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CHAPTER 1
Introduction
Biocatalysis is becoming increasingly important as an efficient and green tool for modern
organic synthesis.[1,2] The biocatalytic process cannot be realized without enzymes.
Enzymes are widely applied, for instance, in biochemistry, in the production of chiral
pharmaceuticals, in flavor or fragrance industry and in production of biofuels.[3,4]
Advantages of enzymes as biocatalysts are their high activity, selectivity, specificity and
low toxicity combined with their capability to being used under mild reaction conditions
and a limited formation of by-products.[5,6] In spite of all their advantages of the native
enzymes, their use as biocatalyst is only rewarding if it is economically viable. Easy
denaturation of their molecular structure at high temperatures, at acidic or basic pH or in
the presence of several organic solvents may strictly limit their recovered applications.
Most often, enzymes are mixed with substrate in a dilute solution and may not be
recovered economically and are generally wasted. Thanks to advances in biotechnology
and protein engineering it is now possible to produce most enzymes for commercially
acceptable prices and to manipulate them such that they exhibit the desired properties.
Despite all these advantages, industrial application of enzymes is often hampered by a lack
of long-term operational stability and difficult recovery and re-use of the enzyme. These
drawbacks can generally be overcome by immobilization of the enzyme that can solve
their recovery and may also improve many other features of the enzyme such as stability,
activity, selectivity and reusability.[1,7,16,8–15]
Aside from the application in industrial processes, the immobilization techniques can be
the base for making a number of biotechnological products. Immobilization technology
has developed rapidly in the past three or four decades and has increasingly become a
matter of rational design; but there is still the need for further development. Extension of
the use of immobilized enzymes to other practical processes will require new
methodologies and a better understanding of current techniques.[17]
The goal of my PhD thesis is to introduce different topics of enzyme immobilization and
present some possibilities to improve the enzymatic performance via combining
preexisting methods. The structural and functional materials for enzyme immobilization
can both be effective and stabilizing for enzyme molecules, in such a way that they keep
their natural function. We also would like to introduce possible industrial applications for
each method and enzyme.
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1.

Literature overview

Enzymes are macromolecular biological catalysts that accelerate chemical reactions,
within the mild conditions of temperature, pH, and pressure of the cells (Figure 1.1). They
are characterized by a remarkable efficiency and specificity. As any catalyst, enzymes
work by lowering the reaction activation energy (Ea). Enzymes are more effective than
most inorganic catalysts; moreover, enzymes show a greater specificity. Some enzymes
act on different substances, but generally, these are compounds with similar structural
characteristics and the catalyzed reaction is always of the same type. The substances that
are modified by enzymes are called substrates and the enzyme converts the substrates into
different molecules known as products.[17,18]

Figure 1.1 Energy diagram of non-catalyzed and enzyme-catalyzed reactions

1.1.

Nomenclature and classification of enzymes

Enzymes are often named by adding the ending -ase to the name of the substrate that they
modify. For example, tyrosinase are enzymes that catalyze reactions involving tyrosine.
Enzymes are also designated by the type of reaction catalyzed, for example,
dehydrogenases catalyze hydrogen removal from different substrates. Certain enzymes
have arbitrary names; among them are gastric pepsin, pancreatic trypsin and chymotrypsin.
In order to assign each enzyme a descriptive name and a number that allows its
unequivocal identification, the International Union of Biochemistry and Molecular
Biology (IUBMB), classified enzymes into seven main groups, according to the type of
reaction catalyzed.[19] The seven major groups of the international classification are:
1. Oxidoreductases catalyze oxidations and reductions. They are associated with
coenzymes and include dehydrogenases, oxidases, peroxidases, and oxygenases.
2. Transferase catalyze the transfer of a group of atoms, such as amine, carboxyl,
carbonyl, methyl, acyl, glycosyl, and phosphoryl from one molecule to another.
10
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3. Hydrolases catalyze the hydrolysis of C─O, C─N, C─S, and O─P bonds by
addition of water.
4. Lyases catalyze the cleavage of C─C, C─S, and C─N bonds (excluding peptide
bonds) in a substrate by a process different from hydrolysis. Some remove groups
from the substrate and form double bonds or cycles, while others add groups to
double bonds.
5. Isomerases catalyze the conversion of one isomer isomers of any type: optical,
geometric, or positional to another.
6. Ligases join two molecules with covalent bonds.
7. Translocases catalyze the movement of ions or molecules across membranes or
their separation within membranes.
1.2.

Chemical nature of enzymes

All enzymes are proteins or conjugated proteins, although some catalytically active RNAs
have been identified. Some enzymes are composed by only amino acids. Other enzymes
are formed by the association of various subunits or polypeptide chains, creating
oligomers. Many enzymes only perform their catalytic role when associated with another
nonprotein molecule, of relatively small size, called a coenzyme. Both the protein and
nonprotein portions are essential for enzyme activity. The whole system is called
holoenzyme and consists of the protein or apoenzyme and the coenzyme (nonprotein
molecule). Isoenzymes (isozymes) are distinct forms of an enzyme that catalyze the same
reaction, but differ in physical and kinetic parameters.
1.3.

Enzymatic catalysis

Enzymes increase the reaction rate and like any catalyst, they do not change the
equilibrium constant of the reaction. If an enzyme E catalyzes the transformation of
substrate S to product P, enzyme and substrate form a complex ES*, which then dissociates
into enzyme and products (Figure 1.2):

Figure 1.2 Enzyme catalysis

During the reaction, the enzyme effectively binds to the substrate. Finally, the enzyme is
unchanged, and is able to bind to another substrate molecule again. This is the explanation,
11
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why very small amounts of enzyme greatly accelerate the reaction rate. For formation of
ES complex, the substrate is attached to a well-defined place on the enzyme. This region
of the molecule is called the active site, active center, catalytic site, or substrate site. This
is where the catalytic action of the enzyme is accomplished. The active site has binding
and catalytic sites. Both the binding and catalytic actions require a highly specific threedimensional conformation at the level of the active site, where the side chains of amino
acid residues play an essential role. For example, the reactive side chains of Cys, Glu, Asp,
Lys, Arg, His, Ser, Thr, and hydrophobic residues have an important role in substrate
binding. Binding of the substrate to the enzyme involves noncovalent bonds, such as
hydrogen bonds, ionic attractions, hydrophobic bonds, and van der Waals interactions.
During the the reaction, transient covalent bonds between enzyme and substrate are also
formed.
There are two theories that describe the binding of enzymes:
1.
Lock and Key Theory: The shape of the enzyme's active site is complementary
to its substrate (Figure 1.3)[20]:

Figure 1.3 “Lock and key” hypothesis for the formation of the
enzyme–substrate complex.

2.
Induced Fit Theory: The active site has a flexibility of shape thus, when an
appropriate substrate comes in contact with the enzyme's active site, the shape of the active
site would change to fit the substrate (Figure 1.4)[18].

Figure 1.4 “induced fit” hypothesis for the formation of the
enzyme–substrate complex.

1.4.

Kinetics of simple enzyme-catalyzed reactions

In practical work, it is important to know mathematical relationships that are suitable to
characterize and compare the enzyme-catalyzed reactions (reaction rate, time course). The
kinetic description of the systems helps in this. According to the Michealis-Menten
approach, enzymatic reactions can be described by the following scheme:
12
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where E represents the enzyme, S the substrate, ES* the formed enzyme-substrate
complex, and P the formed product during the reaction.[21] It is assumed in the model that
the first step set in quickly and the second step is irreversible (k2 = 0). Figure 1.5 shows a
saturation curve, where the reaction rate is illustrated depending on the substrate
concentration:

Figure 1.5 Effect of substrate concentration on the rate of an enzyme–catalyzed reaction.

That can be described according to Michaelis-Menten kinetics with the following equation
(Eq. 1.):
[S]
S +[S]

[V] = Vmax K

Eq. 1.

Where V is the rate of product formation, Vmax is the maximum forward velocity of the
reaction (which is obtained when the total amount of enzyme is present in bounded form in
enzyme-substrate complex [ES*]), S is the concentration of substrate and KS is the
dissociation constant of the ES* complex.
In practice, the KM Michealis constant is used instead of KS (assuming the steady state of
the ES* complex), which can be described using the reaction rate constants (Eq. 2.):
KM =

k−1 +k2
k1

Eq. 2.

This can be also described with the concentration of the free enzyme present in the reaction
[E], with the concentration of substrate [S] and enzyme-substrate complex [ES] (Eq. 3.):
KM =

[E][S]

Eq. 3.

[ES]

13

IMMOBILIZATION ENGINEERING – DEVELOPMENT AND SYSTEMATIC
OPTIMIZATION OF ENZYME IMMOBILIZATION METHODS
Assuming a rapid equilibrium for a reaction, KM = KS.
The amount of enzyme measured for the reaction is given by Vmax, which is the indexnumber of enzyme activity. If Vmax is known, the rate constant k2 can be determined, which
characterizes the given enzyme uniquely (also called as turnover number) (Figure 1.6). The
turnover number is defined as the maximum number of substrate molecules converted to
product per enzyme molecule per second.

Figure 1.6 Graphical determination of the rate constant k2

1.5.

Characterization of enzyme-catalyzed reactions

Since enzymes are chiral biocatalysts composed from L-amino acids, they can differentiate
between the two enantiomers of racemic substrate. In this context, it is important to
mention a few conceptions:


enantiomeric excess (ee) gives the degree of the material purity, which can be
defined with Eq. 4.:
M−M∗

𝑒𝑒[%] = M+M∗ × 100

Eq. 4.

where M is the mole fraction of main enantiomer and M* is the mole fraction of impurity.


enantiomerselectivity (E) can be used to compare different enzymes. If the E value
of enzyme is low, the enzyme displays no selectivity towards the two enantiomers
of substrate. For reversible reactions E can be calculated from measurement of Eq.
5.:
ln[1−(1+K)c(1+ee )]

ln[1−(1+K)(c+ee {1−c})]

E = ln[1−(1+K)c(1−eeP)] = ln[1−(1+K)(c−eeS{1−c})]
P

S

Eq. 5.

K in the equation refers the equilibrium constant, while c is the conversion.


Conversion (c) can be given with the following equation (Eq. 6.):
14
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c = ee

eeP

Eq. 6.

S +eeP

In case of irreversible reactions (lipase catalyzed hydrolytic reaction), the above
mentioned equation (E) is greatly simplified. The enantiomerselectivity (E) then can be
calculated in three ways (Eq. 7-9.) from the values of the conversion (c) and enantiomeric
excess of the product (eeP) or substrate (eeS)[22–24]:



from the value of c and eeP:
ln[1−c(1+ee )]

Ec,eeP = ln[1−c(1−eeP )]
P



from the value of c and eeS:
ln[1−c(1−ee )]

Ec,eeS = ln[1−c(1+eeS)]
S



Eq. 7.

Eq. 8.

from the value of eeS and eeP:
EeeS,eeP =

eeS
)]
eeP
eeS
ln[(1+eeS )/(1+
)]
eeP

ln[(1−eeS )/(1+

Eq. 9.

As a matter of fact, pure enzyme preparations are rarely used so the exact weight of the
enzymes in grams or molar is not known. Thus, the concentrations of g/dm3 or mol/dm3
are not applicable to give the amount of present biocatalyst. Instead of this, the Unit is
used, which means a substrate conversion or product formation rate. The generally
accepted definition for the enzyme Unit is: One Unit defines the amount of enzyme that
converts 1 µmol of substrate or produces 1 µmol of product in 1 minute under given
reaction conditions.[25] Accordingly, the given reaction conditions (temperature, pH, buffer
molarity, etc.) should be clearly detailed for each activity Unit to determine the exact
system.
In addition to the above mentioned enantiomeric excess and enantioselectivity, we can
define the specific reaction rate to precisely evaluate the native or immobilized
biocatalysts in batch mode. It can be used to compare different preparations. The specific
reaction rate (rbatch) is given in the following equation (Eq. 10.):
𝑟batch = (𝑛𝑃 × 𝑐)/(𝑡 × 𝑚𝐵 )

Eq. 10.

where nP is the mole of product formed (µmol), c is the conversion, t is the reaction time
(min) and mB is the amount of applied biocatalyst (mg).[26]
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1.6.

Enzyme immobilization

Although the efficiency of biocatalytic processes has been widely recognized for the high
selectivity, specificity and mild reaction conditions, commercialization and large-scale
application of enzymes is still limited because of the lack of economic feasibility.
The immobilization of enzymes has been shown to improve the stability and lengthen the
half-life of the enzyme, effectively allowing enzymes to work in a larger range of
environments and possibly in connection with a larger range of substrates.[8,27–30]
Table 1.1 shows both the common advantages and disadvantages related with the use of
an immobilized biocatalyst.
Table 1.1 Advantages and disadvantages of enzyme immobilization.
Advantages

Disadvantages

Improved stability in broader range of
operating conditions (e.g., pH, temperature)

Loss of enzyme activity

Reusability of enzyme

Cost of carrier and additional preparation
materials and methods

Facile separation of enzyme from product

Laborious and time-consuming
immobilization processes

Immobilization in preferred conformation and
at preferred location

Immobilization of enzyme in undesired
conformation and subsequent loss of activity

Ability for use in continuous processes

Mass transfer limitations

It is important to recognize that an enzyme would undergo changes in the chemical and
physical properties upon immobilization, depending on the choice of immobilization
method. There is no universal method of enzyme immobilization. The optimal method of
immobilization depends on the enzyme, on the substrate, and on the desired
process.[7,8,11,31–33]
1.7.

Type of immobilization

The basic components of an immobilized enzyme system are the enzyme, the matrix and
the mode of attachment.[9] Proteins have amino acids with different features, whereby
functional groups in side chains of these amino acids can be involved in binding to the
support through various types of linkages and interactions. Three of the most common
methods used to immobilize enzymes being binding to a carrier, entrapment, and crosslinking, as is shown in Figure 1.7.
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Figure 1.7 Different methods for immobilizing enzymes

1.7.1.

Binding to a carrier

The physical adsorption method is one of the simplest process among enzyme
immobilization techniques. This is a reversible immobilization method where the enzymes
are physically adsorbed or attached onto the support material. Adsorption can be realized
through weak non-specific forces such as van der Waals, hydrophobic interactions,
hydrogen bonds, ionic and affinity interactions, metal chelation and disulfide bonds
(Figure 1.8). Hydrophobic interactions are used to bind enzymes to the surface of the
support (Figure 1.8 A). The strength of the interactions depends on the hydrophobicity of
both the support and protein, regulated by the size of the hydrophobic functional agent and
the degree of functionalization of the support. Further modulation of the hydrophobic
interactions between the enzyme and support is achieved through adjustment of the pH,
temperature and concentration of salt during enzyme immobilization.[9] Advantage of this
method is that immobilization process is reversible, so the support can be recovered after
the reaction.
Hydrophilic amino acid residues often prevail on the surface of enzymes. In addition,
enzymes may be glycosylated, further increasing the hydrophilicity of the protein. Thus,
they can easily form hydrogen bonds and thus can be immobilized on hydrophilic carriers
(cellulose, lignine, Avicel, Celite, porous glass, clay, silica gel) (Figure 1.8 B).[10]
Immobilization via ionic interactions is also a simple and reversible method, where
exchange resins are widely used. Its main disadvantage that it is difficult to find the proper
conditions for immobilization (e.g., ionic strength, pH) where the enzyme is stably linked
to support and does not lose its activity (Figure 1.8 C). Affinity binding is also included
as one of the physical methods for immobilization of enzymes. Affinity immobilization is
achieved by two ways: either the support is precoupled to an affinity ligand for target
enzyme or the enzyme is conjugated to an entity that develops affinity toward the
support.[9,11,34] Main advantage of this method is the minimal conformational changes of
immobilized enzyme resulting high activity (Figure 1.8 D). In the case of metal-chelating
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immobilization, the corresponding metal ion is adsorbed to chelators, which are attached
to the support (Figure 1.8 E). The metal is suitable to capture certain amino acids of the
enzyme (e.g., histidine) by means of coordination bonds. The advantage of the method is
that using an appropriate competitive agent (often imidazole or ethylene diamine
tetraacetic acid), the enzyme can be recovered from the carrier. Immobilized metal-chelate
affinity chromatography (IMAC) is a well-developed tool for pilot-scale purification of
poly-His tagged proteins.[35–39] Due to the reversibility of the binding process resulting in
undesired release of the enzyme and/or the metal to the reaction medium, application of
metal-chelate affinity methods to produce supported biocatalysts was only recently
considered.[40,41] By proper choice of the chelating metal ion, stable biocatalyst
preparations could be obtained.[42] Although enzyme immobilization via disulfide bonds
results covalent bonds, it is classified as a physical method, because the bonding can be
break up by dithiothreitol under mild conditions (Figure 1.8 F).
Physical bonding is generally too weak to keep the enzyme fixed to the support and
leaching of the enzyme can occur. At industrial conditions, enzyme leaching can be further
enhanced because of high reactant and product concentrations and high ionic strength.

Figure 1.8 Some example of enzyme immobilization on support via physical interactions

Covalent attachment is one of the most widely used methods for irreversible enzyme
immobilization and this can result a more stable biocatalyst, than the previous method.[43]
Although, the immobilization technique in many cases requires only a simple shaking, the
18

IMMOBILIZATION ENGINEERING – DEVELOPMENT AND SYSTEMATIC
OPTIMIZATION OF ENZYME IMMOBILIZATION METHODS
surface modification of the support can be complicated and expensive. The functional
groups that take part in the binding of the enzyme usually involves the side chains of Lys
(amino group), Cys (thiol group) and Asp and Glu (carboxylic group).
Activity of the covalently immobilized enzyme depends on the size and shape of support
material, type of the coupling agent, composition of the support material and
immobilization conditions. For the covalent attachment between enzyme and support, the
direction of the enzyme binding is a critical issue that determines its stability.[9] The
highest enzyme activity level could be achieved when the amino acids in the active center
are not involved in the binding with the support. The immobilization can be done in two
ways: First, the activating agent can be added to the support without modifications, or the
support material can be functionalized to generate activated groups. In both cases, the
electrophilic groups generated on the support will react with strong nucleophiles on the
protein.[9]
Glutaraldehyde (GA) is the most frequently used activating agent (Figure 1.9 A)[44,45],
which can modify primary amino groups of proteins and it is also an effective cross linker
used to produce CLEAs (Cross-linked enzyme aggregates).[27,46–48] Concentrated
glutaraldehyde aqueous solutions (25% or 50%) are readily available and inexpensive, and
the procedure is quite simple, accounting for the wide success of this method.[49] The
formed bond is typically irreversible. A semi-quantitative evaluation of the activation
degree could be estimated by observing the color change of the support to yellow (low
activation) to orange (moderate) to reddish brown (strong). Then, the activated support is
ready for protein coupling at pH 6–8.[49] Advantage of this method is the insertion of a
long molecular spacer arm between support and enzyme, minimizing steric limitation
issues. Alternatively, covalent bonds could be formed upon adsorption of the enzyme onto
less toxic epoxy-supports (Figure 1.9 B, F).[50–52] Disadvantage of this method, that the
early ring opening of epoxy group can lead to inactivation of the support. The epoxy
functions can react with different nucleophilic groups (such as amine, thiol or carboxylate)
on the protein surface under mild conditions.[32,53–55] Poly(ethylene-glycol)-diglycidyl
ether (PDE) was applied for binding various oxidases onto a biosensor microelectrode.[56].
Glycerol diglycidyl ether (GDE) was used as cross-linking agent for immobilization of
lipases and phenylalanine ammonia-lyase (PAL) yielding CLEAs[57] and for binding of
PAL[58] or Candida antarctica lipase B (CaLB)[59] onto carbon nanotubes. Later, a method
was developed for immobilization of CaLB[44] and ꞷ-transaminase from
Chromobacterium violaceum (CVTA)[60] on bisepoxide activated mesoporous aminoalkyl
polymer supports. Other bifunctional agents used for covalent enzyme immobilizations
included cyanuric chloride, hexamethylene diisocyanate and cyanogen bromide (Figure
1.9 C, D, E).
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Figure 1.9 Some examples of covalent enzyme immobilization on functionalized support

1.7.1.1. Choice of supports
Selection of materials for immobilization has an effect on the properties of immobilized
enzymes and affects the whole feasibility of industrial applications for the biocatalyst.[61–
63]
An ideal support displays hydrophilicity, biocompatibility, resistance to microbial
attack and to physical compression and is available at low cost.[9,12,34,49] It should be inert
after immobilization and not blocking the desired reaction. Their differences in
morphological and physical characteristics can affect enzyme immobilization and its
catalytic properties, since the support is directly contacted to the enzyme. The support
should be able to load a significant amount of enzyme per unit of weight. Therefore,
porosity could be a beneficial feature, but the diameter of the pores has to remain within a
proper range (wider than the average protein diameter). Smaller pores exclude the enzyme,
as too large ones will cause a significant drop in the surface area. In both cases the loading
capacity is unfavorably affected. High surface area and proper particle size should be also
considered.[34] Very broad variety of materials can be used as supports for enzyme
immobilization.[30] These materials may be divided into organic [64], inorganic [65] and
hybrid [66] or composite [67].
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The thermal and mechanical resistance of inorganic supports are generally higher.
Whereas microbial resistance is typically complete, as inorganic materials are not
substrates at all for any kind of bacterial/fungal growth. Organic materials are usually very
sensitive to pressure or pH, or in many cases to both.[49]
Silica based supports are one of the most frequently used inorganic support materials for
enzyme immobilization.[28,68] Its high thermal and chemical resistance and good
mechanical properties make it a suitable material for many practical applications. Porous
supports are generally preferred as the high surface area permits a higher enzyme loading
and the immobilized enzyme receives better protection from the environment, with
reduced diffusional limitations and last but not least the possibility of
functionalization.[13,69]
Among silica-based supports, silica nanoparticles (SNPs) are characterized by their high
surface to volume ratio, mass transfer rates and good enzyme loading capacity. [70]
Moreover, preparation of SNPs via hydrolysis-condensation of low-priced precursors,
such as tetraethyl orthosilicate mediated by acid or base catalysts is straightforward, while
modification of their surface is enabled by various organosilane precursors.[71,72] Enzyme
immobilization on nanoparticles can reduce protein unfolding and improve operational
stability.[73] In addition, biocompatibility of SNPs is assured and no acute toxicity is
currently known.
Recently, chemical routes for fabrication of nanomaterials have matured and there is a
very good control over the size, shape and thus the properties of nanomaterials. Figure
1.10 shows two different approaches used for synthesis of nanomaterials.

