immobilization of the enzyme without
inactivation can be performed at pH 9 or
10. Enzyme activity is kept at 70% and
stability is improved 5-fold compared to
the non-aminated enzyme

42

Lipase Rhizomucor miehei 3.1.1.3 Enzyme immobilized on octyl-agarose,
aminated and then desorbed, and nally
immobilized on glyoxyl agarose and
CNBr

Improvement in enzyme immobilization
rates at pH 9.1

95

Penicillin
G acylase

E. coli 3.5.1.11 Amination of the enzyme by
ethylenediamine and carbodiimide

Immobilization of the enzyme on
carboxymethyl or dextran sulphate-
coated supports is facilitated. Signicant
increase in enzyme stability to organic
solvents are achieved

43

Invertase Saccharomyces
cerevisiae

3.2.1.26 Introduction of chitin enzyme structure High yields and enzyme recovery during
immobilization of alginate-coated chitin
supports. Optimal temperature is
increased by 10 �C and thermostability
enhanced around 9 �C (4-fold more
resistant to thermal treatment at 65 �C
than native enzyme)

107

Invertase S. cerevisiae 3.2.1.26 Modication of the enzyme on pectin-
coated chitin support via polyelectrolyte
complex formation

High enzyme recovery (97%) and
immobilization yield (85%). Optimal
temperature is increased by 10 �C and its
thermostability enhanced by about 10 �C
aer immobilization (4-fold more
resistant to thermal treatment at 65 �C
than native enzyme)

108

38356 | RSC Adv., 2014, 4, 38350–38374 This journal is © The Royal Society of Chemistry 2014
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Table 2 (Contd. )

Enzyme Source
EC
Number Type of modication and Immobilization Effect of amination on enzyme properties Reference

Invertase S. cerevisiae 3.2.1.26 Modication of the enzyme on
hyaluronic-acid-modied chitin

Optimal temperature for sucrose
hydrolysis is increased by 5 �C and
thermostability enhanced by about 10 �C
aer immobilization (4-fold more
resistant to thermal treatment at 65 �C
than native enzyme)

109
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Initially, the enzymes were aminated in solution, requiring
extensive dialysis to eliminate the excess of ethylendiamine.78–85

Most results used glyoxyl-agarose supports. Results pointed that
the aminated enzymes were more rapidly immobilized and
permitted higher stabilization factors. Interestingly, immobili-
zation could be performed now under milder pH conditions on
glyoxyl supports, a key feature when the enzyme was unstable at
pH 10.78 Immobilization at different pH values permitted to alter
the rea involved in the immobilization and different stabiliza-
tions could be obtained (aer incubation at pH 10 of the already
immobilized enzyme). Immobilization of lipase from Candida
rugosa electrochemically synthesized PANI activated with glutar-
aldehyde was improved via chemical amination.84 Aminated
lipases exhibited higher specic activity (52%) and thermal
stability (3-times) aer immobilization, compared with the
immobilized unmodied lipase. Also, reusability of the immo-
bilized enzyme was signicantly increased with amination,
especially when immobilization was performed at pH 10, this
biocatalyst retained 91% of activity aer 15 reaction cycles.84

To solve the problem of elimination of the excess of ethyl-
enediamine and also to beneciate of the solid phase modi-
cation of proteins, the previous reversible immobilization of
enzymes seems advantageous. Using lipases, this could be
accomplished by reversibly immobilized on octyl-agarose,86 a
support that did not produce any cross-reaction with carbodii-
mide. These immobilized enzymes were aminated, washed in a
very simple fashion to eliminate the residual ethylenediamine,
desorbed from the octyl-agarose beads using a detergent, and
immobilized on glyoxyl-agarose (Fig. 8).19 The presence of
detergent during the covalent immobilization was useful to
avoid the risk of lipase/lipase aggregation.87 Results were
similar to the described aminating free enzymes: higher
immobilization rates, possibility of immobilization at lower pH
values on glyoxyl agarose, higher stabilization factors.42,88,95

The solid phase amination produces a clear simplication of
the process, new methods for the reversible immobilization of
enzymes on supports that did not interfere with the amination
reaction may open the opportunity of extending this strategy to
any other enzyme or protein.

2.3.2. Improved production of crosslinked enzyme aggre-
gates. The preparation of crosslinked enzyme aggregates
(CLEAs) is a relatively recent enzyme immobilization technique
developed in the group of Prof Roger Sheldon.97 The strategy is
relatively simple, consisting on the precipitation of the enzyme
in an active form and the physical stabilization of the aggregate
This journal is © The Royal Society of Chemistry 2014
particles via chemical crosslinking to prevent re-dissolution
when the aggregation reagent is eliminated.98 However, in
some instances, the crosslinking step of the enzyme may not be
simple, e.g., if the enzyme has few reactive groups on its surface.99

The amino groups tend to be the most utilized groups for the
crosslinking step.113,114 Co-aggregation of the enzyme with other
Lys rich proteins (Fig. 9) is one of the possible solutions,100 as well
as the use of PEI (see Section 4 of this review).101,102However, both
strategies reduce the volumetric loading of the target protein on
the nal biocatalyst. The amination of the enzyme may be a
simple solution to solve this problem. Lipase B from Candida
antarctica presents a low amount of Lys on the surface.103

Although the precipitation step is easy using different precipi-
tants, the crosslinking step becomes a problem due to the low
amount of Lys residues in this enzyme.46 The enzyme surface was
enriched in amino groups by chemical amination of the enzyme
using ethylenediamine and carbodiimide (Fig. 9). Using this
aminated enzyme, precipitation is also effective and the cross-
linking step is no longer a problem. Stability of this CLEA was
higher in both thermal and cosolvent inactivation experiments
than that of the coCLEA produced by co-aggregation of BSA and
enzyme;46 another alternative to produce a CLEA of this inter-
esting enzyme.104

2.3.3. Improved enzyme immobilization on cation
exchangers. Immobilization of proteins on ion exchangers
requires the simultaneous establishment of several enzyme-
support interactions.105,106 Most enzymes have an isoelectric
point ranking from 4 to 5, and this makes that most enzymes
can hardly become adsorbed on cation exchangers under a wide
range of pH values. Table 2 shows examples where the enzyme
was aminated using ethylenimine43 or cationic polymers like
chitosan.107–109 Immobilization via cation exchange could be
only successfully employed using the modied enzymes
(Fig. 10). The use of ionic polymers on the support and/or on the
enzyme permitted to improve the enzyme stability in the pres-
ence of organic solvents. Thus, amination seems to be a
powerful tool to prevent one of the problems of immobilizing
enzymes via ion exchange, the risk of enzyme desorption.

2.4. Chemical amination of immobilized enzymes to
improve their catalytic performance

The chemical modication of enzymes in the solid phase has
many advantages:19 prevention of aggregation, possibility of
using stabilized enzymes, easy performance and control, etc.
Most of the examples found using the chemical amination of the
RSC Adv., 2014, 4, 38350–38374 | 38357
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Fig. 8 Solid-phase amination of lipases and its further immobilization on glyoxyl supports.