Figure 1.10 Schematic illustration of two different approaches. A: the bottom-up approach, B: the top-down
approach.[74]

Bottom-up approach: These approaches start with atoms or molecules to form
nanomaterials. During self-assembly the physical forces operating at nanoscale are used
to combine basic units into larger stable structures. Typical examples are quantum dot
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formation during epitaxial growth and formation of nanoparticles from colloidal
dispersion.
Top-down approach: These approaches use larger (macroscopic) initial structures, which
can be controlled externally in the processing of nanostructures. Typical examples are
etching through the mask, ball milling, and application of severe plastic deformation.[74–
76]
Many top-down mechanical methods are utilized by industry.
Sol-gel process is a widespread method to synthetize silica nanoparticles. This belongs to
the Bottom-up approach. Interest in the sol-gel processing of inorganic materials began as
early as the mid-1800s.[71] The Stöber method was first introduced using ammonia
catalyzed hydrolysis and condensation of ethoxysilanes in low molecular-weight alcohols
as solvent to produce uniform silica particles.[77] The final size of the spherical silica
powder is a function of the initial concentration of water and ammonia, the type of silicon
alkoxide (methyl, ethyl, pentyl, esters, etc.) and alcohol (methyl, ethyl, butyl, pentyl)
mixture used.[72]
1.7.1.2. Surface modification techniques
Generally, a support for enzyme immobilization should be chemically inert, otherwise it
could react with water (or buffers), and/or with substrates/products arising from the
reactions. However, an ideal support should be chemically functionalized with aspect of
completing enzyme immobilization. Surface modification of silica particles is most easily
achieved by reaction with one of the many commercially available alkoxysilanes.[78–80] The
silanization process (formation of silane layer on silica particles) consists of four steps.
They are hydrolysis, condensation, hydrogen bond formation and aging.[72,81] In the first
step, hydrolysis of the silane precursor leads to the formation of the reactive silanol group.
In the second step, condensation of these silanol groups occur leading to the formation of
siloxane linkages over the surface. In the third step, hydrogen bonds are formed with OH
groups. In the last step, a covalent bond is formed between the organosilane and the silica
particle with the subsequent loss of water molecules by aging. There are various factors
that affect the silanization process such as the concentration of the silane, silanization time,
humidity, and temperature of the solution.[82]
Surface modification of silica particles can be done with different methods:[81]





by dipping the samples in silane solutions
by drop casting the silane solution on samples
by spin coating the silane solution on samples
by vaporizing the silane solution on samples under vacuum or heating
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Every method has its own advantages and disadvantages. Among them, dipping the
samples in silane solution is the most common and easy to use. Silane solution can be
prepared by dissolving the silane coupling reagents in aqueous solution, organic solution
or mixture of organic solution and water. A thin and stable layer of silane can be formed
with silane solutions prepared in organic solvents. Silane coupling reagents with different
functional groups are available and among them 3-aminopropyltriethoxysilane (APTEOS)
or 3-aminopropyltrimethoxysilane (APTMOS) (Figure 1.11) are the most widely used.
They allow for facile linker chemistry with other frequently used linking moieties such as
GA[83] or bisepoxy compounds. Functionalizing the particle surface allows for specific and
unique applications of silica nanoparticles that would otherwise be inaccessible.
1.7.2.

Entrapment

The entrapment method is based on the caging of the enzyme within a polymeric network
by covalent or noncovalent bonds that allow the path of substrate and products but retain
the enzyme.[7,34] This usually minimizes enzyme leaching and improves stabilization, but
frequently results transport limitations of substrate to the enzyme active site. However,
this immobilization method allows for the ability to fine-tune the encapsulating material
to provide the optimal microenvironment for the enzyme.[84] This ideal microenvironment
could be optimal pH, polarity, or amphilicity, so that the enzymes immobilized via
entrapment were shown to be more catalytically active at higher temperatures in organic
solvents, as well as easily separated from substrate-product reaction mixture.[8,73,85] In
addition, sol-gel immobilization often enhances mechanical resistance and storage
stability of enzymes. This method can be done with a variety of materials including: solgel entrapping.
Sols are dispersions of colloidal particles in a liquid. Colloids are solid particles with
diameters of 1-100 nm. A gel is an interconnected, rigid network with pores of
submicrometer dimensions and polymeric chains whose average length is greater than a
micrometer.[71] The sol-gel process is initiated by hydrolysis of tetraalkoxysilanes
[Si(OR)4] followed by polycondensation in the presence of the enzyme to be trapped
producing a dense silica gel polymeric network. The silanization process is the same as
described in Section 1.7.1.2. Hydrolysis and condensation of the silane precursors are
catalyzed by weak acids or bases, promoting cross-linking and encapsulation of the protein
by physical forces. The conditions of sol-gel process are not harsh enough to denaturate
the encapsulated enzyme. It was pioneered by Avnir[86,87] and Reetz[88] and has been used
for the immobilization of a wide variety of enzymes. Sol-gel matrices in general have
controllable surface area, average pore size and pore size distribution. Drying by
evaporation affords so-called xerogels in which capillary stress causes a shrinkage of the
nano cages and pores. When alkylsiloxanes, RSi(OR)3 are used together with Si(OR)4 the
surface of the sol-gel is more densely populated by the hydrophobic alkyl groups and the
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capillary stresses which operate during evaporation are largely attenuated, affording a socalled ambigel in which there is no contraction of the nanocages. Alternatively, drying
with supercritical carbon dioxide affords a so-called aerogel in which the delicate pore
structure is maintained. The substrate-active site flux was found to depend on the pore size
and particles morphology.[71,89]

Figure 1.10 Sol-gel entrapped enzyme[87]

Reetz and co-workers found that significant activity enhancement of the immobilized
lipases occured when Si(OR)4 was applied in mixture with hydrophobic silanes
[R’Si(OR)3 or R’2Si(OR)2] bearing various substituents (R’ being an alkyl or aryl
group).[88] Moreover, the presence of additives like polyethylene glycol (PEG),
polyhydroxy compounds, proteins or solid supports can be applied to modulate the pore
size and increase the permeability of the substrate through the pores and the accessibility
of the enzyme.[88] It was demonstrated that the presence of a small amount of isopropyl
alcohol (IPA) during immobilization is beneficial.[90] Reports on sol-gel immobilization,
using binary or ternary mixtures of various organosilane precursors, showed that sol-gel
matrices formed from appropriate precursor mixtures can substantially enhance the
catalytic potential of the enzymes.[91–93] One of the most successful strategies for
enhancing enzyme activity in organic solvents involves tuning the enzyme active site by
molecular imprinting with substrates or their analogues.[94] High efficiency of sol-gel
systems containing trialkoxysilanes OTEOS or PTEOS was reported, where the good
results were explained by assuming that these silanes or their partially hydrolyzed forms
induce an imprinting effect as well. As high variability of the precursors and entrapment
conditions render the sol-gel technology especially suitable to control the catalytic
properties of the immobilized enzymes. All of the used sol-gel precursors during the
experiments are shown in Figure 1.11.
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Figure 1.11 Organosilane precursors used for surface modification and sol-gel immobilization

1.7.3.

Cross-linking

Cross-linking is an irreversible method of enzyme immobilization that does not require a
support, thus the method is called carrier-free immobilization. In the early 1960s, studies
of solid phase protein chemistry led to the discovery that cross-linking of dissolved
enzymes via reaction of surface NH2 groups by means a bi- or multifunctional crosslinking agent, such as GA, resulting insoluble cross-linked enzymes (CLEs).[95] GA has
been used for cross-linking proteins via reaction of the free amino groups of lysine residues
on the surface of neighboring enzyme molecules, resulting inter- and intramolecular aldol
condensations. Cross-linking can involve both Schiff’s base formation and Michael-type
1,4 addition to α,β-unsaturated aldehyde moieties. However, the CLEs methodology had
several disadvantages: low mechanical stability, low activity retention, poor
reproducibility, and difficult handling of gelatinous CLEs.
Cross-linked enzyme crystals (CLECs) are prepared by allowing the enzyme to crystallize
from aqueous buffer at the optimum pH and then adding a bifunctional reagent, usually
glutaraldehyde, to cross link the crystals.[8,32,84,95] The resulting CLECs are robust highly
active immobilizates of controllable particle size, varying from 1 to 100 mm, depending
on the enzyme: cross-linker ratio and the cross-linking time. The use of CLECs as
industrial biocatalysts was commercialized by Altus Biologics in the 1990s. CLECs are
stable, easy to recycle, coupled with high catalyst and volumetric productivities. However,
a remarkable drawback of CLECs is the need of high purity enzyme for crystallization of
the enzyme, which is a laborious procedure, thus CLECs are no longer commercially
available.
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Preparation of cross-linked enzyme aggregates is a simpler, and less expensive, alternative
to preparation of CLECs, as the crystallization is replaced with precipitation. It is well
known that the addition of salts, or water-miscible organic solvents or non-ionic polymers,
to aqueous solutions of proteins leads to their precipitation as physical aggregates that are
held together by non-covalent bonding. Addition of water to this precipitate results in
dissolution of the enzyme.[96,97] In contrast, cross-linking of these physical aggregates
would render them permanently insoluble while keeping their pre-organized
superstructure and hence their catalytic activity. This led to develop a new class of
immobilized enzymes, called cross-linked enzyme aggregates (CLEAs).[46,98]
The general preparation of CLEAs is carried out via the aggregation of given soluble
enzymes when using a precipitating reagent, such as ammonium sulfate, acetone, ethanol,
or t-butanol. This is followed by the subsequent copolymerization of enzyme aggregates
with a cross-linking agent, most frequently glutaraldehyde without perturbation of their
tertiary structure, i.e. without denaturation (Figure 1.12). Since precipitation from an
aqueous medium, by addition of ammonium sulfate or polyethylene glycol, is often used
for enzyme purification, the CLEA method basically combines purification and
immobilization into a single unit operation that does not require a highly pure enzyme. It
could be used, e.g. for the direct isolation of an enzyme, in a purified and immobilized
form suitable for performing biocatalysis, from a crude fermentation lysate.

Figure 1.12 Formation of cross-linked enzyme aggregates with glutaraldehyde as cross-linking agent

CLEAs offer enhanced operational stability, reusability, and exceptional resistance to the
leaching of immobilized biocatalyst in aqueous media, while not suffering from substrate
diffusion limitations that could potentially reduce catalytic activity. In certain cases,
CLEAs were shown to possess higher catalytic activities than the corresponding free
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enzymes, and this phenomenon, known as hyperactivation, was attributed to the
aggregation of enzyme in a pre-organized tertiary structure.[7] Thus, CLEAs showed a
large potential for application in industrial-scale processes owing to high catalytic
productivity and inexpensive immobilization methods. Disadvantage of this method is that
CLEAs are considered as too soft material for scale-up of applications industrial
applications. Small CLEAs can form clumps during centrifugation and filtration
treatments, which would hinder CLEAs to disperse again in solution, leading to low
catalytic efficiency.[67,99] Considering these drawbacks to the industrial application of
CLEAs, an innovative approach is required. There are several examples in literature,
where the traditional CLEAs method was supported with magnetic nanoparticles,[21–24] or
silver nanoparticles[99] or it was completed to mesoporous composite[67] for enhancing the
stability and mechanical properties of the biocatalyst.
1.8.

Kinetics of immobilized enzyme systems

Immobilized enzyme systems are special heterogeneous systems where the substrate has
to diffuse to the surface, after that inside of the immobilized biocatalyst, and vice versa
the resulting product has to undergo a reverse transport process (Figure 1.13). In both
cases, a concentration gradient occurs between the bulk of the reaction media and the
actual location of the reaction in terms of the substrate and product. This gradient is the
driving force of diffusion processes.

Figure 1.13 Mass transfer conditions by immobilized enzyme particles. S0 is the substrate from
the bulk, D is the diffusion constant, E is the enzyme, and S is the substrate.

There are three distinct transport regions:




Transport of the substrate from the bulk of the reaction media to the liquid film layer
on the surface of the immobilized biocatalyst. The bulk is characterized by good
mixing, and there is no speed-determining resistance.
Diffusion through the liquid film layer to the surface of particle.
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Diffusion inside the particle, i.e. the actual location of the reaction (the enzyme is
immobilized inside the particle).

In the case of the first two transports, the external mass transfer resistance can be
influenced by mechanical movement of the reaction medium (e.g. shaking or mixing in
the reactor), but destructive effect of mixing can damage the carrier and the protein
immobilized on its surface. The third transport is characterized by internal mass transfer
resistance, which depends on the shape of the carrier, the homogeneity of the enzyme
distribution inside the carrier, the degree of inhibition of molecular diffusion inside the
pores, and any additional diffusion layer(s) on the surface of the carrier. The description
is general and can be applied for heterogeneous phase biocatalysts, but there are
differences by different immobilization methods.
For characterisation of the effectivity of immobilization, the following definitions can be
used:


Activity Yield (YA) can be determined according to the equation:
𝑌𝐴 =

𝑈0 −𝑈
𝑈0

∗ 100[%]

Eq.11.

by measuring the supernatant activity before the immobilization (U0) and after the
immobilization (U). Besides the activity yield, in some instance the


Immobilization Yield (YI) can be determined according to the equation:


𝑌𝐼 =

[𝑃]0 −[𝑃]
[𝑃]0

∗ 100[%] Eq.12.

by using Bradford assay to determine the protein concentration of the supernatant
before the immobilization [P]0 and after the immobilization [P].
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1.9.

Lipases

Lipases (EC 3.1.1.3) represent one of the most frequently used class of enzymes. They
originate from plants, animals or microorganisms (bacteria, fungi). In the last decade,
lipases have an increasing interest for their high specificity, efficient reaction rate, nontoxicity and biodegradability and reproducibility under normal laboratory conditions.
Lipases belong to the family of hydrolases that catalyze the hydrolysis of water insoluble
triacylglycerides. Catalysis takes place at the water-lipid interface, resulting glycerol, free
fatty acid and partially hydrolyzed monoacylglyceride and diacylglyceride. Under
appropriate conditions (organic phase with low water activity) lipases catalyze[101–104]
chemo-, regio- and stereoselective processes, like the kinetic resolution of racemic
alcohols, acids, esters or amines,[105–110] as well as the desymmetrization of prochiral or
meso compounds.[111] In addition, other non-conventional processes such as aldol reactions
or Michael additions can be catalyzed by some lipases.[112–114]
Lipases have a mechanism of catalysis that differentiates them from standard esterases and
permits that they act in interfaces of insoluble drops of substrates: the interfacial activation.
[115,116]
The active center may be closed by a polypeptide chain, which can move giving
two different forms of lipases: the open and active form, or the closed and many times
inactive one.[117,118] The open form of lipases tends to become adsorbed on any
hydrophobic surface via the large hydrophobic pocket formed by the active center and the
internal face of the lid.[47,119] Because of this conformational mobility influencing the
catalytic activity, the final outcome of the biocatalytic properties of immobilized lipases
can be influenced by the mode of immobilization. The catalytic process involves a
catalytic triad of three amino acid residues that are bound to each other via hydrogenbridge, namely serine (Ser), histidine (His) and glutamate/aspartate (Glu/Asp). The
catalytic triad can be found in the active center of lipases.[104] First, hydroxyl group of
serine performs nucleophilic attack on the carbonyl group of ester substrate.[18] Thus a
tetrahedral intermediate is created stabilized by hydrogen bonding. After rearrangement,
an acyl-enzyme intermediate is formed, while an alcohol is released from the active site.
Water acts as a nucleophile on acyl-enzyme complex forming the second tetrahedral
intermediate. Finally, the free enzyme is regenerating and the second product, free
carboxylic acid is releasing (Figure 1.14).
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Figure 1.14 Mechanism of lipase catalyzed reaction

The most common substrates of lipases are racemic secondary alcohols and their
derivatives. Transesterification reactions and enzymatic hydrolysis are two
complementary methods for the resolution of secondary alcohols.[120] Figure 1.15 shows
the symmetry of both transesterification and enzyme hydrolysis reactions according to
Kazlauskas rule. Thus, (R)-alcohols are preferentially acylated if the Cahn-Ingold-Prelogsequence priority of the substituents is large > medium.

Figure 1.15 Kazlauskas rule for the symmetry of both enzyme hydrolysis and transesterification
reactions[104]

In this PhD thesis, two different lipases were selected as model enzymes in order to
investigate the effect of polymer matrix quality, surface modification and activating/crosslinking agent on enzymatic performance. The first lipase, Candida antarctica lipase B
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(CaLB) is one of the most effective catalysts in the resolution of alcohols and especially
amines, allowing the preparation of an important variety of optically active hydroxy and
amino compounds. It is a recombinant protein produced in Aspergillus fungus with a huge
industrial potential.[121] The X-ray structure of CaLB was elucidated in 1994.[122] Molecular
weight of the lipase is 33 kDa and consists of 317 amino acids.[101] Unlike other lipases,
CaLB does not show interfacial activation, however, it is greatly adsorbed on hydrophobic
surfaces.
The second lipase, Burkholderia cepacia lipase, formerly known as Pseudomonas cepacia
lipase (Lipase PS), is a commercial enzyme in both soluble and immobilized forms widely
recognized for its thermal resistance and tolerance to a large number of solvents and shortchain alcohols.[123] The main applications of this lipase are in transesterification reactions
[59,124]
and in the synthesis of drugs. This enzyme is widely applied for highly enantiomer
selective resolution of racemic primary and secondary alcohols.[108,125–127] Lipase PS was
cloned and its amino acid sequence was elucidated from complementary DNA sequence
(cDNA)[128] It was also characterized [129,130] and crystallized.[130,131] Molecular weight of
the lipase is 33 kDa and consists of 320 amino acids.
1.10.

Phosphatases

Phosphatases (EC 3.1.3) are hydrolytic enzymes similarly to lipases and they catalyze the
removal of the phosphate group from phosphorylated substrates. Many phosphatases are
found in nature, but in particular non-specific alkaline phosphatases and acid phosphatases
have been studied and details of their enzymatic mechanism are available.
Non-specific acid phosphatases are group of enzymes secreted as soluble periplasmic
proteins or membrane-bound lipoproteins, which operate at acidic to neutral pH values.[132]
Polyprenyl pyrophosphates can be hydrolyzed by acid phosphatases in good yields and
without side reactions.[133] Rac-threonine can be resolved via hydrolysis of the phosphate
ester with acid phosphatase, representing the only example of KR of chiral alcohols via
hydrolysis of phosphate esters.[134] These enzymes have also been employed in the
synthesis of optically pure polyols: they dephosphorylate the sugar-like product of the
aldol reaction catalyzed by DHAP-dependent aldolases under mild conditions and without
isolating this unstable intermediate. In addition, besides to the hydrolytic activity, acid
phosphatases are able to carry out transphosphorylation reactions in which a phosphate
unit is transferred from an inexpensive inorganic polyphosphate donor [e.g. pyrophosphate
(PPi), triphosphate (PPPi), or polyphosphoric acid (polyP)] to an acceptor alcohol in twostep reaction..[135,136]
The reaction mechanism of acid phosphatases is shown in Figure 1.16. The enzymephosphate intermediate is formed after binding of the PPi in the active site and hydrolysis
of one phosphate unit. E-Pi usually undergoes hydrolysis in the presence of water but, if a
competing alcohol acceptor is present, the phosphate group can be transferred to the
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alcohol leading to the phosphorylated product. However, the enzyme can also bind the
phosphorylated alcohol and release the free alcohol, forming again the E-Pi intermediate.
The phosphate is then released by the hydrolytic activity of the enzyme using water
molecule. Thus, phosphatases are able to hydrolyze PPi, transfer a phosphate to the
acceptor alcohol, or hydrolyze phosphate esters. The transphosphorylation reaction is
basically reversible and the equilibrium location depends on the conditions and the
amounts of reagents and products present in the reaction mixture.[137]

Figure 1.16 Reaction mechanism of (a) competing hydrolysis and (b) transphosphorylation involving a
covalent E-Pi intermediate catalyzed by acid phosphatase[137]

In this PhD thesis two non-specific acid phosphatases, PhoN-Sf from Shigella flexneri and
PhoN-Se from Salmonella enterica ser. typhimurium were investigated. Both enzymes are
useful in preparative dephosphorylation of compounds, in preparative phosphorylation of
glucose and related compounds, and in the phosphorylation of structurally different
alcoholic substrates with cheap phosphate donor.
PhoN-Sf from Shigella flexneri exhibits a broad substrate profile including nucleotides
(PhoN-Sf appears to be more active on 5’-nucleotides than on 3’-nucleotides), pnitrophenyl phosphate (pNPP), glucose 6-phosphate and β-glycerophosphate and it prefers
primary alcohol functions above the secondary.[138,139] The purified protein has a molecular
size of approximately 27 kDa. The pH optimum is at 6.6. The enzyme activity is not
inhibited by chelators of divalent ions (EDTA), fluoride, tartrate, cysteine, Lphenylalanine, L-tryptophan, benzamidine and soybean trypsin inhibitor, while being
inhibited by N-bromosuccinimide, dithiothreitol and diisopropylfluorophosphate,
suggesting that serine and tryptophan residues, as well as disulphide bonds, are relevant to
PhoN-Sf activity.[132]
PhoN-Se is a homodimeric protein containing two 27 kDa subunits. It is active against a
very broad scale of substrates including 3’- and 5’-nucleoside monophosphates,
nucleoside diphosphates, nucleoside triphosphates, hexose and pentose phosphates, α- and
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β-glycerophosphate, pNPP, phenolphthalein diphosphate (PDP), α-naphthyl phosphate
and pyrophosphate, but not diesters. Reaction rates are similar overall for the various
hydrolysable substrates. KM values for the various substrates are in the 1–2 mM range. The
pH optimum is around 5.5, using 5’-adenosine monophosphate (AMP) as substrate.[132]
PhoN-Se activity is inhibited by fluoride and mercuric ions, while being unaffected by
EDTA and various other divalent cations.
The broad substrate-scope and the simplified (cofactor-independent) protocol make
phosphatases suitable candidates for large-scale production of phosphorylated
compounds. However, after formation of phosphorylated products, the undesired
hydrolysis of the product occurs. To overcome undesired product hydrolysis, several
techniques were recently introduced, such as continuous flow production,[140,141] reaction
engineering[137,142] and protein engineering.[143]
1.11.

Possible industrial application of selected enzymes

Biocatalysis is playing an increasing role in the fields of chemistry, biochemistry, in the
pharmaceutical, food and textile industries, in biofuel production, detergent, aroma and
flavor industries. The use of appropriate enzymes not only eliminates the need for
protecting groups, but has also been shown to yield higher enantiomeric excesses of
desired stereoisomers. For example CaLB was successfully employed for acetylation of
the diol intermediate for (S,S)-reboxetine succinate, a noradrenergic anti-depressant for
the treatment of fibromyalgia in the latter stages of development at Pfizer (Figure 1.17).[144]
The lipase-catalyzed process resulted in the selective mono-acetylation of diol
intermediate with 98% regioselectivity and greater than 99% yield. The new generation
synthesis route resulted in a 58% improvement in the commercial product yield of (S,S)reboxetine succinate and a nearly 1300 MT/year reduction in process waste.[144]

Figure 1.17 Commercial route to (S,S)-Reboxetine Succinate
1. Novozym 435 (CaLB), isopropenyl acetate, PhMe; 2. MsCl, NEt 3, PhMe; 3. aq NaOH, PhMe, MeN(nBu)3Cl, PhMe; 4. H2NCH2CH2OSO3H, DBU, PhMe, EtOH, [86% over 4 steps].

Lipases play an important role in the development of biocatalytic fragrance and flavor
production due to their capability to transfer acyl groups from esters to other nucleophiles.
[145–147]
. Geranyl acetate (Figure 1.18), the most common and most valuable geranyl ester,
has a sweet lemon fruity flavor and the fragrance of rose and lavender, which is an
important flavor component. Thus, geranyl acetate has been widely applied in the food,
perfume, cosmetics, brewing and pharmaceutical industries as an important flavor and
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fragrance component.[147–149] Cinnamyl acetate (Figure 1.18), a phenyl propanoid class of
compound, reportedly found in the essential oil of mimosa, Larus azorica and
Cinnamomum zeylancium flowers.[150,151] Apart from flavor and fragrance, cinnamyl
acetate is also used as precursor of photosensitive polymers, animal repellent
compositions, and insect attractants. For instance, Candida cylindracea lipase was
entrapped in organic-inorganic hybrid sol-gel polymers prepared from tetramethoxysilane
(TMOS) and alkyltrimethoxysilanes.[148] Geranyl acetate synthesis was carried out with
free and immobilized lipase. The conversion using free enzyme (100 mg) was 15% after
24 h in contrast to 95% when using the immobilized enzyme (immobilized biocatalyst
containing 100 mg enzyme).[148] Cinnamyl acetate (Figure 1.18) was synthesized by lipase
(Novozym 435) through the transesterification route in a solvent-free system with ethyl
acetate as acyl donor. Under the optimized reaction conditions, 90% of conversion was
obtained and the immobilized lipase could be reused at least six cycles with a minimal
decline in activity.

Figure 1.18 Lipase catalyzed transesterification of cinnamyl alcohol and geraniol with vinyl acetate

In the case of the detergent industry, enzymes are rather a product than a chemical processspecific catalyst. The ratio of catalytically active enzymes in detergent mixtures are
optimized for specific detergent applications, for example, dishwashing detergents often
contain varying degrees of amylase and lipase intended for the removal of starch food
deposits and fats and oils, respectively.[152]

Figure 1.18 Lipases in detergent industry
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Biodiesel is produced from the transesterification reaction of triglycerides with short chain
alcohols (Figure 1.19) and it can be used to power existing diesel engines without
modification. It is renewable, non-flammable, biodegradable and non-toxic. Technologies
are available for the conversion of raw biological materials to usable, high-energy
bioproducts. Most production routes require either the transesterification of oils or the
esterification of fatty acids. The traditional chemical way uses chemical catalysts such as
alkalis and acids for conversion of plant oil triglycerides to fatty acid alkyl esters (FAAEs),
which consequently results in a product contaminated with high salt content requiring
costly purification.

Figure 1.19 Synthesis of biodiesel from triglyceride

Recently, biodiesel production by lipase catalyzed transesterification has been suggested
as a promising alternative to the conventional chemical catalysis, eliminating the
drawbacks of the latter, i.e. product contamination, wastewater release, free fatty acids and
water interferences, and difficult glycerol recovery.[153–159] Nevertheless, the
commercialization of the lipase-catalyzed biodiesel synthesis remains problematic,
because of the cost of the enzyme: approximately 1000 USD per kg of Novozym 435
lipase.[154,160] Therefore, strategies such as enzyme immobilization, for the development of
economic and effective enzyme based technologies for biodiesel production is of crucial
importance. Enzyme immobilization ensures the repetitive and continuous use of the
enzyme and its stabilization, prevention of product contamination and effective control of
the reaction parameters. Piedmont Biofuels announced in 2012 the successful scale-up of
a continuous enzymatic transesterification of free fatty acids (FFAs) via immobilized
CaLB for biodiesel production; the enzymatic reaction eliminated the need for removal of
the chemical intermediate due to its high product selectivity.[160] Biodiesel production from
waste oils is an attractive option to produce biodiesel economically (Figure 1.20). Waste
cooking oil is the used vegetable oil obtained from cooking food. Waste oil has many
disposal problems like water and soil pollution, human health concern and disturbance to
the water ecosystem.[161] In spite of negatives, it can be used as an effective and cost
efficient feedstock for biodiesel production as it is readily available.
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Figure 1.20 Synthesis of biodiesel from waste oil

The industrial application of acid phosphatases is less common than application of lipases,
but there are examples that can be presented. Acid phosphatase was successfully employed
in the regioselective phosphorylation of nucleotides using PPi. Especially inosine and
guanosine were phosphorylated to inosine-5’-monophosphate (5’-IMP) and guanosine-5’monophosphate (5’-GMP). These compounds are widely used in food industry as taste
enhancers (umami, Figure 1.21).[162,163] Since 2003, 5’-IMP and 5’-GMP have been
produced at multiple thousands of tons per year by Ajinomoto Co. Inc., Japan using an
acid phosphatase.[143] Regiospecific phosphorylation of glucose yielding glucose-6phosphate was also observed with PhoN-Sf and PhoN-Se.[164,165] These enzymes have a
very broad substrate specificity as demonstrated by the phosphorylation of other alcohols
and sugars.

Figure 1.21 Taste enhancer produced by Ajinomoto Co. Inc., Japan

1.12.

Continuous-flow reactor

Usually, enzyme reactions can be carried out either in batch mode or in a variation of a
continuous flow mode. Batch reactors are used for smaller scale reactions due to the fact
that they are more labor and time intensive than a continuous flow reactor. Processing of
subsequent batches must wait until the current batch is finished. This method seems
effective at first glance, but in most cases falls off of continuous flow mode. The use of a
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continuous flow reactor is beneficial as it may help increase the reaction time as well as
the efficiency of a reaction using a biocatalyst.[26,78,141,166–169]
Packed-bed reactor (PBR, Figure 1.22; 1.23 B) is usually used for a continuous operation.
PBR is basically composed of a column in which immobilized enzymes are packed, and
support equipment such as a thermostat unit for maintaining required reaction temperature
and pumps for transferring reactants (Figure 1.22).

Figure 1.22 Continuous-flow enzyme reactor used during the work

Compared with the stirred tank reactor (STR, Figure 1.23 A), PBR can obtain a larger
reacting surface area per unit volume with associated higher volumetric productivity in
continuous industrial processes.[170] The parameters that should be considered for
optimizing a reaction in continuous-flow mode mostly include the flow rate, reaction
temperature and molar ratio of substrates and reagents. Flow rate is the most important
operational variable. In order to obtain an long enough retention time for a high product
yield, a low flow rate is usually used. However, long-term operation of a PBR is still
challenging.
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Figure 1.23 A: stirred tank reactor (CSTR), B: packed-bed reactor (PBR)

One of the main drawbacks for PBR is the high pressure drop associated with small carrier
size, high flow rate or blocking of the catalyst bed by accumulation of insoluble
components from the reaction mixture. Another drawback of PBR refers to the mass
transfer limitations, which is due to the restrained flow pattern inside the PBR because of
the limited flow rate relative to the pressure drop allowance.[159] An example by biodiesel
production: Halim et al.[170] observed that flow rate significantly affected the mass transfer
and thus affecting biodiesel yield. At low rate of substrate the mass transfer dominated the
biodiesel yield, whereas at high rates the reaction dominated the yield. Superficial velocity
and cross-section area of the reactor are two important operational variables, and
conversion per pass, mass transfer and pressure drop are important constrains for PBR.
The limitations of the “operational zone” can be expanded by different strategies. For
example, increasing the rigidity and particle size of the immobilized biocatalyst can
decrease pressure drop.[159]
So far, lipases were the most frequently used enzymes in packed-bed reactors,[92,94,110,170,171]
but systems with acid phosphatases were recently reported as well.[78,137,140–142] In the case
of acid phosphatases, initial formation of phosphorylated product was always followed by
hydrolytic degradation of the formed product in the batch systems. In this regard, using an
immobilized phosphatase in a continuous-flow PBR resulted in kinetically controlled
transphosphorylation and accumulation of the phosphorylated product. The mode of
immobilization should be carefully selected to achieve a stable, robust, reproducible
biocatalyst in micron size. Additionally, selection of the proper reactor type has also an
important role. Ideal reactors have high space time yield to increase the efficiency of the
biotransformation.
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Similarly to batch reactions, specific enzyme activity (rflow) can be given for continuousflow reactions:
𝑟𝑓𝑙𝑜𝑤 = [𝑃] ∗

𝑣

𝑚𝐵

Eq.13.

where [P] is the product concentration (µmol mL-1), v is the flow rate (mL min-1) and mB
is the amount of applied biocatalyst (mg).[26]
The residence time (tR) can be calculated from the reactor volume (VR, mL) and flow rate
(v, ml min-1), which shows how much time the reactants spend inside the reactor:
𝑡𝑅 =

𝑉𝑅
𝑣

Eq. 14.

Different sized reactors can be compared to each other, if the performance of the reactor
is given related to the catalyst mass or volume. This quantity is known as the space–time
yield (STY, g L-1 h-1):
𝑆𝑇𝑌 =

𝑑𝑒𝑠𝑖𝑟𝑒𝑑𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡𝑣𝑜𝑙𝑢𝑚𝑒∗𝑡𝑖𝑚𝑒
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1.13.

Aims of the Thesis

There is no single best method and support for all enzymes and their various applications.
This is because of the different chemical characteristics and composition of enzymes, the
different properties of substrates and products, and the various uses of the product.
Advances in organic chemistry and molecular biology have resulted in the development
of some very powerful, efficient and site-specific applications for enzyme immobilization.
The goal of my PhD thesis was to develop new immobilization methods that are
improvements or combinations of existing methods. In this way, we wanted to develop
enzyme immobilization methods that are presented with an industrially relevant model
enzyme, but can also be easily adapted to other enzymes.
Our first aim was to optimize the sol-gel immobilization of Candida antarctica lipase B
(CaLB). The precursors, building up the sol-gel matrix, are instrumental in the final
biocatalytic function and stability of the entrapped enzyme. For receiving the ideal
precursor composition, molecular docking and modeling and experimental design
(response surface methodology) was used, which could result such compositions that can
multiply the specific activity of the enzyme with excellent enantiomeric selectivity.
Then, we wanted to study the effect not only of various organosilane precursors as grafting
the surface of silica nanoparticles, but also the effect of different bisepoxy cross-linking
agents to develop cross-linked enzyme-adhered nanoparticles (CLEANs). Our goal was to
develop more stable and more active immobilized CaLB biocatalysts with better
mechanical properties compared to the traditional CLEAs. The biocatalyst prepared by the
novel method could be suitable for biotransformations in continuous-flow operation.
We wanted to study the effect of various bisepoxy compounds for surface
functionalization of hollow silica microspheres (Matspheres 540) to produce stable and
efficient support for covalent immobilization of Burkholderia cepacia lipase. An
important aspect of immobilization experiments was the effective use of enzyme
preparations in both batch and continuous-flow biotransformations.
Finally, our goal was to create such support material combining the silica nanoparticles
with organosilane grafting partially completed with EDTA functions and the bisepoxy
cross-linking agents. The support material produced this way can bind specific tags on
proteins and expose them in a correctly orientated manner, which can be used to bind
histidine-tagged proteins, in our case to bind non-specific acid phosphatases from Shigella
flexneri and Salmonella enterica ser. typhimurium LT2.
We wanted to present industrially relevant applications for both enzymes immobilized in
different ways, which were demonstrated in the kinetic resolution of racemic alcohols and
amines, fragrance and biodiesel production in case of lipases, and phosphorylation
reactions of different primary and secondary alcohols in the case of phosphatases that can
result activated phosphate precursors for synthetic chemistry.
This demonstration indicates the important role of biocatalyst development in the field of
biotechnology to improve more suitable biocatalysts for individual substrates, reactions
and applications.
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CHAPTER 2
General experimental methods
General methods and synthetic parameters used throughout the Thesis are summarized in
the present chapter. Specific experiments and parameters are described in the
corresponding chapters.
2.1.

Materials

Racemic 1-phenylethan-1-ol (rac-1a), racemic octan-2-ol (rac-2a), racemic 1phenylethan-1-amine (rac-3a), racemic heptan-2-amine (rac-4a), sodium fluoride (NaF),
polyethylene glycol 1000 (PEG 1000), tetraethoxysilane (TEOS), phenyltriethoxysilane
(PTEOS), n-octyl-triethoxysilane (OTEOS), dimethyldiethoxysilane (DMDEOS), (3aminopropyl)trimethoxysilane (APTMS), geraniol (5a), cinnamyl alcohol (6a), 1,4Butanediol (7a), cis-2-butene-1,4-diol (8a), glycerol (9a), 2-phenoxyethanol (10a), 3chloro-1-propanol (11a), methyl α-D-glucopyranoside (12a) (±)-2-butanol [(±)-13a],
cyclohexanol (14a), 4-nitrophenyl phosphate disodium salt hexahydrate (pNPP), sodium
pyrophosphate dibasic (PPi), Immobead 150 (particle size: 100-500 µm), disodium
ethylenediaminetetraacetate
×
2
H2O
(EDTA),
EDTA
dianhydride,
tris(hydroxymethyl)aminomethane (Tris), N,N-Diisopropylethylamine (DIPEA), 2propanol (IPA), sodium phosphate monobasic, disodium phosphate heptahydrate, vinyl
acetate, sodium chloroacetate, sodium, triethylbenzylammonium chloride, ptoluenesulfonic acid, ethyl acetate, magnesium sulfate, Triton X-100, n-hexane, acetone,
ethanol, methyl t-butyl ether (MTBE), water-free toluene and dimethyl-sulfoxyde
(DMSO), 1-butanol, EtOH, N,N-dimethylformamide (DMF) and 25% aqueous
ammonium hydroxide solution were commercial products of Alfa-Aesar Europe
(Karlsruhe, Germany), Sigma–Aldrich or Merck (Darmstadt, Germany). Relizyme
HA403/M (particle size: 200-500 µm, average pore size: 40–60 nm, functional group
density: min. 600 µmol g-1 wet bead) was purchased from Resindion. Glycerol diglycidyl
ether (GDE), neopentylglycol diglycidyl ether (NPE) and polyethylenglycol diglycidyl
ether (PDE), cyclohexanedimethanol diglycidyl ether (CDE), 1,6-hexanediol diglycidyl
ether (HDDE), glycerol triglycidyl ether (GTGE) were purchased from Sigma Aldrich and
Ipox Chemicals, 50% aqueous glutaraldehyde solution was a gift of BASF.
Enzymes and supports
CaLB for immobilization experiments (recombinant Candida antarctica lipase B as
lyophilized powder) was obtained from c-LEcta (Leipzig, Germany), Commercial CaLB
as Immobead-T2-150 (lipase B from Candida antarctica, covalently attached to dry
acrylic) and Novozym® 435 (recombinant lipase expressed in Aspergilus niger, adsorbed
on acrylic resin) were the purchased from Chiral Vision BV (Leiden, Netherlands) and
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Sigma–Aldrich (Saint Louis, MO, USA), respectively. Amano Lipase PS (lipase from
Burkholderia cepacia, EC 3.1. 1.3) for immobilization experiments was obtained from
Sigma–Aldrich (Saint Louis, MO, USA). Lipobond PS (lipase from Burkholderia cepacia,
covalently immobilized on a highly hydrophobic support) was obtained from Iris Biotech
GmbH (Marktredwitz, Germany).Acid phosphatases from Shigella flexneri (PhoN-Sf,
Aspec= 12.0 U mg-1 for the lysate) and from Salmonella enterica (PhoN-Se, Aspec= 4.04 U
mg-1 for the lysate) were overexpressed as reported and corresponding cell-free lysates
were used as described below.[137] EziGTM Controlled Pore Glass supports were kindly
provided by EnginZyme. M540 was the product of Materium Innovations (Granby,
Canada). M540-PDE, M540-NPE, M540-GDE, M540-CDE, M540-HDDE and M540GTGE supports were the products of SynBiocat LLC. (Budapest, Hungary).
2.2.