Fig. 9 Strategies to crosslink enzyme aggregates with glutaraldehyde when the enzyme is poor on external amino groups. (A) Mixture with BSA.
(B) Chemical amination.
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immobilized enzymes are quite recent. Table 3 summarizes the
main results.24,24,110–114 The amination of immobilized enzymes,
mainly lipases, has permitted to improve their activity, stability,
tuning selectivity and specicity. The results are not easy to
predict, and depend on the immobilization protocol. However,
due to the rapid way thismodicationmay be accomplished,may
be a simple way to increase the library of biocatalyst when
looking for an optimal biocatalyst for a particular process.
2.5. Chemical amination to improve the crosslinking of
immobilized enzymes

Chemical crosslinking of enzymes is a way to greatly increase
their structure rigidity, and thus, their stability.6,8,115,116 Here we
38358 | RSC Adv., 2014, 4, 38350–38374
will focus on the crosslinking, using bi or multifunctional
molecules, of previously immobilized enzymes. Intermolecular
crosslinking is a quite complex process, as it must compete with
the one-point modications (if using homo-bifunctional
reagents), and most important, only if there are reactive groups
located on the appropriate distance (similar to the crosslinking
reagent) the crosslinking will take place. This strategy is also valid
to stabilize multimeric enzymes, if it involves all enzyme
subunits.16 The majority of the most widely used and effective
crosslinkers are based on reaction with amino groups, as is the
case of the glutaraldehyde.32,117 Thus, amination of the enzyme
surface could be a proper tool to achieve an intense intra-
molecular or intersubunit crosslinking (Fig. 11).
This journal is © The Royal Society of Chemistry 2014
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Fig. 10 Improved ionic exchange of aminated proteins on anion
exchangers.
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However, although there are many reports on crosslinking of
immobilized proteins,19 we have been able to nd just one
example where the amination was performed on previously
immobilized enzyme before the crosslinking. This example was
on penicillin G acylase previously multipoint-immobilized on
glyoxyl-agarose.45 Aer amination, the enzyme was submitted to
full modication with glutaraldehyde, the excess of reactive was
eliminated by a simple washing, and the modied enzymes
were long term incubated to permit an intense crosslinking
(crosslinking is a quite slow process, as it requires the reaction
between two groups attached to a rigid structure, a protein
surface). Stabilization factors of more than 40 were achieved.45

Using formaldehyde, stabilization did not take place, suggest-
ing that this reactive may have a most complex crosslinking
behavior.45 However, leaving an excess of formaldehyde, similar
stabilization factors were found,118 indicating that formalde-
hyde required to form some multi-formaldehyde structures to
give some crosslinking.119
2.6. Chemical amination to improve the physical coating
with anionic polymers

The coating of enzymes with polymers has been reported as an
efficient way to improve the enzyme stability versus interaction
with interfaces, such as gas bubbles, subunit dissociation,121

organic solvents by generating a certain partition, etc.19 The use
of ionic polymers may be a simpler solution than the covalent
modication.

One requirement to use this strategy is that the polymer
must coat the enzyme surface, and the enzyme-polymer inter-
action must be strong enough to enable the use of this
composite under a wide range of pH values without breaking
the composite. In fact, in some instances, this stabilization of
the polymer/enzyme composite has been achieved by using a
This journal is © The Royal Society of Chemistry 2014
chemical crosslinker,54 but in other cases this may not be
possible, e.g., if the enzyme is inactivated by this treatment.55

Most of the examples dealing with coating enzymes with
ionic polymers use polyethylenimine (see Section 3 of this
review) because most enzymes have too low isoelectric point to
become coated using polyanionic polymers at neutral pH
values. This coating with anionic polymers may be easily ach-
ieved using previously chemically aminated enzyme: the protein
will have a cationic nature in pH values as high as 12 if total
amination is achieved,24 permitting to get a very stable enzyme-
anionic polymer composite (Fig. 12). Although this strategy
should work, we have been unable to nd an example where
aminated enzymes are coated using poly-ionic polymers, the
only examples we have found are related to immobilization of
enzymes on anionic supports (see Section 2.3.3).43,107–109

However, as we thought that this application should work
properly, we have decided to include this possibility in the
present review.
2.7. Chemical amination to improve their further
modication with other compounds

In some instances, the researcher may intend to introduce some
molecules on the enzyme surface to alter its physical properties,
or alter its catalytic efficiency. The reaction with amino groups
of the protein used to be one of the most applied strategies due
to the good reactivity of these groups with many reagents.122

However, if we really desire a massive modication of the
protein surface, this may not be so simple, as the pK of the
amino group in the lateral chain of Lys is 10.5, and this pK will
be quite similar on all residues exposed to the medium, that are
the ones that we can modify. The terminal amino groups may
have a lower pK value, but this group only permits a one-point
modication. The massive modication of an enzyme surface
with an amino-reactive compound was the goal of a recent
paper.47 While immobilized native lipase B from Candida ant-
arctica cannot be massively modied with succinic poly-
ethyleneglycol via the carbodiimide route, the aminated enzyme
can be modied with 14–15 PEGmolecules could be introduced
per enzyme molecule. The effects on enzyme feature depended
on the immobilization protocol.47
2.8. Chemical amination of proteins to improve their uses
“in vivo”

Amination of enzymes has not only been used in vitro, but it has
also been used to improve the enzyme and proteins perfor-
mance in vivo. Covalently aminated enzymes, using polymers
such as polyethylenimine or small amines attached to the
carboxylic groups, have been used in vivo due to several
advantages.

Regarding the preparation of antibodies versus small
compounds, the use of aminated carrier proteins have twomain
advantages. First, the modied protein has usually a more
potent immunogenicity that unmodied protein.123,124 Second,
and related to the point 2.6 of this review, the larger amount
and higher reactivity of the aminated enzymes, may permit to
RSC Adv., 2014, 4, 38350–38374 | 38359
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Table 3 Improvement of immobilized enzyme properties via chemical amination

Enzyme Source
EC
number Type of modication

Effect of amination on enzyme
properties Reference

Lipase Candida antarctica (B),
T. lanuginosus and Pseudomonas
uorescens

3.1.1.3 Modication with ethylenediamine
via carbodiimide

Activity and enantioselectivity
of the enzymes can be modulated,
and it is possible to obtain high
enantiomeric excess (ee) in the
kinetic resolution of (�)-2-
hydroxyphenylacetic acid methyl
ester

110

Lipase (Novozyme 435) C. antarctica B
in immobilized form

3.1.1.3 Modication by amino-ethyl-
amidation of the enzyme

Improvement in enzyme activity
against 3-phenylglutaric dimethyl
diester (two-fold)