Analytical methods

2.2.1.

NMR measurements

The NMR spectra were recorded in CDCl3 on a Bruker DRX-300 spectrometer operating
at 300 MHz for 1H and 75 MHz for 13C, and on a Bruker Avance III 300 MHz NMR
spectrometer. Signals are given in ppm on the δ scale. NMR spectra were measured.
Chemical shifts (δ) are given in parts per million (ppm) relative to TMS or H 3PO4 as a
reference. 31P-NMR spectra were taken using inverse gated decoupling.
2.2.2.

Infrared spectroscopy

Infrared spectra were recorded on a Bruker ALPHA FT-IR spectrometer and wavenumbers
of bands are listed in cm−1.
2.2.3.

Optical rotation measurements

Optical rotations were measured on Perkin–Elmer 241 polarimeter at the D-line of sodium.
The polarimeter was calibrated with measurements of both enantiomers of menthol.
2.2.4.

Raman spectroscopy

A Horiba Jobin-Yvon LabRAM system coupled with external 785 nm diode laser source
and Olympus BX-40 optical microscope was used for collecting Raman mapping spectra.
An objective of 20× objective (laser spot size: ~3 µm) was used in focusing and spectrum
acquisition. The confocal hole of 1000 µm was employed in confocal system. In the
instrument, a 950 groove/mm grating monochromator disperses the Raman photons before
those reaches the CCD detector. The spectrograph position was set to provide the spectral
range of 457-1678 cm-1 and 3 cm-1 resolution. Samples were put to a slide in two parts and
Raman mapping was performed on the smoothed surface. The maps were collected with
50 µm step size and consisted of 21×21 points. Every single spectrum was measured with
acquisition time of 60 s and 2 spectra were averaged at each measured point.
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2.2.5.

Particle size analyzer

Particle size distribution of the biocatalysts (sol-gel entrapped CaLB and CaLB CLEANs
preparations) was determined by laser light scattering (Horiba. LA-950). The sol-gel
entrapped CaLB samples were dispersed in ethanol. Ultrasonic (20 kHz) was applied to
disintegrate the aggregates of the sol-gel particles. The size distribution was measured
after 0. 300 and 600 s ultrasonication. Mie scattering theory was used in the
calculations.[172]
2.2.6.

Scanning electron microscopy

The morphology of different immobilized preparations was analyzed by a JEOL JSM5500LV scanning electron microscope (SEM). For better imaging samples were coated
with a gold nano-film layer by a neubliser.
2.2.7.

Elemental analysis of the functionalized support materials

The elemental analysis was carried out with energy dispersive spectroscopy/energy
dispersive X-ray analysis (EDS/EDAX with Si(Li) detector) applying 20 kV accelerating
voltage and sampling time of 60 s at three different regions in triplicate. The different
silica nanoparticles modified with EDTA and cobalt or nickel, the cell extract of PhoN-Sf
and the immobilized enzyme were analyzed.
2.2.8.

BET apparatus (nitrogen adsorption/desorption)

Nitrogen adsorption/desorption isotherms were measured at -196 °C with a Nova2000e
(Quantachrome) computer controlled apparatus. Samples were degassed at 20 °C for 24 h.
The apparent surface area SBET was calculated using the Brunauer–Emmett–Teller (BET)
model.[173] The total pore volume (Vtot) was derived from the amount of nitrogen adsorbed
at relative pressure 0.95, assuming that the pores are then filled with liquid adsorbate. The
micropore volume (W0) was derived from the Dubinin–Radushkevich (DR) plot.[174] The
average diameter was calculated assuming open end cylindrical pores. The density of the
samples was measured by He pycnometry (Quantachrome).
2.2.9.

Gel electrophoresis

To determine the immobilization of lipase in sol-gel systems and covalent attachment of
phosphatases to the supports, the immobilizates were boiled in 1 vol. equiv. of 2% sodium
dodecylsulfate (SDS). Then, SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
analysis of the supernatant was performed and the gel was stained with Coomassie blue.
2.2.10. Gas chromatography
The reaction mixtures form different enzyme reactions were analyzed on an Agilent 4890
GC instrument equipped with flame ionization detector (FID, 250 °C) and a Hydrodex β6TBDM column [25 m × 0.25 mm with 0.25 μm film thickness of heptakis-(2,3-di-O43
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methyl-6-O-t-butyl-dimethylsilyl)-β-cyclodextrin phase] or a HP-5 column [30 m x 0.25
mm x 0.25 µm], injector temperature 250 °C, carrier gas H2, head pressure 12 psi, split
ratio 1:50 and on an Agilent 5890 GC instrument equipped with FID (250 °C) and a
Hydrodex β-TBDAc column [25 m × 0.25 mm with 0.25 μm film thickness of heptakis(2,3-di-O-acetyl-6-O-t-butyl-dimethylsilyl)-β-cyclodextrin phase], injector temperature
250 °C, carrier gas H2, head pressure 12 psi, split ratio 1:50.
Table 2.1 GC analysis of the products of CaLB-catalyzed reactions
KR

Oven program

Column

rac-1a

120 °C isothermal, 8 min

Hydrodex β6TBDM

rac-2a

50–150 °C, 10 °C min−1

Hydrodex β6TBDM

100-180 °C, 8 °C min-1,
5 min 180 °C

Hydrodex βTBDAc

100-180 °C, 4 °C min-1,
5 min 180 °C
5 min 100 °C, 100-142 °C,
3 °C min-1. 142-182 °C. 10 °C min-1
100–160 °C, 4 °C min−1, 160–180 °C,
20 °C min−1 1 min at 180 °C
0.5 min 150 °C, 25 °C min-1 at 250
°C
0.5 min 150 °C, 25 °C min-1 at 250
°C

Hydrodex β6TBDM
Hydrodex βTBDAc
Hydrodex β6TBDM

rac-3a

rac-4a

5a
6a

HP-5
HP-5

Compound
(S)-1b
(R)-1b
(R)-1a
(S)-1a
(R,S)-2b
(S)-2a
(R)-2a
(S)-3a
(R)-3a
(R,S)-3b
(S)-3b
(R)-3b
(R,S)-4a
(R,S)-4b
(S)-4b
(R)-4b
5a
5b
6a
6b

tR (min)
3.31
3.57
4.46
4.66
6.22
6.51
7.01
2.82
2.97
10.74
17.38
17.64
1.32
17.62
11.66
11.92
1.61
2.02
1.86
2.28

2.2.11. HPLC
HPLC measurements were carried out on a Dionex Ultimate 3000 system equipped with
Shodex RI-101 RI-detector. Products were identified on an Agilent 1260 Infinity system
equipped with Agilent Q6120 quadrupole mass spectrometer using electrospray ionization
(HPLC-MS, Zorbax 300-SCX cation exchanger column; eluent: 0.1% (v/v) formic acid;
flow rate: 1 mL min-1; 40 °C; injection volume: 10 μL).
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Table 2.2 Conditions of HPLC-RI analysis and retention times of compoundsa
Flow rate
Retention time [min]
retention time [min]
-1
0.4 mL min
0.6 mL min-1
substrate
product
substrate
product
PPi
3.4
2.2
Pi
5.1
3.2
b
DMSO
14.2
9.7
7a and 7b
12.0
4.3
n/a
8a and 8b
10.6
4.0
n/a
9a and 9b
8.1
3.7
n/a
10a and 10b
n/a
28.9
4.3
11a and 11b
16.5
4.5
n/a
12a and 12b
6.2
3.6
n/a
13a and 13b
n/a
11.2
3.5
14a and 14b
n/a
21.1
4.7
Alltech IOA-2000 cation exchanger column; eluent: 8 mM H2SO4; 50 °C; injection
volume: 40 μL. b Internal standard. n/a = not applicable.
a

2.3.

Experimental methods

2.3.1.

Synthesis of silica nanoparticles

Silica nanoparticles (SNPs) were prepared by the modified method of Stöber, i.e. by
hydrolysis and condensation of TEOS in 1-butanol in presence of cat. NH3.[77] First, a
solution containing 1-butanol (180 mL) and 25% aqueous ammonium hydroxide (14.4
mL) was stirred for 5 min to ensure complete mixing. Then TEOS (11.1 mL) was added
and the reaction was shaken at room temperature (RT) for 24 h at 120 rpm. Thereafter, the
solvent from the colloidal solution was evaporated in vacuum and the particles were dried
under an infrared lamp until constant weight was reached.
2.3.2.

Evaluation of the catalytic properties of the lipase biocatalysts

Conversion (c), enantiomeric excess (ee) and enantiomeric ratio (E) were determined by
using GC data.
2.3.3. Evaluation of the catalytic properties of immobilized lipase biocatalysts in
kinetic resolution of alcohols.
Native or immobilized lipase (CaLB or Lipase PS, 25 mg) was added to the solution
of the racemic alcohol (rac-1a or rac-1b 50 μL) and vinyl acetate (100 μL) in nhexane : methyl t-butyl ether 2:1 (v/v, 1 mL), and the mixture was shaken at 30 °C
in a sealed glass vial at 750 rpm.
For GC analyses of the enantiomeric composition of 1a,b and 2a,b, after 0.5 h and
1 h samples (20 μL) were taken directly from the reaction mixture, diluted with
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ethanol (980 µL) and analyzed on an Agilent 4890 GC equipped with a Hydrodex
β-6TBDM column and flame ionization detector. For detailed results see Table 2.1.
2.3.4.

Reusability study of immobilized lipase biocatalysts

Immobilized CaLB or Lipase PS biocatalyst (50 mg) was added to the solution of rac-1a
(100 μL) and vinyl acetate (200 μL) in n-hexane:MTBE 2:1 (2 mL), and the resulting
mixture was shaken at 30 °C in a closed 4 mL glass vial at 750 rpm for 1 h. Samples (25
µL) were taken after 1 h and after dilution with ethanol (975 µL) analyzed by GC. After
one cycle, the CaLB preparation was washed with 2-propanol (2 x 5 mL) and n-hexane (5
mL) and dried at RT for 2 h. The reactions with each biocatalyst were repeated in given
(5 or 10) cycles under identical conditions (keeping constant proportion of the
components: CaLB preparation/rac-1a/vinyl acetate/n-hexane:MTBE 2:1 = 1/2/4/40).
Samples (25 µL) were taken and after dilution with 975 µL of EtOH analyzed by GC
(Section 2.2.10)
2.3.5.

Column properties for continuous-flow reactions

Immobilized CaLB or Lipase PS biocatalysts were packed into stainless steel CatCartTM
columns (stainless steel, inner diameter: 4 mm; total length: 70 mm; packed length: 65
mm; inner volume: 0.816 mL) according to the filling process of ThalesNano Inc. The
columns were settled by silver metal [Sterlitech Silver Membrane from Sigma-Aldrich,
Z623237, pore size 0.45 µm; pure metallic silver, 99.97% with no extractable or detectable
contaminants] and PTFE [Whatman® Sigma-Aldrich, WHA10411311, pore size 0.45 µm]
filter membranes. The sealing units were made of PTFE. Filling weights of immobilized
forms of CaLB are given in the following sections for each experiments.
2.3.5.1. Equipments for continuous-flow reactions
Experiments were performed in a laboratory scale flow reactor comprising within
an in-house made multicolumn thermostated aluminum metal block holder with
precise temperature control (Lauda, Alpha RA8). Packed-bed CatCart™ columns
were filled with the immobilized CaLB biocatalysts and attached to HPLC pumps.
Before use, the columns were washed with 2-propanol (0.5 mL min-1, 30 min).
2.3.5.2. Continuous-flow kinetic resolution study at different temperatures
The solution of rac-1a (0.398 M. i.e. 48 mg mL-1) and vinyl acetate (2.76 equiv.)[92,94] in
dry toluene was pumped through the column filled with immobilized CaLB thermostated
to various temperatures (30–100 °C in 10 °C steps) at a flow rate of 0.20 mL min-1. The
columns filled with sol-gel-entrapped CaLB were the same as in Section 2.3.4. At each
temperature samples were analyzed by GC at every 10 min up to 40 min after the start of
the experiment. After the stationary operation has been established (40 min after the start
of the experiment) samples were collected (25 µL sample was diluted with ethanol to 975
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µL) and analyzed as described in Section 2.2.10). After a series of experiments, columns
were washed with toluene (0.5 mL min-1, 30 min) and stored in refrigerator (4 °C).
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CHAPTER 3
Sol-gel immobilization of Candida antarctica lipase B
In this chapter, I would like to present the variability of sol-gel process through
immobilization of Candida antarctica lipase B (CaLB). To accomplish this, the toolbox
of bioinformatics and experimental design served for help. The synergistic application of
these two tools permits rapid optimization of entrapment systems providing biocatalysts
with improved properties. The molecular docking and modeling study was performed by
Dr. Gergely Bánóczi, BET measurments were done by Prof. Dr. Krisztina László, as the
Raman investigations were done by Dr. Attila Farkas, finally Mie-scattering measuremets
were performed by Dr. András Szilágyi.
3.1. Introduction
The sol-gel encapsulation involves the formation of a silica matrix with the biomolecule
present during polymerization.[86,88,91–94,175,176] This immobilization method allows for the
ability to tailor the encapsulating material via choosing the proper organosilane precursors
to provide the optimal microenvironment for the enzyme. The nature of organosilane
precursors with different substituents can significantly affect the properties of the
entrapped enzyme and the activity of the resulting biocatalyst. This phenomenon is due to
combined effects of the individual organosilane.
By sol-gel immobilization of lipases, significant activity enhancement of the biocatalysts
could be realized when Si(OR)4 was applied in a mixture with hydrophobic silanes
[R’Si(OR)3 or R’2Si(OR)2] bearing various substituents (R’ being an alkyl or aryl
group).[7] By mixing of Si(OR)4 with more hydrophobic silanes of type R’Si(OR)3 or
R’R’’Si(OR)2, hydrophobicity of the matrix can be fine-tuned resulting in increase of
lipase activity. The nature of precursors can influence morphology, permeability, and the
hydrophobic/hydrophilic character of the resulting sol-gel network. In addition,
organosilanes can exert an imprinting effect on the enzyme altering its catalytic
properties.[91,94,177] To find those organosilanes as components for sol-gel matrix, which
can exert a significant imprinting effect, bioinformatic computational methods were used.
The well-known methodology of experimental design – based on statistical analysis of
outcomes – permits to minimize experimental efforts needed to optimize such a complex
system. With the aid of response surface graphics based on mixture model, the optimal
component combination can be explored.
In this chapter our aim was to introduce an “immobilization engineering” strategy, which
uses bioinformatics and experimental design tools for getting superior compositions for
sol-gel immobilization of CaLB. The entrapment of CaLB was accomplished for ranging
from laboratory to pilot plant scale. Efficiency and robustness of the resulting novel,
industrially applicable “green” catalysts were beneficially applied in kinetic resolution
(KR) of several racemic alcohols and amines both in batch and continuous-flow modes
(Figure 3.1).
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Figure 3.1 Design of improved sol-gel entrapped CaLB and application of the resulting biocatalysts in kinetic
resolutions of racemic alcohols and amines. Numbers in the triangle by experimental design indicates the 14
different ternary compositions, where 10 and 14 are the same.
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3.2. Experiments
3.2.1. Sol–gel immobilization of lipase using ternary silane precursor systems
Aqueous PEG 1000 solution (4 m/m%, 200 μL) and 2-propanol (200 μL) were added to
sodium phosphate buffer (0.1 M, pH 7.5, 390 μL) in a 20 ml glass vial and the mixture
was shaken at 450 rpm. After 5 min shaking at room temperature, a composition of the
silane precursors (for compositions see Table 3.1), lyophilized CaLB (50 mg) and 1
M aqueous sodium fluoride solution (100 μL) were added to the mixture and
shaking was maintained for 24 h at room temperature. Then the samples were
washed – by suspending (1min) and filtration on a glass filter (G4) – with
isopropanol (7 mL), distilled water (5 mL), isopropanol (5 mL) and n-hexane (5
mL). The white powdery product was air-dried at room temperature for 24 h and
stored in a refrigerator (4 °C).
3.2.2. Evaluation of the catalytic properties of the sol–gel entrapped lipase
biocatalysts in kinetic resolution of amines
Native or sol–gel immobilized CaLB (20 mg) was added to the solution of the
racemic amine (rac-3a or rac-4a, 100 μL) and isopropyl 2-ethoxyacetate[109] (60
μL) in dry toluene (2 mL), and the mixture was shaken at 30 °C in a sealed glass
vial at 750 rpm.
For GC analyses of the enantiomeric composition of 3a,b and 4a,b after 0.5 and 1
h samples (20 μL) were taken directly from the reaction mixture, diluted with
ethanol (980 µL) and analyzed on an Agilent 4890 GC equipped with a Hydrodex
β-6TBDM column and a flame ionization detector and on an Agilent 5890 GC
equipped with a Hydrodex β-TBDAc column and a flame ionization detector. For
detailed data see Table 2.1.
3.2.3.

Thermal stability test of the biocatalysts in batch mode

The CaLB biocatalysts (25 mg) in toluene (0.5 mL) were kept at the given temperatures
(30, 40, 50, 60, 70, 80, 90 or 100 °C) for 1 h using Thermomixer comfort as a heat transfer
medium. After 1 h, a solution of rac-1a (50 µL) and vinyl acetate (100 µL) in toluene (350
µL) was added to the reaction mixtures. Test reactions were performed at the same
temperature as the thermal treatment for 0.5 h. Samples (25 µL) were taken after 0.5 h and
after dilution (with 975 µL of ethanol) analyzed by GC (see Table 2.1).
3.2.4.

Scaled-up sol-gel immobilization of lipase

Immobilization was performed in a 1 L beaker in a similar manner as described in the
3.2.1. Section but using all components in hundred times higher amounts.
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3.2.5.

Filling weights of the commercial biocatalysts by continuous-flow reactions

Filling procedure of the columns was described in Section 2.3.5.. Filling weights of
commercial CaLB biocatalysts were as follows: 222.1 mg (Immobead-T2-150) and 190.0
mg (Novozym 435).
3.2.5.1. Substrate concentration dependence in the kinetic resolution of racemic 1phenylethanol catalyzed by sol-gel immobilized lipase in continuous-flow reactor
The solution of rac-1a at different concentrations (1, 2.5, 5, 10, 25, 48, 64 mg mL -1 i.e.
0.008, 0.025, 0.041, 0.083, 0.207, 0.398, 0.531 M) and 2.76 equiv. of vinyl acetate in dry
toluene was pumped through the column filled with immobilized CaLB thermostated to
30 °C at a flow rate of 0.20 mL min-1. At each different reaction composition, samples
were analyzed by GC every 10 min up to 40 min after the start of the experiment (the
stationary operation has been established after 40 min) samples were collected and
analyzed (as described in Table 2.1). After a series of experiments, columns were washed
with toluene (0.5 mL min-1, 30 min) and stored in refrigerator (4 °C).
3.2.5.2. Acylation of alcohols and amines at different flow rates
The solution of the substrate (rac-1a or rac-2a, rac-3a or rac-4a, 48 mg mL-1) and
acylating agent (2.76 equiv. of vinyl acetate for rac-1a or rac-2a or 0.6 equiv. of isopropyl
2-ethoyxacetate for rac-3a or rac-4a) in dry toluene was pumped through the biocatalystfilled columns (TDP-10 CaLB for rac-1a (250.2 mg) or rac-2a (225.0 mg); TDP-11 CaLB
for rac-3a (241.9 mg) or rac-4a (225.0 mg)) thermostated at 60 °C at different flow rates
(0.4; 0.2; 0.1 mL min-1). At each temperature, samples were analyzed by GC after the
stationary operation has been established (40 min after the start of the experiment),
samples were collected (25 µL sample was diluted with ethanol to 975 µL) and analyzed
(as described in Table 2.1). After a series of experiments, columns were washed with
toluene (0.5 mL min-1, 30 min) and stored in refrigerator (4 °C).
3.2.5.3. Production of (R)-1b, (R)-3b by 30 h continuous-flow operation
The solution of the substrate (rac-1a or rac-3a, 48 mg mL-1) and acylating agent (2.76
equiv. of vinyl acetate for rac-1a or 0.6 equiv. of isopropyl 2-ethoyxacetate for rac-3a) in
dry toluene was pumped through the sol-gel immobilized CaLB-filled columns (filling
weights: 225.0 mg, TDP-10 CaLB for rac-1a; 219.0 mg, TDP-11 CaLB for rac-3a)
thermostated at 60 °C at a flow rate of 0.1 mL min-1 for 30 h. In every 3 h, samples were
collected (25 µL sample was diluted with ethanol to 975 µL) and analyzed (as described
in Table 2.1). After a series of experiments, columns were washed with toluene (0.5 mL
min-1, 30 min) and stored in refrigerator (4 °C).
3.3.