111

Lipase T. lanuginosus 3.1.1.3 Modication of the enzyme
immobilized on octyl-agarose with
ethylene-di-amine of carboxylic
groups previously activated with
carbodiimide at different
extensions (10, 50 and 100%)

Improvement in enzyme activity
against p-nitrophenyl-propionate
(p-NPP). Fully aminated and
hydroxylamine-treated enzyme
exhibits higher thermostability
(at pH 5 almost 30-fold factor
compare to unmodied enzyme)

25

Lipase C. antarctica B, T. lanuginosus,
R. miehei

3.1.1.3 Amination of the enzyme
immobilized on CNBr-activated
Sepharose via a mild covalent
immobilization or adsorbed onto
octyl-Sepharose

Alteration of enzyme performance
on the selective hydrolysis of sardine
oil to produce both eicosapentanoic
and docosahexaenoic acid

112

Lipase C. antarctica B 3.1.1.3 Modication with ethylenediamine
(EDA) or 2,4,6-tri-nitro-benzen-
sulfonic acid (TNBS) by different
strategies (by single or sequential
mode) of the enzyme covalently
immobilized on CNBr-activated
Sepharose or adsorbed onto octyl-
Sepharose

Activity on p-nitrophenylbutyrate
(p-NPB) is improved by 2-fold factor.
Signicant changes in activity/pH
proles and enzyme specicity are
observed

24

Phospholipase
(Lecitase Ultra)

Articial enzyme (Novozymes) 3.1.1.4 Modication of the enzyme by
different individual or cascade
chemical modications (amination,
glutaraldehyde or 2,4,6-
trinitrobenzensulfonic acid)

Most of the modications presented
a positive effect on some enzyme
properties at least under certain
conditions, and a negative effect
under other conditions. For
instance, glutaraldehyde
modication of immobilized or
aminated immobilized enzyme
permitted to improve enzyme
stability of both immobilized
enzymes at pH 7 and 9 (around a
10-fold factor)

113

Lipase Geobacillus thermocatanulatus 3.1.1.3 Modication of the enzyme by site
directed amination by thiol-
disulde exchange with
pyridyldisulde poly-aminated-
dextrans and then immobilized by
colvanet attachment in BrCN or
glyoxyl-agarose

Increase of enzyme activity on
aliphatic carboxylic esters

114
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introduce a higher number of antigen molecules per molecule
of carrier protein.125

Regarding the use of proteins as medicament, the cationized
protein is able to penetrate membranes in a more efficient way
than the unmodied proteins.126,127

Now we will make a rapid overview on some examples of
these in vivo uses of amination of proteins.

2.8.1. Use of aminated proteins to raise antibodies versus
small molecules. To raise antibodies versus small molecules, it
38360 | RSC Adv., 2014, 4, 38350–38374
is necessary to attach these small haptens to large proteins,
because if the size is under 5000, the immunologic response is
very low or inexistent.

In the late 1980s, it was shown that a cationized form of
bovine serum albumin produced by substituting the anionic
side chain carboxylic groups with aminoethylamide groups
possesses unique immunologic properties.124 It was possible to
use 500-fold lower amount of cationized protein to reach the
same immunogenic response. Moreover, antibodies were
This journal is © The Royal Society of Chemistry 2014
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Fig. 11 Increased prospects of crosslinking via amination.

Fig. 12 Physical coating of aminated enzymes with anionic polymers.
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produced in response to the administration of cationized
protein but not using unmodied enzyme unless an adjuvant
was used. An inverse correlation between the degree of cationi-
zation and the amounts of antigen needed for optimal T cell
reactivity was observed. The results suggested that native
albumin enters the cell by uid phase pinocytosis, whereas the
aminated protein enters by a nonspecic adsorptive mecha-
nism.123 Ethylenediamine modied bovine albumin was modi-
ed with aatoxin B1 using aMannich-type protocol, and utilized
to raise antibodies versus aatoxin B1, achieving a quicker
immunological response.128 Later, a similar strategy was used to
raise antibodies versus bisphenol A.129 Compared with the non-
aminated protein, the aminated bovine serum albumin
improved the efficiency of coupling and enhanced the immune
response against the target antigen.129 In a third research,
dichlorvos was coupled to cationized bovine serum albumin
using also a method based on Mannich-type reaction, and
utilized to produce a monoclonal antibody versus diclorvos.130 In
a nice report, it was shown that combining double-chemically
modied carrier proteins and hetero-functional crosslinkers
allowed preparing tailor-made hapten-protein carrier conju-
gates.125 The protein was aminated and further modied by
different crosslinkers (hyper-reactive proteins) at different
conditions in order to control the conjugation ratio from 1 to >12
molecules of hapten per carrier protein. Finally, this novel
strategy has been successfully used to develop antibodies against
a short specic peptide corresponding to a one point mutation
(D816V) of cKIT, which is a clinically relevant mutation related to
mastocytosis and gastrointestinal stroma tumor.125
This journal is © The Royal Society of Chemistry 2014
2.8.2. Improving the protein function in vivo via chemical
amination

2.8.2.1. Improved function in vivo of aminated antibodies.
Proteins and enzymes may be used as medicaments. In other
cases, enzymes are used as a way to make some studies on their
effect on cells. In most cases, the enzymes need to be inside the
cells to be useful, or to penetrate complex barriers, such as the
brain barrier. It has been demonstrated that proteins articially
cationized by chemical conjugation show efficient intracellular
delivery via adsorptive-mediated endocytosis and then may
exert their biological activity inside cells.126 As the mammalian
cell membrane possesses an abundance of negatively charged
glycoproteins and glycosphingolipids, amination of proteins is
a reasonable choice to endow them with the ability for intra-
cellular delivery.127

One of the applications of the amination of proteins has
been the improvement of antibody penetration on cells and
different tissues. Owing to the poor transport of monoclonal
antibodies across either capillary or cell membrane barriers,
drug delivery strategies are needed to target monoclonal anti-
bodies to intracellular sites where proteins function. Aminated
antibodies may be therapeutic and allow for intracellular
immunization because their better penetration in cells. For
example, the improved issue uptake of aminated immuno-
globulin G was shown aer intravenous administration relative
to the uptake of native protein.131 Polyclonal antibodies directed
against a 16-amino acid synthetic peptide corresponding to
amino acids 35–50 of the 116-amino acid rev protein of human
immunodeciency virus type 1 were used as a model of the
effect of the amination on protein cell uptake.132 The study
demonstrated that cationization resulted in enhanced endocy-
tosis of the antibody and enhanced inhibition of HIV-1 repli-
cation, consistent with intracellular immunization of the rev
protein. The amination of a monoclonal antibody prepared
against a synthetic peptide encoding the Asp13 point mutation
of the ras proto-oncogenic p21 protein permitted to improve the
uptake in vitro.133 The in vivo pharmacokinetics and efficacy of
cationized human immunoglobulins in the human-peripheral
blood lymphocytes-severe combined immune deciency
mouse model were evaluated using the severe combined
immunodecient mouse transplanted with human lympho-
cytes and infected with human immunodeciency virus (HIV)-
1.134 The aminated immunoglobulins have a markedly reduced
mean residence time and a marked increase in organ uptake
compared to the native immunoglobulins.134 The amination of
humanized 4D5 monoclonal antibody directed against the
p185(HER2) oncogenic protein permitted to improve its cell
uptake.135 Native antibody was conned to the periplasma
membrane space with minimal endocytosis into the cell. In
contrast, robust internalization of the cationized 4D5 antibody
by the SK-BR3 cells was demonstrated.135 Aminated goat
colchicine-specic polyclonal immunoglobulin G and antigen
binding fragment decreased more rapidly in plasma than the
non-modied counterparts.136