Results and discussion

To find organosilanes serving not only as entrapment matrix precursors but also as
bioimprinting agents (BIAs), binding poses of several partially hydrolyzed organosilanes
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were predicted within the open and closed lid structures of CaLB (PDB code: 5A6V). The
modeling study was performed by Gergely Bánóczi, applying induced-fit docking within
the open-lid structure and closed-lid loop structure of CaLB. BIAs are supposed to
conserve the reactive conformation of the active site and to provide enough space for the
necessary lid movements at the active site. Thus, efficient BIAs, mimicking the substrate,
exert favorable stabilizing interactions with residues in the active site. The screening was
focused on selecting those particular precursors which can adopt both binding poses
(substrate mimicking poses and multiple poses interacting directly with lid-loop) in the
closed-lid form of CaLB with high affinities, but slightly preferring the lid-loopinteracting pose (ΔΔEb-cc-cl in the range of -2 – 6 kcal mol-1). The major enhancement in
the biocatalyst’s activity was expected from the enlarged space for the lid-loop movements
after entrapment of enzymes complexed with BIAs in lid-loop- interacting poses. Among
the potential silane precursors, four organosilanes resulting in partially hydrolyzed forms
with ΔΔEb-cc-cl in the range of -2 – 6 kcal mol-1 (TEOS, PTEOS, DMDEOS, and OTEOS)
were selected for further investigations.
3.3.1.

Optimization of the entrapment of lipase in ternary sol-gel systems by
experimental design

In a mixture experiment, the independent factors are the proportions of different
components of a blend. The activities of the immobilized enzymes are greatly dependent
on the ratio and the textural properties of the sol-gel matrix.
I have selected a design degree of 3 (silane precursors as independent variables) and
augmented the center and axial points, so a 13 points model was offered by the statistical
data analyzer program (Statistica 12, Table 3.1). In order to provide an estimate of the
experimental error and achieve more precise estimates of the components effect, the center
point was duplicated (points 10 and 14 in Table 3.1, Figure 3.1). Preliminary investigations
showed that presence of a minimum molar fraction of TEOS (xTEOS= 0.12) is necessary in
the organosilane precursor compositions for the gel formation. [92] Because TEOS should
be present as the major bulking component in all compositions, the four selected
organosilane precursors define three possible ternary compositions for sol-gel entrapment
of CaLB, namely TEOS/OTEOS/PTEOS (TOP), TEOS/DMDEOS/PTEOS (TDP) and
TEOS/DMDEOS/OTEOS (TDO). Accordingly, in the triangular layouts only the axe of
TEOS represented a pure precursor component (xTEOS= 0.00 in Figures 3.2, 3.3) and the
molar fractions of the other organosilanes were set to 0.88 as a maximum (Table 3.1).
Binary compositions, which provide estimates of second order effects, occur on the sides
of the triangles (Figures 3.2, 3.3). The points in the interior, which were added to augment
the design, represent ternary compositions. CaLB biocatalysts entrapped in sol-gel
matrices having compositions suggested by the experimental design were tested in kinetic
resolutions of racemic alcohols (rac-1a, 2a; with vinyl acetate) and racemic amines (rac3a, 4a; with isopropyl 2-ethoxyacetate) (Figures. 3.1-3.3).
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Table 3.1 Degree of independent variables and component properties of the
general ternary sol-gel matrix model generated by Statistica 12.
Levels of factors
Molar proportions of orgaonsilanes
(organosilanes)a
xA(TEOS)
xB
xC
A
B
C
1
+2
-2
-2
1.000
0.000
0.000
2
-2
+2
-2
0.120
0.880
0.000
3
-2
-2
+2
0.120
0.000
0.880
4
0
+1
-2
0.413
0.586
0.000
5
0
-2
+1
0.413
0.000
0.586
6
-1
0
+1
0.120
0.293
0.586
7
+1
0
-2
0.706
0.293
0.000
8
+1
-2
0
0.706
0.000
0.293
9
-2
+1
0
0.120
0.586
0.293
10
0
0
0
0.413
0.293
0.293
11
+1
-1
-1
0.706
0.146
0.146
12
-1
+1
-1
0.266
0.586
0.146
13
-1
-1
+1
0.266
0.146
0.586
14
0
0
0
0.413
0.293
0.293
a
3 Factor simplex-lattice design (Degree m=3) + interior points and overall centroid.
xB.C : can be OTEOS. PTEOS or DMDEOS.
Points

Productivity of the biocatalysts in batch systems as dependent variable was characterized
by the so-called specific reaction rate (rbatch).[26] I have investigated the normal probability
plots and residuals vs. fitted value plots for the three ternary silane precursor systems
(Figures. A10.1-A10.3 in Appendix). They showed that the residuals were good
approximations for the normal distribution and no specific tendencies or effects caused by
external factors were found. First, CaLB entrapment in the TEOS/OTEOS/PTEOS (TOP)
precursor system was investigated (Figure 3.2, 3.3 and Table A10.5). Notably, in the KR
of aromatic alcohol rac-1a, best conversions and enantiomeric excess values were
achieved by CaLB entrapped in ternary compositions of sol-gel forming precursors (Table
A10.5: Point 10, c1a = 15.8%; Point 13, c1a = 17.8% and Point 14: c1a = 14.5% with ee(R)2a = 99.5% for each). With the aliphatic alcohol rac-2a, CaLB entrapped in a binary solgel with the highest octylsilane content was the most efficient (Table A10.5: Point 2, c2b
= 34.5%, ee(R)-2b = 99.7%) while less of octylsilane in the composition decreased
conversion rates. Thus, in KRs of secondary alcohols rac-1a, 2a, an interesting
phenomenon was observed. Predominance of a phenyl substituted precursor provided the
highest activity for the entrapped CaLB in KR of a phenyl substituted substrate (rac-1a,
Figure 3.2 A), but CaLB entrapped in a matrix with octyl-silane predominance was more
active in the KR of the alcohol with aliphatic substituents (rac-2a, Figure 3.2 B). In case
of rac-2a, the TOP system (Figure 3.2 B) showed a special cubic character in which in
addition to TEOS/OTEOS and OTEOS/PTEOS interactions, one involving the three
precursors was found.
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Figure 3.2 Specific reaction rates (rbatch) with CaLB biocatalysts corresponding to experimental design points
of TEOS/OTEOS/PTEOS (TOP), TEOS/DMDEOS/PTEOS (TDP), and TEOS/DMDEOS/OTEOS (TDO)
ternary sol-gel systems in kinetic resolutions of (A, C, E) rac-1a, (B, D, F) rac-2a. Measurements in the center
point was duplicated.

KR of amines rac-3a, 4a showed a shift in activity maxima towards lower hydrophobicity
values of the sol-gel matrix (higher TEOS content, see Point 7 in Figure panels 3.3 A, 3.3
B and in Table A10.5, xTEOS = 0.706). Similar to the case of aliphatic alcohol rac-2a, a
CaLB preparation entrapped in a sol-gel system with an aliphatic silane component
(OTEOS) was optimal for high conversions in the KR of aliphatic amine rac-4a, although
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at higher hydrophilicity (lower proportion of OTEOS: Point 7, xOTEOS = 0.294 in Figure
3.3 B for rac-4a compared to Point 2, xOTEOS = 0.880 in Figure 3.2 B for rac-2a).
Compositions of lower hydrophobicity in the TOP system were also the most productive
for the aromatic amine rac-3a (Point 7, xTEOS = 0.706, Figure 3.2 A).

Figure 3.3 Specific reaction rates (rbatch) with CaLB biocatalysts corresponding to experimental design points
of TEOS/OTEOS/PTEOS (TOP), TEOS/DMDEOS/PTEOS (TDP), and TEOS/DMDEOS/OTEOS (TDO)
ternary sol-gel systems in kinetic resolutions of (A, C, E) rac-3a, (B, D, F) rac-4a. Measurements in the center
point was duplicated.

Models for rac-2a with the systems TEOS/DMDEOS/OTEOS (TDO, Figure 3.2 F) and
TEOS/DMDEOS/PTEOS (TDP, Figure 3.2 D) were quadratic too. DMDEOS also had a
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significant effect for both alcohols rac-1a, 2a in the TDO (Figure 3.2 E, F) and TDP
(Figure 3.2 C, D) systems, but similarly to the TDP system, high hydrophobicity (high
proportion of OTEOS) had an important impact on biocatalytic activity for rac-2a in TDO
system (Figure 3.2 F). In general, PTEOS with an aromatic substituent positively
influenced the activity of CaLB in KR of the aromatic substrate rac-1a, while the effect
addition of OTEOS was most significant in the KR of the aliphatic substrate rac-2a.
As discussed for the KRs of amines rac-3a, 4a with the TOP system (Figure 3.3 A, B), a
more hydrophilic composition favored conversion of the more polar amines with larger
acylating agent. This effect was not simply apparent in case of fully cubic models such as
for the amine with aromatic substituent (rac-3a) in TOP (Figure 3.3 A) and TDO (Figure
3.3 F) systems (for the significant effects, see Tables A10.3 A and A10.3 C, respectively;
in Appendix). For the KR of aromatic amine rac-3a with CaLB in TDP system using the
three least hydrophobic precursors, the model was quadratic (Figure 3.3 C; for component
interactions, see Table A10.3 B, in Appendix).
With the amine having aliphatic substituents (rac-4a), the model was linear for the TDO
system (Figure 3.3 F), where only OTEOS had a strong hydrophobic character and hence
the most pronounced impact on biocatalytic activity (Table A10.4 C, in Appendix). On the
other hand, for TDP system the model was fully cubic again (Figure 3.3 D; for significant
interactions, see Table A10.4 B, in Appendix).
3.3.2.

Stability of sol-gel entrapped lipase in batch mode

Mechanical, thermal and chemical (operational) stability are of prime importance in
biocatalysis. In stirred tank reactors –typical for batch reactions – the catalyst is under
significant mechanical stress causing serious deactivation. This effect is mostly avoided
using continuous-flow packed-bed reactors.[26]
Immobilization yield is an important factor bearing on the economic viability of the
process.[8] In a properly selected sol-gel entrapment matrix, the enzyme molecules remain
fully fixed while the diffusion of the substrate and product molecules is barely
hindered.[87,88,91,92] I have performed a sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) analysis of our sol-gel-entrapped biocatalyst, which
indicated no leakage of CaLB after immobilization (Figure 3.4).
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Figure 3.4 SDS-PAGE analysis of CaLB preparations, colored by Coomassie Blue staining. A: protein
marker. B: lyophilized CaLB in phosphate buffer (0.1 M, pH=7.5). C: washing solution after the first wash
with IPA. D: washing solution after the second wash with water. E: TDP-10 CaLB (Composition of point 10
in TDP system, molar proportions: TEOS: 0.413, DMDEOS: 0.293, PTEOS: 0.293, Table 3.1) (in amounts
with enzyme content being proportional to the lyophilized CaLB.
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I have compared the reusability of selected CaLB biocatalysts entrapped in three different
sol-gel systems using different ternary compositions of organosilanes (Point 10 of the
models TOP, TDP, and TDO) to commercially available immobilized versions of CaLB
[Immobead-T2-150: covalently attached to polyacrylic resin (CV-T2-150) and Novozyme
435: CaLB adsorbed onto macroporous polyacrylic resin (N 435)] in multi-cycle KRs of
rac-1a (Section 2.3.4). All three versions of the sol-gel entrapped CaLB preparations were
more durable in recycling tests than the commercial formulations (Figure 3.5). Especially,
TOP-10 CaLB (Composition of point 10 in TOP system, molar proportions: TEOS:
0.413, OTEOS: 0.293, PTEOS: 0.293) proved to be quite durable in the recycling tests,
retaining after 10 cycles more than 91% of its initial activity (Figure 3.5). The polyacrylic
bead-based CaLB biocatalysts CV-T2-150 and N 435 (particle size of 150-500 µm) were
less stable, mainly due to disintegrating to less active smaller fragments (Figure 3.5:
residual activities were 14 % for CV-T2-150 and 64 % for N 435 after 10 cycles).[178] Mie
scattering of the sol-gel entrapped CaLBs after ultrasonication – compared to their initial
states – proved that these CaLB biocatalysts comprised quite stable particles (with 10-100
µm particle size range, see Section 2.2.5 and Figure A10.5, in Appendix).

Figure 3.5 Reusability of the immobilized CaLB biocatalysts in KR of rac-1a [immobilized CaLB
forms in 1 h cycles: TOP-10 (UB: ■, ee% ), TDP-10 (UB: ■, ee% ), TDO-10 (UB: ■, ee% ), N 435
(UB: ■, ee% ), CV-T2-150 (UB: ■, ee% )].

Heat tolerance and operational stability of the biocatalyst are important features which can
be much enhanced by immobilization. I have compared the heat tolerance of three selected
CaLB biocatalysts (Point 10 of the models TOP, TDP, and TDO, Table 3.1) and two
commercially available immobilized CaLB forms, CV-T2-150 and N 435 by KR of rac1a over a wide range of temperature (30 – 100 °C Figure 3.6). While up to 50 °C all of
58

IMMOBILIZATION ENGINEERING – DEVELOPMENT AND SYSTEMATIC
OPTIMIZATION OF ENZYME IMMOBILIZATION METHODS
them were thermostable, above this temperature activity of the various CaLB forms
decreased differently. TDO-10 CaLB retained its high activity up to 100 °C (limited to
rbatch= 94.4 U g−1 due to reaching 50% conversion in the KR of rac-1a (Figure 3.6 A) with
excellent enantiomer selectivity (Figure 3.6 B, ee(R)-2a >99%). Even the least durable of the
new biocatalyst i.e. TOP-10 CaLB worked at acceptable activity at 100 °C (Figure 3.6 A,
rbatch= 40.9 U g−1) i.e. at >60% of the initial specific reaction rate (Figure 3.6 A) and ee(R)2a >98% (Figure 3.6 B). At >80 °C, performance of CaLB in both OTEOS-containing
systems (TOP-10 and TDO-10 CaLB) was superior to that of the commercial CaLB forms
regarding both activity and enantiomer selectivity.

Figure 3.6 Changes of (A) specific reaction rate (rbatch) and (B) enantiomeric excess of the product
[ee(R)-2a] during the thermal stability test of CaLB biocatalysts [TOP-10 (●), TDP-10 (●), TDO-10
(●), CV-T2-150 (●), N 435 (●)] after 0.5 h reaction time in toluene.

3.3.3.

Scale up of the sol-gel immobilization process of CaLB

For industrial applications of biocatalysis, scale up of the immobilization procedure
is a crucial issue where multiple technological and quality requirements must be
satisfied. Conservation of catalytic activity, enantiomer selectivity and physicalchemical properties are critical.
During our work, I have scaled up the entrapment of CaLB in TDP matrix (TDP10 CaLB, molar proportions of the composition: TEOS: 0.413, DMDEOS: 0.293,
PTEOS: 0.293) up 100-fold from the usual laboratory scale (~250 mg). As main
parameters for comparison biocatalytic activity (rbatch), enantiomeric excess of the
product (ee(R)-1b), and average particle size (Dp) of the packing were chosen (Table
3.2). In addition to the usual techniques particle size distribution and the congruency
factor of the Raman-maps (R) for the lab scale and scaled up TDP-10 CaLB were
also investigated. Raman spectroscopy, a non-invasive technique, is specific to
chemical bonds and symmetry of molecules. [179] Only few examples exist about
59

IMMOBILIZATION ENGINEERING – DEVELOPMENT AND SYSTEMATIC
OPTIMIZATION OF ENZYME IMMOBILIZATION METHODS
examination of enzymes attached to electrodes by surface-enhanced resonance
Raman spectroscopy.[180] Sol-gel processes have also been characterized by Raman
spectroscopy, but enzymes entrapped in sol-gel matrices have not been investigated.
Raman-maps of the two preparations (Section 2.2.4 and Figure A10.4 in Appendix)
were compared by Pearson correlation analysis.[181] The 0.9902 value of the Pearson
correlation coefficient indicated high similarity of the two systems.
Table 3.2 Comparison of CaLB entrapment in TDP-10 sol-gel matrix on
laboratory scale (250 mg) and on 100-fold scale up
Scale
rbatch
ee(R)-1b
Dp
-1
(U g )
(%)
(µm)
lab scale
69.5
99.6
51.2
100-fold scale up
66.2
99.6
42.5
Particle size analysis of the lab scale and scaled up TDP-10 CaLB was also
investigated by Mie scattering (Section 2.2.5). The particle size distribution of the
scaled up TDP-10 CaLB was similar to that found for the lab scale TDP-10 CaLB
(Figure A10.6 in Appendix).
3.3.4.

Physical properties of the sol-gel immobilized CaLB

Similar to the work on sol-gel entrapment of a methanol tolerant thermophilic
lipase,[93] specific surface area of the biocatalysts by N 2 adsorption/desorption did
not correlate with the activity of biocatalysts (Section 2.2.8, Table A10.9 in
Appendix). N2 adsorption could provide the surface available for small and
relatively nonpolar N2 molecules but not for larger molecules with higher polarity.
Based on SEM data however, the activity could be associated with the average
length of the nanochannels, which was much shorter for a microstructured material
than for a non-microstructured matrix. Scanning electron microscopy (Figure 3.7
and Figures. A10.7-A10.10 in Appendix) clearly indicated that TDP-10 CaLB
formed as ~60 m particles (Figs. S3.9 F, 3.10 F respectively) with porous microstructured
morphology due to sticking submicron particles together (Figure 3.7 C). Therefore, length
of nanochannels with diffusion limitations within TDP-10 CaLB (Figure 3.7 C) was
significantly shorter than within the other, less porous matrices such as within the TEOS
matrix (Figure 3.7 A) or TEOS-PTEOS binary matrix (Figure 3.7 B).
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Figure 3.7 SEM images of sol-gel CaLB biocatalysts entrapped within different precursor systems: TEOS
matrix, TDP-1 (A), TEOS-PTEOS binary matrix, TDP-5 (B) and TEOS-DMDEOS-PTEOS ternary matrix,
TDP-10 (C).

According to the density measurements (Table A10.9 in Appendix), the TEOSbased biocatalyst (e.g. TDP-1 CaLB) had the highest density, while densities of the
binary (TDP-5 CaLB) and ternary systems (TDP-10 CaLB) were lower. By
contrast, the CaLB entrapped in TEOS-based matrix had higher total volume of
pores (0.22 cm3 g-1) than CaLB entrapped in binary and ternary systems (0.05-0.09
cm3 g-1, Table A10.9 in Appendix). This deviation stemmed from the limitation of
the BET method which could measure pores only up to 50 nm. However, according
to the density data and the SEM images, larger pores were dominant within several
binary and ternary preparations.
3.3.5.