2.8.2.2. Improved function in vivo of aminated enzymes. In
other instances, the objective of the amination was to achieve
RSC Adv., 2014, 4, 38350–38374 | 38361
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that exogenous enzyme may perform their function inside the
cells to solve some problems, that is, to use the enzymes as
medicaments. Table 4 shows a resume of the most signicant
examples. In general, aminated enzymes can penetrate better
inside the cells, and exert inside the function, making that this
strategy may be very useful to use enzymes to treat illness
related to cell metabolic failure. Aminated catalase is used in
some these studies to prevent hydrogen peroxide-induced
damage,137,138 aminated glucose oxidase is used for the treat-
ment of metabolic deciencies137, but most examples are related
to ribonucleases. Ribonucleases are potential anti-tumor drugs
due to their potential cytotoxicity. A general model for the
mechanism of the cytotoxic action of RNases includes the
interaction of the enzyme with the cellular membrane, inter-
nalization, translocation to the cytosol, and degradation of
ribonucleic acid.139 The cytotoxic properties of naturally occur-
ring or engineered RNases correlate well with their efficiency of
cellular internalization and digestion level of cellular RNA.
Aminated RNases are considered to be adsorbed on the anionic
cellular surface by Coulombic interactions, and then become
efficiently internalized into cells by an endocytosis-like
pathway.140–143 Although chemically modied cationized
RNases showed decreased ribonucleolytic activity, improved
Table 4 Chemical amination of free enzymes to improve in vivo biolog

Enzyme Source
EC
Number

Type of modication and/or
Immobilization

Catalase NA 1.11.1.6 Enzyme is aminated with
ethylenediamine

Glucose oxidase NA 1.1.3.4 Enzyme is aminated with eth

Catalase NA 1.11.1.6 Enzyme is aminated with
ethylenediamine or hexylene

RNAase NA 3.1.27 Enzyme is aminated by ethy
by the carbodiimide route

RNAase Streptomyces
aureofaciens

3.1.1.27 Enzyme is aminated by ethy
by the carbodiimide route

RNAase A Bovine 3.1.27.5 Enzyme is modied by ethyl
by the carbodiimide route

RNAase 1 Human 3.1.27.3 Enzyme is modied by ethyl
by the carbodiimide route

RNAase NA 3.1.27 Enzyme is modied with
polyethyleneimine (PEI)

Glutathione
S-transferase

Schistosoma
japonicum

2.5.1.18 Enzyme is fusioned with gre
uorescent protein and cati
forming a complex with a po
polyethylenimine-glutathion

RNAase NA 3.1.27.5 Enzyme is biotinylated and
PEI-streptavidin

38362 | RSC Adv., 2014, 4, 38350–38374
endocytosis and decreased affinity to the endogenous RNase
inhibitor improve their ability to digest intra-cellular RNA.

Another application in vivo of aminated proteins is their use
as carrier proteins for different drugs or peptides towards target
tissues. For example, rat albumin was cationized with hexam-
ethylenediamine, and the isoelectric point of the protein was
raised from 5.5 to approximately 8.144 The aminated rat serum
albumin was taken up by isolated rat or bovine brain micro-
vessels, whereas native protein was not taken up by the capil-
laries in vitro. Therefore, cationized rat albumin may be used in
future studies that use the repetitive administration of ami-
nated rat albumin chimeric peptides for the evaluation of the
transport of these substances through the blood–brain barrier
in vivo.144

Bovine serum albumin was aminated with hexamethylene-
diamine or ethylenediamine to obtain cationized proteins and
study the relation between physical properties and hepatic
delivery.145 Aminated albumins were rapidly taken up by liver,
but the protein modied using hexylenediamine showed a
faster uptake than when using ethylenediamine, with a similar
number of free NH2 groups, suggesting that the diamine
reagent with a longer carboxyl side chain results in more
ical properties of enzymes

Effect of amination on enzyme properties Reference

Signicant protection against Fe(II)/H2O2

and ascorbic acid/copper ion-mediated
damage is obtained

137

ylendiamine Treatment of pathological processes in
the intestine is suggested

137

diamine
Aminated enzymes show increased
binding capacities to HepG2 cells, and
rapidly are taken up by the liver.
Hydrogen peroxide induced cytotoxicity
in HepG2 cells is signicantly prevented
by preincubation of the cells with
aminated enzyme

138

lendiamine Improvement in ability to digest intra-
cellular RNA, endocytosis and decreased
affinity to the endogenous RNase
inhibitors is achieved

140

lendiamine Toxic effects of the enzyme are enhanced 141

endiamine Modied RNases are cytotoxic toward
3T3-SV-40 cells despite their decreasing
on ribonucleolytic activity

142 and 143

endiamine Modied RNases are cytotoxic toward
3T3-SV-40 cells despite their decreasing
on ribonucleolytic activity

142

Enzyme is efficiently uptaken and
functioned into the cytosol

147

en
onized by
lycationic
e conjugate

Increase on both penetrability and
enzyme delivery into CHO cells

148

mixed with Inhibition of cell growth of 3T3-SV-40 cell
lines

150

This journal is © The Royal Society of Chemistry 2014
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efficient hepatic targeting. A low degree of amination is suffi-
cient for efficient hepatic targeting of proteins.145

The use of aminated b-lactoglobulin (11 carboxylic groups
were modied with ethylenediamine) as carrier protein
improved the bioavailability for poorly absorbed bioactive
compounds.146

In other cases, amination of enzymes and proteins has been
used to facilitate the study of proteins in living cells. In the post-
genomic era, there is interest for developingmethodologies that
permit protein manipulation to analyze functions of proteins in
living cells. For this purpose, techniques to deliver functional
proteins into living cells are of great relevance and protein
amination seems to be an obvious option. Table 4 shows some
of the most relevant examples. In some examples, the modi-
cation is performed using polymers like polyethylenimine.147–149

An original approximation shows the indirect protein amina-
tion using non-covalent interaction using PEI-cationized avidin,
streptavidin and protein G were used to deliver biotinylated
proteins and antibodies into living cells.150

Finally, amination has been proposed to improve the activity
recovery of proteins expressed as inclusion bodies opening a
novel method to deliver a denatured protein into cells and
simultaneously let it fold to express its function within cells.151
3. Physical amination of enzymes
using aminated polymers

In the Section 2, we have shownmany examples where a protein
was chemically attached to a poly-aminated polymer, usually
chitosan or polyethyleneimine (PEI). This section will focus on
the coating of the protein surface by polycationic polymers, but
not in a covalent way, but simply by physical ionic exchange
(Fig. 13). The polymers may be quite large, even millions of Da,
and that may facilitate the multipoint adsorption that is require
to keep the polymer/enzyme interaction.105,106

PEI has been described to present some stabilizing effect on
diverse proteins due to diverse causes: prevention of enzyme
aggregation, prevention of loss of secondary structure, reduction
of metal oxidation, prevention of multimeric enzyme dissocia-
tion, avoiding inactivation by deleterious substrates, etc.49,53,55,152

Some reports pointed that the stability-effect of poly-ionic poly-
mers did not really depend on their cationic or anionic nature of
the polymer, stating that perhaps a direct electrostatic enzyme/
polymer interaction was not required.48 However, considering
that most enzymes may be adsorbed under the same conditions
on PEI and dextran sulfate coated supports;153 it is not clear that
this electrostatic interaction may be discarded.

Table 5 shows some of the most relevant examples. In some
cases the effects of the coatings were negative,154 but usually
some positive effects were described: stabilization being the
most usual,155,156 but also improvement of detection limit ion
biosensors may be found.157

However, the most interesting examples are when the
enzyme coating with the polymer is a simple step in the devel-
opment of a more complex strategy to prepare an immobilized
biocatalyst, as are some of the examples listed below.
This journal is © The Royal Society of Chemistry 2014
3.1. Immobilization of enzymes coated with cationic
polymers on cation exchangers

Modication of the enzyme using ionically exchanged poly-
amines may permit to further immobilize the enzyme on a
cation exchanger, when the free enzyme may have very low
affinity by its anionic surface (in fact, the enzymes used in this
strategy will be coated with a cationic polymer, that way the
unmodied enzyme should have also a anionic surface).

Up to date, there is only one published paper on this strategy,
using glutamate dehydrogenase from Thermus thermophilus and
formate dehydrogenase from Pseudomonas sp. (Table 5). Both
enzymes were coated with a large PEI to prevent subunit
dissociation, treated with glutaraldehyde to prevent enzyme/
polymer dissociation at acidic pH value and adsorbed to car-
boxymethyl agarose.54
3.2. Protection of enzymes from undesired interactions with
a immobilizationmatrix via coating with poly-amine polymers

In other cases, the enzyme coating with the polymers was just a
rst step in a longer immobilization strategy; the coating may
increase the size of the enzyme, making their trapping easier, or
preventing the interaction with deleterious interfaces (see Table
5). Trapping of enzymes in a paper matrix to be used in food
packing is improved via physical coating with PEI.159,160 Other
material used to immobilize proteins aer coating with PEI are
surface anionic surface titanates.161 The coating of enzymes
with PEI permit the strong ion exchange in this material,
together to the spontaneous occulation of the material: the
bio-molecules are incorporated within the interlayer space of
layered structure.162
3.3. Generation of articial environments on immobilized
enzymes

Polyaminated polymers, like PEI, chitosan, polyallylamine, etc.
are quite hydrophilic, their cationic nature may permit to cover
the immobilized enzymemolecules surface of a very hydrophilic
shell that can produce some partition of hydrophobic
compounds, like gases, organic solvents, etc., enabling the
preparation of biocatalysts with improved stability in these
media. The strategy may be used for enzymes immobilized on
preexisting supports, or enzymes to be immobilized via the
crosslinked enzyme aggregates (CLEA) technology. Table 6
resumes some of the examples. The very useful penicillin G
acylase163 is one of the examples, whose uses are reduced due to
the low stability in organic media164,165 the strategy permits to
improve its stability versus organic solvents and use the enzyme
in some interesting reaction18,166–169 The biocatalyst prepared by
co-aggregation of enzymes and PEI170 was mosr stable the much
more thermostable glyoxyl-agarose biocatalyst.171 This CoCLEAs
permitted also improve enzyme resistance to oxygen.51
3.4. Improved preparation of CLEAs by co-aggregation with
aminated polymers

Polyaminated polymers have found several advantages in the
preparation of crosslinking enzyme aggregates (CLEAs). First, as
RSC Adv., 2014, 4, 38350–38374 | 38363
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Fig. 13 Physical coating of proteins with cationic polymer.

Table 5 Effects of physical coating of enzymes with poly cationic polymers; effect on enzyme properties and immobilization performance

Enzyme Source
EC
Number

Type of modication (and
immobilization)

Effect of amination on enzyme
properties Reference

Glyceraldehyde-3-phosphate
dehydrogenase

NA 1.2.1.9 Enzyme is modied with
quaternized polyamines (poly-N-
alkyl-4-vinylpyridinium bromides)

Modication suppresses the
thermoaggregation of
glyceraldehyde-3-phosphate
dehydrogenase but not
thermodenaturation of the
enzyme

154

Lactate deshydrogenase NA 1.1.1.27 Enzyme is coated with
polyethylenimine (PEI)

Protection of the enzyme against
oxidative stress

155

Chloroperoxidase Caldariomyces
fumago

1.11.1.10 Enzyme is coated with
polyethylenimine (PEI)

Improvement in the stability of
the enzyme towards peroxide
dependent inactivation

156

L-glutamate oxidase NA 1.4.3.11 Enzyme is modied with
polyethylenimine and o-
phenylenediamine

Increase in detection limit of
glucose

157

Glutamate dehydrogenase Thermus
thermophilus

1.4.1.2 Enzyme is coated with PEI and
subsequently treated with
glutaraldehyde

Subunit dissociation is prevented
and adsorption on cationic
exchangers facilitated

158

Formate dehydrogenase Pseudomonas sp. 1.2.1.2 Enzyme is coated with PEI and
subsequently treated with
glutaraldehyde

Subunit dissociation is prevented
and adsorption on cationic
exchangers facilitated

158

Glucose oxidase A. niger 1.1.3.4 Enzyme is microencapsulated in
PEI before immobilization in
paper substrates

Improvement in thermal stability
at temperatures up to 60 �C

159

Laccase Trametes
versicolor

1.10.3.2 Enzyme is microencapsulated in
PEI before immobilization in
paper substrates

Improvement in activity retention
at room temperature. Reduction
in thermal stability due to
increased coordination between
PEI and copper atoms present in
the active site of the enzyme

159 and 160

Lysozyme NA 3.2.1.17 Enzyme is coated with PEI and
then immobilized on layered
titanates

High yields of immobilization and
reuse of the composite

162

Lipase C. rugosa 3.1.1.3 Enzyme is coated with PEI and
then immobilized on layered
titanates

High yields of immobilization and
reuse of the composite

162

38364 | RSC Adv., 2014, 4, 38350–38374 This journal is © The Royal Society of Chemistry 2014
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Table 6 Physical coating of immobilized enzymes with ionic polymers to improve enzyme performance

Enzyme Source
EC
Number Type of modication

Effect of amination on enzyme
properties Reference

Penicillin G acylase Escherichia coli 3.5.1.11 Enzyme is co-immobilized with
PEI and submitted to successive
modications with aldehyde
dextran and PEI, and nally with
sulphate dextran.