Application of sol–gel entrapped lipase in continuous-flow reactor systems

Continuous-flow systems are widely applied to produce fine chemicals prompted
by their obvious benefits among them easy control of reaction parameters, high
productivity and good reproducibility.[154,166,168,182] To explore the potential of the
sol-gel entrapped CaLB biocatalysts in continuous-flow systems, I have studied the
catalytic performance of our best preparations in a lab reactor system. The reactor
equipped with stainless steel columns (CatCart™) packed with the most effective
CaLB biocatalysts enabled precise temperature and flow rate control. This
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continuously operated bioreactor system with TOP-10, TDP-10, and TDO-10
CaLB columns was used for KR of racemic alcohols rac-1a, 2a with vinyl acetate
as acylating agent, while TOP-11, TDP-11, and TDO-11 CaLB columns were used
in KR of amines (rac-3a, 4a) using isopropyl 2-ethoxyacetate as acylating agent. [109]
In order to be able to study temperature effects in a continuous-flow system the first series
of experiments was directed to find the range of substrate concentrations where the effect
could be well observed, i.e. conversions remaining in the linear kinetic range of 10–20%.
Therefore, solutions of rac-1a in toluene in the range of concentrations of 1–64 mg mL-1
were pumped through columns filled with TOP-10 CaLB, TDP-10 CaLB, and TDO-10
CaLB. On the basis of the results the 48 mg mL-1 concentration of rac-1a was selected to
test thermal stability (data not shown).
I have compared the temperature dependent behavior of CaLB biocatalysts (TOP-10,
TDP-10, and TDO-10) to those of commercial immobilized CaLB preparations CV-T2150 and N 435 (Figure 3.8). Thus, the solution of rac-1a (48 mg mL-1) and vinyl acetate
(2.76 equiv.) in toluene was pumped through the three packed-bed columns filled with the
mentioned biocatalysts while raising the temperature from 30 to 100 °C in increments of
10 °C at a constant flow rate of 0.20 mL min-1. Productivity (rflow) (Figure 3.8 A) and
enantiomeric excess (ee(R)-1b) values of the product (Figure 3.8 B) were plotted as a
function of the temperature. For all of the CaLB preparations rflow–temperature curves
were of quite similar shape over the entire temperature range (30 – 100 °C). Between 30
and 60 °C the specific reaction rate (rflow) increased significantly peaking between 50 and
70 °C followed by a drop of 25 – 30% of apparent activity up to 100 °C (Figure 3.8 A).

Figure 3.8 Temperature dependence of (A) specific reaction rate (rflow) and (B) enantiomeric excess
of the product (ee(R)-2a) in continuous-flow kinetic resolution of rac-1a (48 mg mL-1) catalyzed by
differently immobilized CaLBs [TOP-10 (●), TDP-10 (●), TDO-10 (●), CV-T2-150: (●), N 435: (●)]
in dry toluene.

62

IMMOBILIZATION ENGINEERING – DEVELOPMENT AND SYSTEMATIC
OPTIMIZATION OF ENZYME IMMOBILIZATION METHODS
At 60 °C, two ternary sol-gel CaLB biocatalysts, TOP-10 and TDP-10, further N 435 were
the most active surpassing the sol-gel type TDO-10 and the covalently attached form CVT2-150. The other crucial feature of enzyme catalyzed reactions is its stereoselectivity,
permitting the production of chiral molecules in an enantiopure form. As it is shown in
Figure 3.8 B, for all the five immobilized CaLB biocatalysts enantiomeric excess (ee(R)-1b)
of the product, (R)-1b decreased with increasing temperature over the entire temperature
range covered. In fact, remarkably high ee(R)-1b values could be attained with the three
ternary sol-gel CaLB biocatalysts (TOP-10, TDP-10 and TDO-10) which remained up to
100 °C quite high (>99%), while ee(R)-1b with the commercial CaLB preparations dropped
below 99% at 100 °C.
Finally, I have tested the long term operational stability of TDP-10 CaLB in the KR of the
alcohol rac-1a and the amine rac-3a in a continuous-flow reactor at 60 °C using toluene
as solvent (Figure 3.9). The operation of both KRs remained stable over 5 days-long
continuous runs at this temperature, indicating the robustness of TDP-10 CaLB in
continuous-flow mode biotransformations. After proper separation, the products were
isolated in good yields (47%, for both) and high enantiomeric purity (ee 99.7%, and
99.9%), for (R)-1b and (R)-3b, respectively (Table A10.8 in Appendix).

Figure 3.9 Long term stability of the CaLB entrapped in TDP sol-gel system in KR of the alcohol rac-1a
(c%: x, ee(R)-2a: x) and amine rac-3a (c%: ○, ee(R)-4a: ○) in continous-flow reactor (60 oC, flow-rate of 0.1 mL
min-1)

Space time yield[183] and specific enzyme productivity analysis revealed the applicability
of the CaLB preparations entrapped in rationally engineered ternary sol-gel matrices as
green biocatalysts (Table 3.3). Thus, assuming e.g. that durability of the TDP-10 CaLB is
independent of the flow rate, 1 g of native CaLB is applicable in its sol-gel entrapped form
in 5 days to produce 2.2 kg of (R)-1b in ee of 99.4% (from a KR with a conversion of
28.5%, at a flow rate of 0.6 ml min-1) or 3.3 kg of (R)-3b in ee of 99.8% (from a KR with
a conversion of 28%, at a flow rate of 0.6 ml min-1).
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Table 3.3 Space-time yield and specific productivity of CaLB entrapped in various solgel matrices for kinetic resolutions of selected the alcohol and amine substrates (rac-1a4a) in continuous-mode
Substrate
Biocatalyst
Ysa/
UEb/
-1 -1
kg L h
kg g-1 day-1
rac-1a
TDP-10 CaLB
0.81
0.44
rac-2a
TOP-10 CaLB
1.08
0.53
rac-3a
TOP-10 CaLB
1.01
0.51
rac-4a
TDO-10 CaLB
1.21
0.66
a

Space time yield (Ys). b Specific productivity of the enzyme (UE).

3.4.

Conclusions

Our study using “immobilization engineering” focused on rational improvements of the
sol-gel enzyme entrapment process with the aid of bioinformatics and experimental design
tools.
Molecular docking and modeling was applied as a part of the immobilization engineering
method. Modeling within the open-lid and closed-lid conformations of lipase B from
Candida antarctica enabled efficient selection of organosilanes serving as components of
ternary compositions to prepare sol-gel matrices for entrapment of CaLB. Immobilization
engineering was further aided by response surface methodology leading to novel ways of
CaLB immobilization with enhanced functional efficiency and reusability. Combination
of these two methods can highly accelerate the optimization process, and can significantly
contribute to the dissemination of an inherently green methodology.
The novel biocatalysts were prepared by entrapment of CaLB in sol-gel matrices using
three different ternary compositions of organosilanes. The systems were tested in KR of
two racemic alcohols and two racemic amines. Rational selection of the organosilane
precursors enabled the preparation of highly efficient and enantioselective biocatalysts.
We also found that there exists no single “best” silane precursor composition and each
substrate requires individual optimization.
In KRs of secondary alcohols and secondary amines substituted with aromatic or aliphatic
substituents, sol-gel-entrapped CaLBs were superior to the traditional polymer-based
forms. They are characterized by enhanced thermal stability in organic media, improved
recyclability and higher operational stability both in batch and continuous mode
operations.
The space-time yield in the range of 0.81 – 1.21 kg L-1 h-1 and the specific productivity in
the range of 0.44 – 0.66 kg g-1 day-1 observed with the various sol-gel entrapped forms of
CaLB in continuous-mode KRs of selected alcohol and amine substrates as well as facile
up scaling of the immobilization process (up to 100-fold from lab scale).
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CHAPTER 4
Cross-linked enzyme adhered nanoparticles
In this chapter, the advantageous properties of two known immobilization methods
(covalent binding to carrier and CLEA method) were combined to provide effective
biocatalysts. The effect of various organosilane precursors during immobilization was
furthermore investigated, in addition, the effect of various cross-linking agents on the
properties of resulting biocatalysts was also studied. Thus, a universal method was
developed that could be adapted to other enzymes. TEM measurements were performed
by Dr. Gabriel Katona from Babes-Bolyai University of Cluj-Napoca.
4.1. Introduction
Ideal carriers for enzyme immobilization are porous (on average 20-200 nm) and larger in
size (20-300 µm) or non-porous but smaller in size (nanoparticles), which have a
disadvantage in separability due to their small size.
Among carrier-free immobilization, cross-linked enzyme aggregates (CLEAs) technology
is the most attractive for its simplicity and efficiency.[46,48,95–97] The preparation of CLEAs
consists of two steps: precipitating the enzyme and cross-linking the subsequent
aggregates with cross-linking agent. Unfortunately, CLEAs may still be considered as too
soft material for many industrial applications. Small CLEAs can form clumps during
centrifugation and filtration treatments, which would hinder CLEAs to disperse again in
solution, leading to low catalytic efficiency.[67,99]
In order to overcome the limitations of CLEA method, a novel strategy was developed to
prepare cross-linked enzyme adhered nanoparticles (CLEANs) by conducting the CLEAs
onto surface modified SNPs. Thus, nanostructured but micro-sized biocatalysts were
created with beneficial internal structure and good mechanical properties. The SNPs were
synthetized by bottom up technology (Stöber method), which have high surface to volume
ratio, mass transfer resistance and good enzyme loading capacity. In addition, ease of
surface modification is enabled by various organosilane precursors. Thus, systematic
surface modification of SNPs with a grafting mixture consisting of reactive (aminopropyl)
and inert (such as vinyl, propyl, phenyl or octyl) functions was achieved. The resulted
functionalized SNPs are able to bind enzymes covalently via cross-linking agents – such
as glutaraldehyde (GA) or bisepoxides [glycerol diglycidyl ether (GDE), neopentylglycol
diglycidyl ether (NPE) and poly(propylene glycol) diglycidyl ether (PDE)] – and to build
up macroporous microparticles. These CLEANs were able to solve several weaknesses of
traditional cross-linked enzyme biocatalysts, such as poor mechanical resistance, difficult
recovery and storage, and problems in their use for packed-bed enzyme reactors. CaLB
was investigated as model enzyme for development of CLEANs for various industrially
relevant applications including KR of a racemic alcohol and production of various
fragrance compounds operated under continuous-flow conditions (Figure 4.1).
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Figure 4.1 Synthesis of cross-linked enzyme-adhered nanoparticles and application of the resulting
biocatalysts in kinetic resolutions of racemic alcohol and fragrance production

4.2. Experiments
4.2.1. Preparation of organically modified SNPs
A mixture containing aminopropyl and inert silane precursors (2 mmol, Table 4.1), 0.1
mL of 25% ammonia solution and 10 mL of EtOH was added to 1 g of dry SNPs (see
Section 2.3.1.) and the suspension was shaken at 450 rpm at RT for 24 h. The modification
reaction was carried out on the surface of SNPs. After treatment, the nanoparticles were
centrifuged for 10 min at 3500 rpm and washed three times with 10 mL of EtOH. Between
the washing steps the beads were centrifuged for 10 min at 3500 rpm. Finally, the beads
were dried at RT.
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Table 4.1 Experiments for surface modification of the silica nanoparticles
Proportions of surface modifier
agents
Inert group
Active group
(%)
(%)
PTMOS
APTMOS
0
100
50
50
80
20
90
10
95
5
98
2
100
0
VTMOS
APTMOS
100
0
50
50
80
20
90
10
95
5
98
2
100
0

Proportions of surface modifier
agents
Inert group
Active group
(%)
(%)
OTMOS
APTMOS
100
0
50
50
80
20
90
10
95
5
98
2
100
0
PhTMOS
APTMOS
100
0
50
50
80
20
90
10
95
5
98
2
100
0

Sample
name
A-100
PA-50
PA-20
PA-10
PA-5
PA-2
PA-0
A-100
VA-50
VA-20
VA-10
VA-5
VA-2
VA-0

Sample
name
A-100
OA-50
OA-20
OA-10
OA-5
OA-2
OA-0
A-100
PhA-50
PhA-20
PhA-10
PhA-5
PhA-2
PhA-0

4.2.2. Preparation of lipase CLEANs
100 mg of functionalized SNPs was dispersed in 5 mL phosphate puffer (0.1 M, pH 7.5),
then the mixture was ultrasonicated for 10 minutes. 5 mL CaLB solution (10 mg/mL in
0.1 M, pH 7.5 phosphate buffer) was added to the suspension. The mixture was shaken for
10 min (450 rpm) and 30 mL ethanol as precipitant was added to the suspension and shaken
at RT for 10 min. The GA, GDE, NPE or PDE cross-linking agents (800 µL, 2%) was
added to the mixture with continuous shaking (450 rpm). After 24 h, the mixture was
centrifuged (2300 rpm, 15 min, 8°C), the supernatant decanted, and the residue washed
once with phosphate buffer (10 mL, 0.1 M, pH 7.5) and twice with 10 mL EtOH (followed
by centrifugation: 2300 rpm, 15 min, 8°C). Samples were dried at RT. Before use, CaLB
CLEANs were kept at 4°C.
4.2.3. Production of (R)-1b at different flow rates
The solution of the substrate (rac-1a, 48 mg mL-1) and 2.76 equiv. of vinyl acetate in dry
toluene was pumped through the immobilized CaLB-filled columns (CaLB-CLEANs with
octyl functional groups – containing 20% aminopropyl functions – cross-linked with NPE)
thermostated at 60 °C at different flow rates (0.3; 0.1 mL min-1). At both flow rates,
samples were analyzed by GC after the stationary operation has been established (45 min
after the start of the experiment), samples were collected (25 µL sample was diluted with
ethanol to 975 µL) and analyzed (as described in Section 2.2.10.). After a series of
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experiments, columns were washed with toluene (0.5 mL min-1, 30 min) and stored in
refrigerator (4 °C).
4.2.4. Reaction conditions of CaLB catalyzed synthesis of geranyl acetate and cinnamyl
acetate
The immobilized CaLB (25 mg) was added to the solution of the alcohol (5a or 6a, 300
mmol) and vinyl acetate (1 mL), and the resulting mixture was shaken at 30 °C in a sealed
glass vial at 750 rpm. Samples were taken directly from the reaction mixture (sample size:
10 μL, diluted with ethanol 990 µL) after appropriate time (0.25; 0.5; 0,75; 1; 1.5; 2 and 3
h) and analyzed by GC (as described in Section 2.2.10.).
4.2.5. Transesterification reactions at different flow rates
The solution of 5a with 1.2 equiv. vinyl acetate and 6a with 2 equiv. vinyl acetate was
pumped through the immobilized CaLB-filled columns (CaLB-CLEANs with octyl
functional groups – containing 20% aminopropyl functions – cross-linked with NPE)
thermostated at 50 °C at different flow rates (0.5; 0.3; 0.2; 0.1; 0.05 mL min-1). At all flow
rates, samples were analyzed by GC after the stationary operation has been established,
samples were collected (10 µL sample was diluted with ethanol to 990 µL) and analyzed
(as described in Section 2.2.10). After a series of experiments, columns were washed with
2-propanol (0.5 mL min-1, 30 min) and stored in refrigerator (4 °C).
4.2.6. Isolation and product characterization
For isolation of product 5b and 6b, the immobilized enzyme was removed by
centrifugation and the synthesized ester isolated from the reaction mixture was purified by
column chromatography using hexane : aceton (3:1) as the eluent. Characterization of the
esters was done with IR and 1H NMR spectroscopy, which further confirmed the purity of
the ester.
4.3. Results and discussion
Preparation of CLEANs required a precipitation process, which can order the proteins and
nanoparticles in a characteristic structure, which can strongly influence the biocatalytic
activity of the immobilized enzymes. Thus, I have optimized the precipitation of CaLB by
the investigation of different precipitants such as acetone, ethanol, 2-propanol, t-butanol,
acetonitrile, dimethyl sulfoxide or saturated ammonium sulfate solution. The enzymes
were tested in KR of rac-1a with vinyl acetate (Figure 4.1, Table 4.2).
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Table 4.2 Effect of precipitant on the biocatalytic activity (rbatch) and enantiomeric
excess (ee(R)-2) of CaLB
Precipitating agent
rbatch
ee(R)-1b
(U g-1)
(%)
acetone
10.9
98.4
ethanol
70.2
99.4
isopropanol
9.6
97.8
t-butanol
51.4
99.4
acetonitrile
26.5
99.2
dimethyl sulfoxide
7.8
97.4
ammonium sulfate
52.7
99.5
Although the aggregation step had not denatured the protein in all cases, different types of
precipitants exhibited varying degrees of activity for CaLB enzyme aggregates (Table 4.2).
Among the precipitating agents, ethanol exhibited the highest activity recovery. However,
in the case of DMSO, the retained activity and the extent of precipitation were lower than
those of the other precipitants by CaLB. From these results ethanol proved to be the best
precipitating agent and it was used for further experiments.
4.3.1. Effect of surface grafting and cross-linking agent on CLEANs system
Silica nanoparticles (SNPs) were prepared by hydrolysis and condensation of TEOS in 1butanol at high concentration of NH3 to preserve favorable particle size according to
Stöber-method.[77] Scanning electron microscopy (SEM) micrographs showed the
individual monodispersed spherical particles at size ca. 900 nm (Figure 4.2).

Figure 4.2 SEM picture of the ASNPs

I have treated the SNPs with the coupling agent 3-aminopropyltrimethoxysilane (APTMS)
and besides this, with one of the four different inert group containing silane precursors (as
69

IMMOBILIZATION ENGINEERING – DEVELOPMENT AND SYSTEMATIC
OPTIMIZATION OF ENZYME IMMOBILIZATION METHODS
phenyl-, vinyl-, octyl- and propyltrimethoxysilane) in different ratios to obtain mixed
amino-inert group functionalized silica nanoparticles. The amino functional groups are
known to be used as a linkage unit to attach other functional molecules. [39] The catalytic
properties of immobilized enzymes, such as stability, activity and selectivity, can be
efficiently influenced by the proper choice of the inert groups, and their proportion with
the amino groups on the silica surface. The CLEAs formation with a bisepoxide compound
– glycerol diglycidyl ether (GDE) has already been investigated,[57] where the commonly
used GA was successfully replaced with GDE. Thus, in the second set of experiments,
after precipitation the enzyme, GDE was used as cross-linking agent. Figure 4.3 shows the
biocatalytic properties of the CaLB CLEANs systems cross-linked with GDE in KR of
rac-1a. Besides the reference nanoparticles, containing only amino groups on the surface
(Figure 4.4), four different inert groups – namely, phenyl, vinyl, octyl and propyl – were
used in different proportions to the amino group.

Figure 4.3 Catalytic properties of various CaLB CLEANs systems with GDE as cross-linker. CaLB
immobilizates were tested in the KR of rac-1a with vinyl acetate, reaction time: 0.5 h. Bars stand for the
specific reaction rate in batch mode, rhomboids stand for enantiomeric excess of the CaLB biocatalysts.

As Figure 4.3 shows, in case of all the mixed surfaces there was at least one ratio, which
resulted better biocatalytic properties than the biocatalyst containing only amino
functionalized nanoparticles (CaLB-CLEANs with only amino functions; rbatch= 100.0 U
g-1; ee(R)-1b= 99.7%). The proportions of the four different groups show a good tendency,
whereby an optimal composition can be observed. Among the four different inert groups,
the octyl group containing compositions showed the best biocatalytic properties (CaLBCLEANs with 10% aminopropyl function beside the octyl groups , rbatch= 120.7 U g-1;
ee(R)-2= 99.6%), therefore this inert group was used in the experiments with different
bisepoxy compounds (Figure 4.4).
After selecting the most successful inert group (octyl), beside glutaraldehyde (GA), I have
applied low-cost bisepoxides for the biocatalyst optimization. The bisepoxydes offer a
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less-toxic, cheaper and easy-to-handle alternative over GA.[44,57] The differences among
these bisepoxy compounds appear in the length, flexibility and hydrophobicity. The
CLEANs systems were prepared with GA, glycerol diglycidyl ether (GDE),
neopentylglycol diglycidyl ether (NPE) and polyethylenglycol diglycidyl ether (PDE)
(Figure 4.4). By investigating the effect of various cross-linking agents similar tendency
could be obtained with an optimal composition. The use of GDE and PDE cross-linking
agents could improve the biocatalytic properties of the immobilized CaLB compared to
the GA cross-linked samples. These results—at least the improved activity—can be due
to the differences in cross-link density and the fact that the bisepoxide cross-linkers are
longer, which results less diffusion limitation in the structure. As the highest activity was
achieved with NPE, this cross-linking agent was used with 20% aminopropyl function
beside the octyl groups on the surface in further experiments.

Figure 4.4 Catalytic properties of various CaLB CLEANs systems with different cross-linkers. CaLB
immobilizates were tested in the KR of rac-1a with vinyl acetate, reaction time: 0.5 h. Bars stand for the
biocatalytic activities, rhomboids stand for enantiomeric excess of the CaLB biocatalysts.