High stability to organic co-
solvents (up to 95%) such as
tetraglyme in synthesis reactions

18 and 166

Penicillin G acylase Escherichia coli 3.5.1.11 Enzyme is co-aggregated with PEI
and dextran sulphate for synthesis
of cross-linked enzyme co-
aggregates (co-CLEAs)

Improvement in enzyme
properties in presence of organic
solvents

170 and 171

Nitrilase Pseudomonas
uorescens

3.5.5.1 Enzyme is modied and co-
aggregated with PEI and cross-
linked with glutaraldehyde for
synthesis of co-CLEAs

Enzyme activity is retained upon
exposition to oxygen for 40 h

51

Glutaryl acylase Pseudomonas sp. 3.5.1.93 Enzyme is co-aggregated with PEI
and cross-linked with
glutaraldehyde for synthesis of co-
CLEAs

Enzymemaintainsmore than 60%
of its initial activity aer 72 h if
incubation at 45 �C

101

Lipases Alcaligenes sp.
Candida
antarctica B

3.1.1.3 Enzyme is co-aggregated with PEI
or PEI-sulfate dextran mixtures
and cross-linked with
glutaraldehyde for synthesis of
CLEAs (Co-CLEAs)

Alteration of enzyme activity,
enantioselectivity and specicity

99

Lipase Serratia
marcescens

3.1.1.3 Enzyme is co-aggregated with PEI
and cross-linked with
glutaraldehyde for synthesis of
CLEAs (Co-CLEAs)

Optimum temperature is
increased from to 50 to 60 �C.
Thermal stability is also
signicantly improved

102

Lipase Geotrichum sp. 3.1.1.3 Enzyme is co-aggregated with PEI
and cross-linked with
glutaraldehyde for synthesis of
CLEAs (Co-CLEAs)

Enzymemaintainsmore than 65%
of relative hydrolysis degree aer
incubation in the range of 50–
55 �C for 4 h and more than 85%
of relative hydrolysis degree aer
being treated by acetone, tert-
butyl alcohol and octane for 4 h

172

L-aminoacylase Aspergillus
melleus

3.5.1.14 Enzyme is co-aggregated with PEI
and cross-linked with
glutaraldehyde for synthesis of
CLEAs (Co-CLEAs)

Enzyme shows 75% activity
recovery and 81% aggregation
yield. Improvement of enzyme
stability and enantioselectivity of
amino acid amides is obtained
hydrolysis of N-acetyl amino acid
amides

173

Lipase Candida
antarctica B
(immobilized
Novozym 435)

3.1.1.3 Enzyme is coated with different
ionic polymers

Improvement in enzyme activity is
achieved (3 fold factor)

111

Lipase Candida rugosa 3.1.1.3 Enzyme is immobilized and
coated with PEI

Improvement in enantioselectivity
is achieved (enantiomeric ratio is
increased from 8 to 20 aer PEI
coating)

174

Phospholipase Lecitase Ultra, a
articial enzyme
from Novo

3.1.1.4 Immobilized enzyme is coated
with poly ionic polymers

Increasing in enzyme activity
(more than 3 fold) factor

175

Phospholipase Lecitase Ultra, a
articial enzyme
from Novo

3.1.1.4 Immobilized enzyme is coated
with poly ionic polymers in the
presence of SDS

Increasing in enzyme activity
(more than 3 fold) factor in
absence of detergent

177
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commented in the point above, co-aggregation with PEI
(combined or not with sulfate dextran) is able to generate a
hydrophilic environment around the enzyme, producing parti-
tion of hydrophobic solvent or oxygen molecules. In this point
This journal is © The Royal Society of Chemistry 2014
we will focus on the second advantage: it may be used to solve
the problems generated in the crosslinked step of proteins
having just some few Lys supercial residues, or it may just be
used to have amore intensively crosslinked CLEA particle. Table
RSC Adv., 2014, 4, 38350–38374 | 38365
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6 summarizes some relevant examples: the use of PEI permit the
production of properly crosslinked CLEAs of enzymes that did
not give this result in unmodied form.99,101,172,173
3.5. Tuning catalytic properties of immobilized enzymes by
coating their surfaces with poly-amine polymers

Physical coating of enzymes with PEI has been used in some
instances to improve enzyme properties, mainly using lipases.
The physical coating is far simpler than the chemical modi-
cation, and in some instances may become as effective. Table 6
shows some of the most relevant examples: enzyme activity or
enantiospecicity versus certain substrates could be
improved111,17 While the coating of Lecitase in aqueous media
did not increase the rate of irreversible inhibition, suggesting
that the open form has no been stabilized,176 the physical
coating of Lecitase Ultra in the presence of SDS has permitted to
“freeze” the open structure induced by the presence of the
detergent.177
4. Genetic amination of enzymes as a
tool to improve their performance
4.1. Use of poly-Arg or poly-Lys tags to improve enzyme
performance

Protein fusion tags have been developed as indispensable tools
for protein expression, purication, and the design of func-
tionalized surfaces or articially bifunctional proteins.178 A
recent review179 has summarized how positively or negatively
charged polyionic fusion peptides with or without an additional
cysteine can be used as protein tags for protein expression and
purication, for matrix-assisted refolding of aggregated protein,
and for coupling of proteins either to technologically relevant
matrices or to other proteins.

Orientation of immobilized enzymes may play a critical role
on the features of the enzyme.180 On one hand, this protein area
will be the most involved one in the enzyme/support interac-
tion, being the most altered (improved/worsened) by the
immobilization.181 On the other hand, this may dene the
access of large substrates or ligands to this active center,182,183 or
the communication between the active center of the enzyme
and an electrode.182,184,185

Site directed mutagenesis is the most efficient tool to achieve
this site directed immobilization, via introduction of specic
groups on desired areas of the protein.21 Usually, this orienta-
tion is achieved using a Cys inserted in the desired region, and
immobilized on a support bearing disulde groups.181 Other
popular strategy is the use of poly-His tags,185,186 or generation of
His pairs,187 and immobilization the variant enzymes on
immobilized metal chelates matrices.

In this review, we will try to focus on how this Poly-cationic
tags may be used for protein immobilization.