Table 4.3 shows the reference preparations, which demonstrate the effect of different
cross-linking agents (GA, GDE, NPE and PDE) on the biocatalytic activity of simple
CLEAs preparations and on such CLEANs system where the used nanoparticles are not
functionalized. In both cases, NPE proved to be the most successful cross-linking agent,
outperforming the most widely used GA (Table 4.3). In addition, it can also be observed
that the surface modification of nanoparticles has a positive effect on the activity of the
biocatalyst. In a number of cases, it has been possible to produce such compositions that
showed better properties for biocatalysis, than with the use of nanoparticles without
surface modification. Because the epoxide functions may form cross-links not only via the
surface-exposed amine functions of lysine residues but also via sulfur and oxygen atoms
of Cys, Tyr, Asp, and Glu, the cross-link density may be higher in the NPE CLEAs or
CLEANs than in the GA CLEAs or CLEANs, especially in the case of proteins with only
few surface-exposed lysine residues.
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Table 4.3 Biocatalytic properties of reference immobilized CaLB preparations
Biocatalyst
ca
eea
rbatcha
(%)
(%)
(U/g)
CLEA-GA
17.7
99.6
97.6
CLEA-GDE
18.1
99.7
99.5
CLEA-NPE
19.8
99.7
109.0
CLEA-PDE
14.2
99.8
78.1
CLEANs-GA
16.1
99.7
88.7
CLEANs-GDE
13.1
99.6
72.0
CLEANs-NPE
18.3
99.7
90.8
CLEANs-PDE
15.6
99.6
76.1
a

CaLB immobilizates were tested in the KR of rac-1a with vinyl acetate, reaction time: 0.5 h

Reusability is of key importance during the practical application of biocatalysts and is
essential for the cost-effective use of immobilized enzyme, either in repeated batches or
in continuous processes. I have studied the reusability of selected CaLB biocatalysts with
octyl functional groups (containing 20% aminopropyl functions) – cross-linked with NPE
and the biocatalyst with same support properties with GA as cross-linker - in multicycle
KRs of rac-1a (Sections 2.3.4.) in 1 h reaction cycles. Figure 4.5 shows that no evident
decrease in the catalytic efficiency of CaLB immobilized in CLEANs with NPE was
observed after up to five runs of biotransformation. After 5 cycles it could retain more than
83% of its initial activity (rbatch= 75.5 U g-1; ee(R)-2=99.8%) with unchanged enantiomeric
excess of the product. CaLB CLEANs with NPE were more stable during the 5 cycles,
than the GA cross-linked one. This immobilization method offers the subsequent reuse of
the enzymes, as well as thanks to the stability the potential to run a continuous process.

Figure 4.5 Reusability of the immobilized CaLB CLEANs systems with octyl functional groups (containing
20% aminopropyl functions) cross-linked with ■: NPE, or ■: GA. CaLB biocatalysts were tested in KR of
rac-1a (1h cycles) with vinyl acetate
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4.3.2. Morphological characterisation of CLEANs
The morphological characterization of immobilized enzyme preparations was done with
Scanning Electron Microscope (SEM) and Transmission Electron Microscope (TEM).
Both traditional CLEAs and CLEANs cross-linked with NPE were investigated. The SEM
image for the CLEAs (Figure 4.6 A) showed that the biocatalyst was less structured than
the with nanoparticles diluted aggregates (Figure 4.6 B). The CaLB-CLEANs cross-linked
with NPE appeared as porous structures with a larger available surface than that of the
CLEAs. This structure facilitates diffusion of the substrate to the enzyme molecules. TEM
images (Figure 4.6 C, D) also confirm that CaLB CLEAs have a much more closed
structure than the CaLB CLEANs. The TEM picture also shows that enzyme aggregates
were formed in the same way, but thanks to nanoparticles it resulted a looser porous
structure that can make the preparation suitable for application in flow systems.
A

B

C

D

Figure 4.6 SEM images of CaLB-CLEA-NPE (A) and CaLB CLEANs systems with octyl functional groups
(containing 20% aminopropyl functions) cross-linked with NPE (B). TEM images of CaLB-CLEA-NPE (C)
and CaLB CLEANs systems with octyl functional groups (containing 20% aminopropyl functions) crosslinked with NPE (D).
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4.3.3. Industrial applications of the best CaLB biocatalyst
Continuous-flow systems are widely applied to produce fine chemicals at various scales
from academia to industry according to their obvious benefits (easy control of reaction
parameters, enhanced productivity, good reproducibility).[168]
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To explore the potential of the novel CLEANs biocatalysts in continuous-flow systems, I
have performed a study on catalytic performance of the best CaLB biocatalyst. The most
effective CLEANs biocatalyst with octyl functional groups cross-linked with NPE
(containing 20% aminopropyl functions) was packed into the columns and CaLB was
applied for KR of rac-1a with vinyl acetate as acylating agent (Figure 4.1). The heat
tolerance behavior of the best biocatalyst was investigated. Thus, the solution of rac-1a
(48 mg mL-1) and vinyl acetate (2.76 equiv) in toluene was pumped through the packedbed column filled with the immobilized CaLB biocatalysts at temperatures 30‒100 °C
(gradual increase of temperature, in 10 °C steps) at a constant flow rate (0.30 mL min-1).
The specific reaction rate (rflow) of the best CaLB preparation, and the enantiomeric excess
(ee) of the forming product were investigated as a function of the temperature (Figure 4.7).

100 110

Temperature (°C)
Figure 4.7 Temperature dependence of specific reaction rate (rflow) and enantiomeric excess (ee) of the product
in continuous-flow kinetic resolution of rac-1a (48 mg mL-1) catalyzed by CaLB immobilized in CLEANs
systems - with octyl functional groups (containing 20% aminopropyl functions) cross-linked with NPE - with
vinyl acetate (2.76 equiv) in dry toluene.

The shapes of rflow for the best CaLB preparation in the entire temperature range (30–100
°C) was the following: after a temperature range characterized by a significantly increasing
specific reaction rate (rflow) (30–60 °C), a maximum was found at 60 °C, followed by a
decrease of the apparent activity until 100 °C. At 100°C the productivities of the
immobilized CaLB form dropped to 45% of their maximal values. As it is apparent in
Figure 4.6, the enantiomeric excess of formed (R)-1b showed a very slightly decrease
continuously with decreasing temperature from 30 °C until 100 °C, but even at 100 °C the
ee value was above 99%.
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Lipase-catalyzed transesterification synthesis of geranyl acetate and cinnamyl acetate
Traditionally, terpene esters can be produced by different methods, e.g. extraction from a
natural source, chemical synthesis, and fermentation process. The first approach is not
economical for industrial production, chemical synthesis is ”non-natural” while
fermentation is a non-specific process that requires further purification. The use of
enzymes shows a great advantage over the organic route in term of process simplification
and operating conditions.
Lipase mediated synthesis of flavour esters under solvent-free conditions (in which the
reaction medium involves a reactant itself (i.e. an alcohol and acylating agent) has
significant importance due to the avoidance of toxic solvent. Thus, I have carried out a
facile synthesis of geranyl acetate (5b) and cinnamyl acetate (6b) by direct esterification
in vinyl acetate with the immobilized biocatalyst prepared here. Ester synthesis was
investigated with the free and immobilized forms of CaLB (Figure 4.8).

●: CaLBCLEANs with octyl functions (containing 20% aminopropyl functions) cross-linked with NPE, ●: CaLBCLEAs cross-linked with NPE, ●: lyophilized CaLB powder
Figure 4.8 Conversions of geranyl acetate (A) and cinnamyl acetate (B) synthesis catalysed by

The conversion of geranyl acetate formation reached the 99% after 4 h with CaLBCLEANs cross-linked with NPE, as the CaLB-CLEAs cross-linked with NPE reached
79% at the same time. It is important to note that the traditional CLEAs preparation is
made up only of CaLB, while the CLEANs system contains 1/3 of the enzyme and 2/3 of
the SNPs, so greater conversion with less enzymes could be achieved. Notable
improvement could be observed comparing the CaLB-CLEANs system with the native
form of CaLB, which showed only 21% conversion after 5 h (Figure 4.8 A). The
conversion of cinnamyl acetate synthesis using free enzyme (20 mg) was 22% after 3 h in
contrast to 69% when using CaLB CLEAs cross-linked with NPE and 99% when using
the CaLB-CLEANs cross-linked with NPE (20 mg biocatalyst containing ~7.3 mg
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enzyme) (Figure 4.8 B). This immobilized enzyme can thus be used for high-yield
synthesis of geranyl and cinnamyl acetate.
Similar to sol-gel entrapped CaLB, I have tested the long term operational stability of
CaLB CLEANs in the synthesis of flavour esters (5b, 6b) in a continuous-flow reactor at
50 °C with vinyl acetate in solvent-free system (Figure 4.9). Before applying the
biocatalyst for long term production of flavour esters, a flow rate study was accomplished
to reach the highest conversion value at 50 °C (Figure 4.9). As the highest conversion was
reached at 0.05 mL min-1, this flow rate was used for the one-week production of flavor
esters. The operation of both reactions remained stable over 7 days-long continuous runs
at this temperature, indicating the robustness of CaLB CLEANs in continuous-flow mode
biotransformations. Only a slight decrease of conversion could be realized: 3.2% in the
case of geraniol and 1.8% in the case of cinnamyl alcohol.

Figure 4.9 Flow rate dependence of the conversion (c) of geraniol to geranyl acetate (●) and cinnamyl alcohol
to cinnamyl acetate (●) in continuous-flow reaction catalyzed by CaLB immobilized in CLEANs system with
vinyl acetate.

Space time yield[183] analysis revealed the applicability of the CaLB CLEANs as green
biocatalysts (Table 4.4). Thus, assuming e.g. that durability of the CaLB CLEANs
biocatalyst is independent of the flow rate, 5.57 kg 6b could be prepared in 1 L PBR in 1
h at the flow rate of 0.5 mL min-1, while in case of 5b 2.79 kg product could be prepared
at the same parameters.
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Figure 4.10 Long term stability of the CaLB CLEANs system - with octyl functional groups (containing 20%
aminopropyl functions) cross-linked with NPE in synthesis of 5b (●) and 6b (●) in continuous-flow reactor
(50 oC, flow-rate of 0.05 mL min-1).

Table 4.4 Space time yield (STY) of geranyl acetate and cinnamyl acetate. The reactions
were catalysed by CaLB CLEANs system - with octyl functional groups (containing 20%
aminopropyl functions) cross-linked with NPE in different flow rates at 50 °C.
Substrate
Flow rate
c
STY
(mL min-1)
(%)
(kg L-1 h-1)
0.5
27.0
5.57
6a
0.05
99.2
2.05
0.5
11.0
2.79
5a
0.05
72.5
1.84

4.4. Conclusions
In this study, novel biocompatible immobilized CaLB CLEANs (cross-linked enzymeadhered nanoparticles) were successfully prepared and applied in continuous-flow
reactions for the first time. This method combines the universality of CLEA (cross-linked
enzyme aggregates) method (it is suitable for a great variety of enzymes) with the covalent
immobilization to support. The highly stable and easy recyclable CLEANs systems were
prepared by co-aggregation of CaLB with functionalized silica nanoparticles and
subsequent chemical cross-linking with a bisepoxy compound, resulting micro-sized
biocatalysts with good mechanical properties. By preparation of CLEANs, the effect of
the surface grafting organosilane precursors and also the cross-linking agents were
investigated and we have found that both of them may affect the performance of resulted
biocatalyst. As cross-linking agents new bisepoxy compounds [glycerol diglycidyl ether
(GDE), neopentylglycol diglycidyl ether (NPE) and polyethylenglycol diglycidyl ether
(PDE)] of various lengths, hydrophobicity and rigidity were used. The systems were tested
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in KR of racemic 1-phenylethanol. The resulted CaLB CLEANs have a uniform, stable
morphology and have significantly better biocatalytic activity compared to the biocatalysts
(CLEAs, CLEANs) cross-linked with glutaraldehyde commonly used. The novel
biocatalyst stabilized with nanoparticles was suitable for application in continuous-flow
enzyme reactor for solvent-free fragrance production with one-week operational stability.
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CHAPTER 5
Covalent immobilization of Burkholderia cepacia lipase
In this chapter, based on the success of the bisepoxy compounds, the range was broadened
a little and a commercially available silica support (Matspheres 540) was functionalized
with the bisepoxydes and used for covalent immobilization of lipase from Burkholderia
cepacia.
5.1. Introduction
Matspheres 540 (M540) a porous hollow silica microsphere support (size of particles: 1030 µm, pore size: 15-30 nm) covered with polar and non-polar chemical groups on the
surface, was studied as carrier for covalent immobilization of Lipase PS at the first time.
M540 was especially developed for enzyme immobilization and other bioapplications. The
physical properties (size, pore size) of M540 are different from conventional silicas (e.g.
Kieselgel 60) as the carrier has a smaller size with smaller, shorter channels, which can
reduce the diffusion limitation for the substrate and product. Surface activation of M540
was performed using a variety of bisepoxide activating agents to maximize stability and
activity of the enzyme after immobilization. Enzyme loading capacity of the activated
carrier and reusability of the best immobilized biocatalyst were investigated. Furthermore,
to promote the practical application of the novel biocatalyst Lipase PS immobilized onto
M540 biocatalysts, effect of temperature on a lipase-catalyzed KR was also studied by
using an immobilized Lipase PS-filled packed-bed reactor (our best immobilized
preparation and the commercially available Lipobond Lipase PS) operated in continuousflow mode.
The industrial application of the biocatalyst was studied in the production of biodiesel
from conventional rapeseed oil and used sunflower oil as well. The transesterification
reactions were performed with three different alcohols (methanol, ethanol, n-propanol),
where reactions were followed with thin-layer chromatography (TLC) and GC.
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Figure 5.1 Immobilization of Lipase PS onto surface functionalized M540 and application of the biocatalyst
in kinetic resolution of racemic 1-phenylethanol and in biodiesel production
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5.2. Experiments
5.2.1. Preparation of activated supports
Surface activation of M540 was carried out by suspending 300 mg of support in 16 mL of
2.5% (v/v) of activating agent (GA) in phosphate buffer (100 mM, pH 7.5). The suspension
was kept shaken at room temperature (RT) for overnight, followed by washing with
phosphate buffer (3x 20 mL, 100 mM, pH 7.5) for glutaraldehyde activated supports. The
modified support was then dried at RT and stored at 4 °C.
5.2.2. Enzyme immobilization onto activated supports
150 mg of various supports (M540, M540-GA, M540-PDE, M540-NPE, M540-CDE,
M540-GDE, M540-HDDE and M540-GTGE) were suspended in phosphate buffer (15
mL, 100 mM, pH 7.5) containing 2 mg/ml of Lipase PS. The suspension was shaken
overnight at room temperature (RT). After that, the suspension was washed three times
with phosphate buffer (10 mL, 100 mM, pH 7.5) and stored at 4 °C.
5.2.3. Evaluation of the catalytic properties of Lipase PS biocatalysts
The same procedure was carried out as in Section 2.3.3.
5.2.4. Reuse of Lipase PS biocatalysts
The immobilized biocatalysts (50 mg) was added to the solution of 1-phenylethanol (rac1a, 48 mg mL-1) and vinyl acetate (2.76 equiv.) in n-hexane:MTBE 2:1 (v/v, 2 mL), and
the resulting mixture was shaken at 30 °C in a sealed 4 mL glass vial at 750 rpm for 1 h.
Samples (25 µL) were taken after 1 h and after dilution with ethanol (975 µL) analyzed by
GC. After one reaction cycle, the Lipase PS preparations were centrifuged at 3000 rpm at
RT and supernatant was removed. Then, it was washed with 2-propanol (5 mL), phosphate
buffer (5 mL, 100 mM, pH 7.5), 2-propanol (5 mL) and n-hexane (5 mL). Between each
washing step immobilized enzymes were centrifuged at 3000 rpm at RT and at the end
dried at RT. The reactions were repeated with each biocatalyst in 5 cycles under identical
conditions (keeping the proportion of the components constant).
5.2.5. Continuous-flow kinetic resolution of racemic 1-phenylethanol with immobilized
Lipase PS biocatalysts
Filling procedure of the columns with Lipase PS biocatalysts was described in Section
2.3.5. Filling weights: M540-PDE-PS: 291.2 mg (30-60 °C), 282.0 mg (70 °C), 285.6 mg
(80 °C), 255.7 mg (90 °C) and 260.4 mg (100 °C). for Lipobond PS, 302.8 mg (30-60 °C),
310.3 mg (70 °C), 308.6 mg (80 °C), 326.4 mg (90 °C) and 319.9 mg (100 °C). Rac-1a
(0.398 M. i.e. 48 mg mL-1) and vinyl acetate (2.76 equiv.) in dry toluene as solvent was
pumped through the column filled with immobilized Lipase PS thermostated to various
temperatures (30–100 °C in 10 °C steps) at a flow rate of 0.30 mL min-1. At each
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temperature samples were analyzed by GC at every 10 min up to 40 min after the start of
the experiment. After a stationary operation was established (40 min after the start of the
experiment) samples (25 µL) were collected, diluted with ethanol to 1 mL and analyzed
as described in Section 2.2. After a series of experiments, columns were washed with
toluene (0.5 mL min-1, 30 min) and stored in refrigerator (4 °C).
5.2.6. Enzymatic transesterification of rapeseed oil and used sunflower oil
The transesterification reactions were carried out according to the work of Gihaz et al..[93]
In general, 14 mL closed glass vials were filled with oil (2 g, rapeseed or used sunflower
oil). Methanol, ethanol or n-propanol was added in 4.5:1 alcohol to oil molar ratio followed
by the addition of 100 μL of PBS (phosphate buffer, 100 mM, pH 7.5, 5% water content
based on oil weight). Before the addition of immobilized lipase, the reaction mixture was
equilibrated at 45°C. After addition of 50 mg dry immobilized lipase (M540-PDE-PS or
Lipobond Lipase PS), the glass vials with the reaction mixture were kept at 45 °C in a
Vibramax 100 orbital shaker (Heidolph Instruments, Germany) at 800 rpm. Samples (50
μL) were taken from the reaction mixture periodically and centrifuged for 5 min at 10000
rpm to separate the biocatalyst. Aliquots of the upper organic layer (10 μL) were weighted
and mixed with 490 μL of ethyl acetate supplemented with 1 mg mL−1 internal standard
(methyl heptadecanoate) for FAME gas chromatographic analysis.
5.2.7. Thin layer chromatography analysis of biodiesel production
A semi-quantitative analysis of biodiesel was assessed using TLC. For biodiesel
analysis, the ternary mixture n-hexane:ethyl acetate:acetic acid (90/10/1, v/v/v) was
used as eluting phase. The plates were air dried at room temperature, and then
immersed for 1 min with gentle orbital shaking in a 0.02% (w/v) solution of
Coomassie Blue, prepared in acetic acid:methanol:H 2O (1/3/6, v/v/v). Finally, the
plates were air-dried at room temperature. Spots corresponding to substrates and
products of the transesterification reaction were identified by using appropriate
reference external standards run in parallel.[184]
5.2.8. Gas chromatography analysis of biodiesel production
Gas chromatography analysis was performed on an Agilent 5890 instrument
equipped with a FID detector (280°C) and a HP-5 achiral column [31] (30 m × 0.25
mm × 0.25 µm film thickness of (5% phenyl) methylpolysiloxane) injector
temperature 260°C, carrier gas H 2, head pressure 12 psi, split ratio 1:50. Program:
160° C for 5 minutes, 260°C for 7°C/min, 260°C for 5 minutes).
To determine the chromatographic production for biodiesel, methyl heptadecanoate
was used as an internal standard. The weight of the 10 µL sample was measured
then the FAAEs conversion (cFAAE) was determined. cFAAE = (AFAAE / (mFAAE /
mMHD) * AMHD) * 100, AFAAE is the sum of the peak areas of the fatty acid alkyl
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esters, mFAAE is the weight of the biodiesel sample (10 µL), m MHD is the weight of
methyl heptadecanoate, A MHD and the peak area of the methyl heptadecanoate.
5.3. Results and discussion
In the first set of experiments, I have selected six bisepoxides with different lengths,
rigidity and hydrophobicity for surface modification of M540, a support material with
good adsorption properties. As reference, untreated M540 (immobilization by adsorption)
and M540 activated with glutaraldehyde (M540-GA) were used for immobilization of
Lipase PS [126,185] and they were compared with the Lipase PS immobilized onto bisepoxide
activated M540. After pre-activation, immobilization of Lipase PS was carried out from
the commercially available enzyme powder.
Activity and selectivity of the immobilized biocatalysts were compared with the free
enzyme powder by means of the enantiomer selective acylation of racemic 1phenylethanol (rac-1a) (Figure 5.1). The reaction was characterized by the specific
reaction rate (rbatch), conversion of the substrate (c), and enantiomeric excess of the product
(ee(R)-1b) (Table 5.1).[26]
Table 5.1 Catalytic properties of the free and immobilized Lipase PS in kinetic resolution
of rac-1a after 1 h reaction time
Sample
c
ee(R)-2
rbatch
(%)
(%)
(Unit/g)
Free Lipase PS
13.0±0.51
98.9±<0.1
9.0±1.07
M540-PS
5.7±0.27
98.5±<0.1
3.9±0.56
M540-GA-PS
1.5±0.68
94.8±2.3
3.5±1.42
M540-PDE-PS
20.3±1.04
99.1±<0.1
42.8±2.18
M540-NPE-PS
5.5±1.11
98.7±<0.1
12.5±2.33
M540-GDE-PS
6.1±0.29
98.6±<0.1
14.0±0.60
M540-CDE-PS
11.4±0,50
98.6±<0.1
26.1±1.05
M540-HDDE-PS
15.8±1.17
99.1±<0.1
36.3±2.45
M540-GTGE-PS
2.6±0.75
97.4±1.2
5.9±1.57
Reaction conditions: 25 mg free or immobilized Lipase PS biocatalyst, 1 mL n-hexane/MTBE 2/1, rac-1a
(0.398 M. i.e. 48 mg mL-1) and vinyl acetate (2.76 equiv.). Activity measuremets were performaed in
duplicate.