4.1.1. Purication/immobilization of enzymes and
proteins using cationic tags and cation exchangers. Most
enzymes have an ionic surface nature that makes them unable
to become adsorbed on cationic exchangers, and the adsorption
of proteins on that matrices may be used as a way to purify
38366 | RSC Adv., 2014, 4, 38350–38374
proteins that can be adsorbed on this kind of ionic exchangers.
This may be achieved by the introduction of cationic tags/
domains on the target protein.179,188

Thus, some examples on the usage of poly-Lys or poly-Arg
may be found in the literature to obtain the one step purica-
tion and immobilization of enzymes on cationic exchangers
(Fig. 14). It has been shown that a poly-lysine tag facilitates
protein purication and refolding processes. Table 7 resume
some of themost relevant examples: immobilization of the poly-
Lys or Arg tagged enzymes on cation exchangers is a specic way
and used in diverse reactions.27–193

4.1.2. Improving covalent immobilization via addition of
poly cationic tags to the proteins. The addition of poly-Lys tags
may be also advantageous to reach a further covalent immo-
bilization of the peptide aer ionic exchange. The idea would
be similar to the use of heterofunctional supports: rst the
enzyme is adsorbed, second the covalent reaction takes
place due to the very high apparent concentrations of
reactive groups on both support and adsorbed protein.31

Combination of cation exchangers and chemically reactive
groups have improved the immobilization of several enzymes,
as shown in194,195

4.1.3. Modulation of enzyme properties via site-directed
covalent immobilization using poly-Lys tags. It has been
shown on some papers and recent reviews how the control of
the area of the protein involved in the reaction with the support
may produce different changes on the enzyme structure (or
prevent some changes that should occur), being this tool a very
powerful strategy for improving enzyme performance in
different reactions whose yield depend on the catalytic perfor-
mance of the catalyst.11,15,20

The control of the immobilization of penicillin G acylase
using a poly Lys tag is the only example that we have been able
to nd regarding the use of poly Lys tag to reach this goal (Table
7).11,196 The poly-Lys tagged and site directed immobilized
enzyme on glyoxyl permitted to improve enzyme performance in
kinetically controlled synthesis of several antibiotics compared
to the results obtained using the free enzyme.196,197

4.1.4. Other uses of chimeric poly-Lys tagged enzymes.
Poly-Lysine tags may have some other applications. For
example, this strategy was used for the efficient production of
the intact glucagon-like peptide-1 using a recombinant E. coli
system, avoiding degradation.198

In other cases, poly-cationic tags have been used to improve
the expression of a hyper-expressed enzyme (Table 7).199
4.2. Genetic amination of protein surface areas to improve
enzyme multipoint covalent attachment

In other cases, the increase on Lys residues is not performed
using a tag, but by selecting different regions to increase the
density of Lys groups in the specic region on which we
intend to use to immobilize the enzyme, or disperse along the
protein surface, if we just intend to increase the cationic
groups on the surface. Such modications are expected to
be more successful when based on a good quality 3D structure
of the protein.
This journal is © The Royal Society of Chemistry 2014
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Fig. 14 One step purification/immobilization of poly-Lys tagged proteins.
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In immobilization, to take full advantage of this Lys
enrichment, the immobilization should be based on multipoint
processes, that way the factor directing the immobilization will
be the density of reactive groups in one protein area and not the
reactivity of a special residue or its global amount. Among the
support for covalent immobilization, glyoxyl supports fulll this
requirement.36,37 For reversible immobilization, most of the
supports follow this multipoint interaction to x the enzyme to
the support.15,106

4.2.1. Improved covalent attachment via enrichment in Lys
residues in specic areas of the enzyme surface.Main examples
are resumed in Table 7: important additional stabilization
regarding the use of the native enzyme was found using glyoxyl
agarose39 (Fig. 15) or a modied polyethersulfone matrix pre-
senting aldehyde residues.201

A more directed strategy was later proposed. First, one Cys
residue was introduced on different regions of the enzyme
penicillin G acylase, to nd the area that was more determinant
for enzyme stability.202 The immobilization was performed on
an epoxy support, because Cys was by far the most reactive
amino group on a protein and that was enough to direct the
enzyme. The mutant enzyme where the Cys was in the position
380 of the b subunit of the enzyme was the one that gave the
highest PGA stabilization values. In a second round of site-
directed mutagenesis, that region was further enriched in 4
additional lysine residues, and the resulting immobilized
derivative was 1500-fold more stable than the same protein
variant uni-punctually immobilized through position b380.202 It
is expected that in the near future, this strategy may be extended
to more enzymes.

In other cases, the objective was more to have a fully oriented
immobilized enzyme than to improve the multipoint covalent
attachment or the enzyme stability (Table 7). This was the case
This journal is © The Royal Society of Chemistry 2014
of the immobilization of mutant penicillin G acylase enzymes
enriched in Lys areas in the area opposite to the active center,
which permitted to improve the behavior of the enzyme in
kinetically controlled synthesis of semi-synthetic b-lactam
antibiotics.203,204

4.2.2. Improvement of immobilization in anionic
exchangers via Lys enrichment.We have not been able to nd a
example using genetic amination to improve immobilization on
anionic supports. In fact, and this may serve as a proof of
concept, there is one example where a genetics-based increase
on carboxylic groups of the surface of penicillin G acylase
improved its immobilization on anion exchangers.44

4.2.3. Improvement of intermolecular crosslinking via
enrichment in Lys residues. Again, we have not been able to
nd any papers concerning the use of enzymes with enriched
areas in Lys residues and the stabilization of this enzyme by
using intermolecular crosslinkers. However, in a similar way
as that described when using chemical amination (see Section
2.5 of this review), this should permit to greatly improve the
enzyme crosslinking by increasing the prospects of having two
residues of the protein at the right distance.45 In fact, this can
be even more favorable than chemical amination, where it is
only possible to get a general enrichment on the enzyme
surface of amino groups, using the carboxylic groups of the
enzyme. Now, using site-directed mutagenesis and if the
enzyme has a well described structure, it is possible to place
the new Lys residues on the right position to permit the
enzyme crosslinking, a critical point to get an intramolecular
crosslinking.116

4.2.4. Improvement of coating with anionic polymers via
enrichment on Lys residues. Again, we have not found examples
where the enrichment in Lys residues of the protein is used to
facilitate the adsorption of cationic polymers on their surface.
RSC Adv., 2014, 4, 38350–38374 | 38367
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Table 7 Effect of genetic amination to improve biocatalytical and biological properties of enzymesa

Enzyme Source
EC
Number

Type of modication and/or
Immobilization

Effect of amination on enzyme
properties Reference

Cyclodextrin
glycosyltransferase

Bacillus macerans 2.4.1.19 Enzyme is tagged with poly-Lys (10
Lys residues) and immobilized on
sulphopropyl-Sepharose

Enzyme activity is fully retained
aer reversible immobilization

28

Aminopeptidase II Bacillus
stearothermophilus

3.4.11 Enzyme is tagged C-terminally
with either tri- or nona-lysines and
immobilized in carboxylated iron
oxide particles

Improvement in enzyme stability 190 and
191

Protease Saccharomyces
cerevisiae

3.4 Enzyme is fused with a poly lysine
tag containing 10 Lys residues at
its C-terminus, puried, and
immobilized on carboxyethyl
chitosan magnetic nanoparticles

Enzyme is simply puried from
cell extracts with very high purity
in just one-step

27

D-xylose isomerase Escherichia coli 5.3.1.5 Enzyme is fused with a 10-arg tag
in its C-terminus, puried and
immobilized by a single step of
cation exchange chromatography

Enzyme is simply puried from
cell extracts with very high purity
in just one-step

192

Penicillin G acylase Escherichia coli 3.5.1.11 Enzyme is tagged with a poly-Lys
and immobilized by directed
covalent immobilization

Enzyme keeps catalytic properties
of the soluble enzyme on
kinetically synthesis of
cefamadole and cefonicid

11, 40 and
196

Lipase Candida antarctica
B

3.4.19.12 Enzyme was fused with various
polycationic amino acid tags

Solubility of the enzyme is
increased by ve- to nine fold
during over expression

199

Penicillin G acylase Escherichia coli 3.5.1.11 Enzyme is site-directed
mutagenized with Lys several
residues and covalently
immobilized on glyoxyl-agarose

Improvement on enzyme and
organic co-solvent stability
ranging from 4 to 11

39

Peroxidase Horseradish 1.11.1.7 Enzyme is mutated replacing Arg
by Lys and immobilized by
oriented immobilization a
polyethersulfone matrix modied
with aldehyde residues

Excellent retention of catalytic
activity is achieved, also
stabilization is improved

201

Penicillin G acylase Escherichia coli 3.5.1.11 One residue of Cys was introduced
on different regions of the enzyme
by site directed mutagenesis. A
second round of site directed
mutagenesis, for enrichment in 4
additional lysine residues in the
zone of Cys380, and then
immobilized on an epoxy support

Enzyme stabilization was
increased 1500-fold in the second
round of site directed
mutagenesis regarding to variant
one point immobilized through
Cys380

202

Penicillin G acylase Escherichia coli 3.5.1.11 Enzyme is enriched with Lys
residues in the opposite area of
the active center and immobilized
onto glyoxyl agarose

Improvement in the behavior of
the enzyme in kinetically
controlled synthesis of semi-
synthetic b-lactam antibiotics

203

Penicillin G acylase Escherichia coli 3.5.1.11 Enzyme is modied by site
directed mutagenesis increasing
carboxylic groups on the enzyme
surface

Improvement in its
immobilization on anion
exchangers

44

a NA: Not available.
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Using the enzyme penicillin G acylase, there is, however, an
example of enrichment on carboxy groups of the enzyme surface
to improve the adsorption of cationic polymers on the enzyme
surface,205 and in Section 2.6 the chemical amination to this
goal is presented.43 Perhaps, although this coating may have
very good effects on enzyme performance (see Section 3 of this
review), it has been considered too sophisticated for the
researchers to improve the interaction via site-directed
mutagenesis.
38368 | RSC Adv., 2014, 4, 38350–38374
4.2.5. Other uses of Lys enrichment of protein surface.
Ribonuclease Sa (pI ¼ 3.5) from Streptomyces aureofaciens and
its 3K (D1K, D17K, E41K) (pI ¼ 6.4) and 5K (3K + D25K, E74K)
(pI ¼ 10.2) variants were tested for cytotoxicity.206 The 5K
mutant was cytotoxic to normal and v-ras-transformed NIH3T3
mouse broblasts, while RNase Sa and 3K were not. The cyto-
toxic 5K mutant preferentially attacks v-ras-NIH3T3 broblasts,
suggesting that mammalian cells expressing the ras-oncogene
are potential targets for ribonuclease-based drugs.
This journal is © The Royal Society of Chemistry 2014
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Fig. 15 Increase number of enzyme-support covalent attachments on
aminated proteins.
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6. Conclusion and future trends

This review has shown the high interest that the amination of
enzymes and proteins has with views towards improving their
behavior in vitro as industrial biocatalysts, but also in vivo when
using proteins as carriers or even as medicaments.

Amination has proved to be very useful to improve enzyme
immobilization via multipoint covalent attachment or cation
exchange, to improve intramolecular crosslinking, to improve
enzyme stability, or to improve intermolecular crosslinking,
which is a critical step in the preparation of CLEAs. The ami-
nation also increases the immunogenicity and potential to
penetrate cell walls, enabling the use of some enzymes as
biocides, improving the production of antibodies, or just
permitting to study the role of certain proteins in vivo aer
introduction in the cell.

In some cases, amination may produce drastic changes in
enzyme stability, activity or selectivity/specicity. Considering
the change of ionic interactions on the enzyme surface, a
negative effect should be expected. However in many instances
the effect is positive.

Most examples cited in this review use chemical or physical
amination. This may be derived from the rapid preparation of
the modied enzymes using these techniques, and the relatively
simple preparation of a collection of enzymes having different
modication degrees, mainly if a solid phase modication may
be performed. Perhaps this may be the best solution to alter
enzyme properties such as selectivity of specicity, because the
current knowledge on enzyme dynamics cannot give the exact
groups to be modied to mimic the effects using site-directed
modication. Moreover, this may be a rst and rapid step to
evaluate if the amination really permits to improve enzyme
immobilization. However, these strategies in general will
produce a general modication of the enzyme surface, and that
may not be the best solution in some instances.

Site-directed mutagenesis is a slower technique, which
requires expertise in elds different from those required for the
researches involved in enzyme chemical modication or
This journal is © The Royal Society of Chemistry 2014
enzyme immobilization. However, together with the advantages
derived from the fact that the modied enzymes will be always
produced in this way (once the mutation has been introduced);
this strategy may give some further possibilities. For example,
only site directed genetic amination may permit to get a site-
directed immobilization of enzymes on supports such as
glyoxyl or cation exchangers, or to select the modied groups in
a way that the introduction of an intramolecular crosslinker
may be facilitated.

This relative complexity of the preparation of a collection of
mutant enzymes may be an explanation of the relatively low
amount of examples where genetic amination has been used,
even though these examples have shown the very high
improvement that this amination may have in the behavior of
the nal biocatalyst. In fact, it has never been used to improve
the chemical reactivity versus crosslinking reagents, although
chemical amination has proved that this may be a critical point
to use this strategy.

Thus, we are before a clear example of the convenience of a
close collaboration between experts in scientic areas appar-
ently quite far in the design of biocatalysts. If this collaboration
is achieved, it seems obvious that the genetic amination should
be a future way of improving enzymes and proteins to be used as
biocatalysts, but also as medicaments or protein carriers.
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76 L. Gómez and R. Villalonga, Biotechnol. Lett., 2000, 22,
1191–1195.

77 M. L. Villalonga, R. Villalonga, L. Mariniello, L. Gómez,
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