As it can be gleaned from Table 5.1, the unmodified form of Lipase PS powder exhibited
high activity (rbatch=9.0 U/g) and selectivity (ee(R)-1b=98.9%). In the present study, our
objective was to improve these properties by means of various modes of immobilization.
Our experiments provided the following findings:
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Immobilization by adsorption onto unmodified porous hollow silica microspheres (M540)
with vinyl and amino functional groups on their surface resulted in high adsorption
efficiency of the enzyme to the support (M540-PS).
Amino groups of M540 were activated using bifunctional compounds to immobilize the
enzyme by means of stable covalent bonds. Glutaraldehyde (GA) the most often used
amino-group activator, is very effective but being a strong disinfectant is toxic and irritant.
We found that out of the six activating agents applied, the one treated with the
poly(ethylene glycol) diglycidyl ether (PDE) bisepoxide improved best the catalytic
properties of the immobilized Lipase PS (Figure 5.2)

Figure 5.2 Schematic structure of M540-PDE-PS

As the epoxide functions of the activating agent can form covalent bonds under mild
conditions not only with the amine functions of lysine exposed on the surface (see Figure
5.3), but also with thiol and carboxylate groups, bond formation ability of the epoxyactivated supports can be high. This can explain the higher activity of Lipase PS
immobilized onto the bisepoxide-activated supports as compared to those related with GA
(Table 5.1).
PDE being a bisepoxide with a long and flexible linker is capable to fix the enzyme via
multipoint attachment in the proper orientation. In fact, compared to the free enzyme
(rbatch=9.0 U/g and ee(R)-1b=98.9%) the biocatalyst M540-PDE-PS showed both improved
selectivity (ee(R)-1b=99.1%) and activity (rbatch =42.8 U/g). A previous study in our research
group showed that covalent immobilization of Lipase PS is difficult. In that study,
mesoporous silica gel (Dv250) grafted with (3-aminopropyl)trimethoxysilane (APTMOS)
and phenyltrimethoxysilane (PTMOS) at 1:3 ratio was selected as carrier to perform the
adsorption and covalent immobilization of Lipase PS in the presence of seven different
additives using GDE as cross-linking agent. The results of GDE cross-linking after
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adsorption of Lipase PS without additives were discouraging because the resulted
preparations exhibited almost no activity in KRs of rac-1a (only 0.3% conversion after 24
h). The best results were achieved with PVA 18–88 (14.0% conversion after 24 h).[126] The
good results with PDE activated support may be rationalized by envisaging the spatial
disposition of the surface exposed lysine residues in the open conformation of Lipase PS
(Figure 5.3). The structure shown in Figure 5.3 clearly indicates that the majority of the
lysine residues (four out of seven) exposed on the surface are close to the lid domains
modulating accessibility of the active site. Thus, anchoring the enzyme involving these
residues may obstruct - at least partially - the entrance to the active site leading to inactive
forms of the biocatalyst. This effect can be reduced or even eliminated by using a longer
and flexible bifunctional linker. When the length of the linker region of the applied
bisepoxide was shortened, activity of Lipase PS immobilized to the bisepoxide-activated
M540 carrier decreased. Glycerol triglycidyl ether (GTGE) is a trisepoxide with ability to
form simultaneously bounds with three amino groups generating thereby three attachment
points. Note, however that this feature does not necessarily guarantee that a carrier
activated in this way is superior to those activated with bisepoxides. Among the covalently
bound forms the support activated with GA (coded M540-GA-PS) offered a Lipase PS
biocatalyst of lowest activity (rbatch= 3.5 U/g) and selectivity (ee(R)-2= 94.8%). This form
proved to be inferior even to the absorbed form (Table 5.1).

Figure 5.3 Secondary structure of Lipase PS with surface exposed lysines adopted from ref. [126]

5.3.1. Enzyme loading capacity of the M540 activated with PDE
When enzymes are immobilized on a surface, the biological activity of the protein depends
on how “crowded” the surface is. For maximizing enzyme loadings, a large surface area
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is advantageous. Porous silica materials allow high loading density with only slight
limitation of mass transfer. [73]
As the best support for Lipase PS proved to be M540-PDE, therefore this was selected for
detailed study on enzyme loading capacity. At optimum, the highest biocatalytic activity
can be achieved with the lowest amount of the valuable enzyme. To optimize enzyme
loading in the course of immobilization of Lipase PS on M540-PDE, different
enzyme/M540-PDE ratios were examined. To 50 mg of M540-PDE, successively
increasing amounts of Lipase PS (from 1 to 15 mg) were added (Figure 4). Immobilization
yield (YI) was also determined according to the equation Eq. 12 by using Bradford assay
to determine the protein concentration of the supernatant before [P]0 and after the
immobilization [P].[186] In all cases the YI was 100%, which shows the high adsorption
efficiency of amino and vinyl functionalized M540 (data not shown). Next to YI catalytic
properties of the formed biocatalysts were tested in KR of racemic 1-phenylethanol using
vinyl acetate as acyl donor. Figure 5.3. shows that the specific activity of the immobilized
biocatalyst increased with increasing amount of Lipase PS up to 10 mg. Beyond this value
enzyme activity remained constant. As the YI was constant at all concentrations, in further
experiments the optimal enzyme loading i.e. Lipase PS/M540-PDE 1/5 was used.

Figure 5.4 Enzyme loading capacity of PDE activated M540 (tested with kinetic resolution of rac-1a;
reaction time: 1 h).

5.3.2. Reusability of Lipase PS biocatalysts
In order to compare their reusability and catalytic stability in a multi-cycle process, Lipase
PS immobilized covalently to PDE activated M540 and Lipase PS immobilized via
adsorption were selected as a model for KR of rac-1a (Figure 5.5). After each cycle, the
Lipase PS biocatalysts were washed and reused in 5 repetitive reaction cycles. Usually, it
is considered that an enzyme can be reused until its activity drops to less than 25% of its
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initial value.[108] Figure 5.5 shows the retained relative specific activities of the tested
biocatalysts related to their initial specific biocatalyst activity as 100%.
Our covalently immobilized M540-PDE-PS biocatalyst proved to be remarkably durable
in the recycling tests, retaining after 5 cycles over 60% of its initial activity (rbatch=61.3
U/g) (Figure 5.5). Lipase PS immobilized via adsorption was less durable (<20% residual
activity after 5 cycles), supposedly due to the weaker interaction between enzyme and
support. M540-PS is a preparation made by adsorption, thus enzyme leakage can occur
during the washing steps, which can lead to reduced enzyme activity.

Relative activity (%)
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2

3
4
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Figure 5.5 Reusability of the immobilized Lipase PS biocatalysts in kinetic resolution of rac-1a (reaction
time: 1 h). : M540-PDE-PS; : M540-PS

I have investigated the morphology of the M540-PDE-PS by scanning electron
microscopy (SEM) before use and after the recycling (Figure 5.6). SEM investigations of
M540-PDE-PS before its use in biotransformations shows intact morphology of spherical
beads with diameters 20–50 µm (Figure 5.6 A), and an absence of mechanical damage
caused by the bisepoxide activation and enzyme immobilization steps. The preparation
demonstrated mechanical stability and durability as it remained intact after 5 cycles of KR
experiments in batch mode (Figure 5.6 B).
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Figure 5.6 Scanning electron microscopy (SEM) analysis of M540-PDE-PS: (A) before kinetic resolution of
rac-1a; (B) after 5 cycles of KRs in batch.

5.3.3. Comparison of the productivity and selectivity of Lipase PS biocatalysts in
continuous-flow mode kinetic resolution of rac-1a at different temperatures
I have compared the catalytic performance of our best Lipase PS biocatalyst (M540-PDEPS) to the commercially available Lipobond Lipase PS, which is a lipase from
Burkholderia cepacia covalently immobilized on acrylic/polystyrene resin (150–700 µm).
A lab scale reactor system equipped with packed-bed stainless steel columns (CatCart™)
was used, enabling precise temperature and flow rate control.
The two Lipase PS biocatalysts were packed into columns and used for KR of rac-1a with
vinyl acetate as acylating agent in toluene, while raising the temperature from 30 to 100
°C in increments of 10 °C at a constant flow rate of 0.30 mL min−1. Productivity (rflow) and
enantiomeric excess (ee(R)-1b) values of the product were plotted as a function of
temperature (Figure 5.7). The stability of the two preparations depend on the
immobilization strategy.[187–189] In the case of Lipobond Lipase PS the specific reaction
rate increased significantly up to 50 °C, being the optimal temperature (rflow =157.4 U/g)
for this biocatalyst. Specific reaction rate of M540-PDE-PS was somewhat lower that for
Lipobond Lipase PS between 30 and 60 °C, but increasing productivity could be observed
up to 70 °C, where M540-PDE-PS had its temperature optimum (rflow =127.3 U/g) and
exhibited an almost twofold rflow value as Lipobond Lipase PS. At 80 and 90 °C M540PDE-PS proved to be more resistant to the high temperatures, than Lipobond Lipase PS.
At 100 °C both forms retained only about 20% of their initial activity. During incubation
of the enzyme at high temperature, internal hydrophobic pockets of the enzyme may be
reversible in the outside. If these hydrophobic groups may interact with other hydrophobic
pockets of other enzymes, the reversibility of these conformational movements may be
prevented and the stability of the enzyme will be decreased.[190]
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Figure 5.7 Continuous-flow kinetic resolution of rac-1 at different temperatures with M540-PDE-PS and
Lipobond Lipase PS [rflow values of M540-PDE-PS () and Lipobond Lipase PS (),
ee(R)-1b values of M540-PDE-PS () and Lipobond Lipase PS ()]

The other crucial feature of enzyme catalyzed reactions is stereoselectivity, permitting the
production of chiral molecules in high enantiopurity. As Figure 5.7 shows, a slightly
decrease in the enantiomeric excess of the product (ee(R)-1b) was observed with increasing
temperature with both immobilized Lipase PS preparations over the entire temperature
range covered, but even at 100 °C the ee(R)-1b values remained above 97%. It was already
demonstrated that operational stability of immobilized lipases in continuous-flow KRs at
the optimum temperature are quite high and stationary reaction conditions could be
maintained even for one week period.[94,166,191]
Because the main goal of this study was to demonstrate the effect of using different
activating agents and not to produce large quantities of the already known product ((R)1b), no further attempts were made for their preparative production. However, M540PDE-PS was compared with other Lipase PS preparations using different materials. The
results are shown in Table 5.2. Compared with other immobilized lipases, Lipase PScarbon nanotube has a higher reaction speed which can be due to the physical adsorption.
This immobilization method has less effect to the enzyme distortion and loss of
activity.[192] But owing to the weak interaction between enzyme and carrier, enzyme
leakage may happen during each batch of the reactions which will cause pollution to the
products. However, covalent bonding used in this study can avoid such problems as we
mentioned above. Storage stability of the freshly prepared M540-PDE-PS was tested after
three months of storage at 4 °C. It showed less than 5% loss of biocatalytic activity with
unchanged ee(R)-1b (data not shown).
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Table 5.2 A comparison between the M540-PDE-PS and the other immobilized lipase
from Burkholderia cepacia
Immobilization support

c
(%)

ee(R)-2
(%)

Reaction
time

References

10 min

Specific productivity
(%conversion/
min*mg biocatalyst)
0.050

Modified multi-walled
carbon nanotube
Macroporous resin NKA
Microgel
Zirconia particles
Carboxyl-functionalized
meso cellular foams
Lipobond
M540-PDE-PS

50

99

50
35.1
49.9
50

99
98
99.9
99

30 min
5h
48 h
48 h

0.017
0.012
3.47x10-4
1.74 x10-4

[194]

19.6
20.3

99
99

1h
1h

0.013
0.014

This study
This study

[193]

[195]
[196]
[197]

5.3.4. Application of M540-PDE-PS and Lipobond Lipase PS for biodiesel production
To demonstrate the industrial applicability of our preparation, I have tested the M540PDE-PS and the Lipobond Lipase PS in enzymatic biodiesel production from two different
oil feedstocks (rapeseed oil and used sunflower oil). The experiments were carried out
with three different alcohols (methanol, ethanol, n-propanol). An alcohol/oil molar ratio
of 4.5:1 was used on the basis of industrial requirements. Samples were analyzed by TLC
and GC. TLC plates stained with Coomassie Blue is a useful tool to identify and semiquantify not only fatty acid alkyl esters (FAAEs) but also free fatty acids (FFAs). Figure
5.8 reveals that even after 1 h reaction time, a significant biodiesel stain was visible,
indicating the conversion of the transesterification reaction.

Figure 5.8 TLC analysis of biodiesel (FAMEs) conversion from rapeseed oil using M540-PDE-PS.
Reaction time: 1h.

For quantitative analysis of conversion, I have analyzed the samples by GC (Figure 5.9).
According to the results M540-PDE-PS proved to be a more productive biocatalyst by
both oils. In cases of all three alcohols, the transesterification rate of M540-PDE-PS was
almost twice as fast as the commercial Lipobond Lipase PS. A difference among the used
alcohols could be also observed. Methanol is the most often used alcohol for biodiesel
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production, due to the low price, high reactivity and availability. However, most enzymes
may lose their activity due to the denaturing effect of low-chain alcohols.[6]

Figure 5.9 Production of biodiesel from rapeseed oil (A) and sunflower oil (B) with MAT-PDE-PS (▲:
methanol, ▲: ethanol, ▲: n-propanol) and Lipobond Lipase PS (●: methanol, ●: ethanol, ●: n-propanol)

The highest conversions (94% by using rapeseed oil and 89% by using used sunflower oil
as the feedstock) after 72 h were achieved with Lipase PS immobilized on PDE activated
M540. On the other hand, methanol proved to be the least beneficial alcohol in case of
Liponbond Lipase PS, which indicates that the method of immobilization has significant
effect on the properties of the biocatalyst. The transesterification reactions with different
alcohols were similar for both oil feedstock, the differences in reaction rate may be
explained with the different fatty acid composition of different oils.
The results of Lipobond Lipase PS indicated that the application of this commercial
preparation was less effective for biodiesel production than the biocatalyst developed by
us. The significant difference with the MAT-PDE-PS preparation can be due to the
difference in immobilization methods, or the enzyme can be derived from different strain,
which is not published by the producer.
5.4. Conclusion
Successful covalent immobilization of Lipase PS was demonstrated on hollow silica
microspheres having polar and nonpolar functions on their surface (M540), after activating
with various bisepoxides. Out of the six different bisepoxides used as activating agents,
poly(ethylene glycol) diglycidyl ether (PDE) characterized by a relatively long and
flexible linker region proved to be the most successful for immobilization of Lipase PS at
1/5 enzyme/support ratio as optimal loading. KR and reusability studies based on acylation
of racemic 1-phenylethanol (rac-1a) indicated that bisepoxide-activated M540 carrier
provided a suitable micro-environment for the enzyme during catalysis. M540-PDE-PS
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exhibiting high specific activity (rbatch=42.8 U/g) and enantiomer selectivity (ee(R)1b=99.1%) was used in a continuous-flow reactor and compared with a commercially
available covalently immobilized Lipase PS. In thermal stability tests, at lower
temperatures (30-60°C) M540-PDE-PS was less active but more selective than Lipobond
Lipase PS. At higher temperatures (70-90°C) M540-PDE-PS showed higher activity and
selectivity than the commercial Lipase PS preparation. These results opened up the
possibility to apply this novel form of Lipase PS for biodiesel production. Two different
oil feedstock (rapeseed oil and used sunflower oil) were applied with three different
alcohols (methanol, ethanol and n-propanol), where the biocatalyst developed by us was
almost twice as effective as its commercial counterpart. From the view of the future, it
would be important to produce biodiesel using waste oils. On the one hand, it would
greatly reduce the final cost of biodiesel production and on the other hand, it would provide
an alternative solution for reuse of waste oils that are no longer needed.
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CHAPTER 6.
Selective immobilization of non-specific acid phosphatases
In this chapter we were using the bisepoxy compounds again such as the silica
nanoparticles as support material. However, a selective immobilization method was
designed for His-tagged enzymes, where the immobilization was accomplished from the
fermentation lysate. The method was presented on a completely new enzyme family, by
the immobilization and application of acid phosphatases. We also demonstrated, how
useful a continuous-flow reactor can be for certain chemical transformations.
6.1. Introduction
Phosphorylation can be carried out by phosphatases (phosphate monoester hydrolases),
which can employ inexpensive inorganic polyphosphates [e.g. pyrophosphate (PPi),
triphosphate (PPPi), or polyphosphoric acid (polyP)] as phosphate donor.[135,136]
Phosphatases generally exhibit a broad substrate scope as a result of their involvement in
biodegradation pathways. However, undesired product hydrolysis (originating from the
natural hydrolytic activity) renders their practical application in synthesis challenging.
Non-specific acid phosphatases (NSAPs) from Shigella flexneri (PhoN-Sf) and from
Salmonella enterica ser. typhimurium LT2 (PhoN-Se) chemo- and regiospecifically
phosphorylate a wide range of monoalcohols, diols and sugars with remarkably stable
turnover[164,198] on gram-scale.[137,141,199–201] Using an immobilized phosphatase in a
continuous-flow
packed-bed
reactor
resulted
in
kinetically
controlled
[137,140,200]
transphosphorylation and accumulation of the phosphorylated product.
In
addition, enzyme immobilization could exhibit various advantages, such as the ease of
separation from the reaction mixture, reusability, and an increase in stability and organic
solvent tolerance.[33]
In this study, a heterofunctionalized aminopropyl-chelate silica nanoparticle support
combining the advantages of SNPs, the IMAC protein enrichment and covalent linking of
proteins with bisepoxides was developed and applied for selective immobilization of polyHis-tagged acid phosphatases as model proteins (Figure 6.1). The immobilized
biocatalysts were favorably compared with preparations using commercial supports
(Immobead 150, Relizyme HA403/M, EziG 2Fe) in batch- or packed-bed continuous
flow reactor using PPi as phosphate donor.
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Figure 6.1 The novel method using alkylamino-/metal-chelate-grafted SNPs and bisepoxide covalent linkers
to immobilize non-specific acid phosphatases for regioselective transphosphorylation of alcohols 7a–14a
(SNPs: silica nanoparticles; IMAC: immobilized metal-chelate affinity chromatography; PP i: pyrophosphate)

6.2. Experiments
6.2.1. Preparation of amino-functionalized silica nanoparticles (ASNPs)
A mixture containing APTMS (359 mg, 2 mmol), 25% aqueous ammonium hydroxide
(0.03 mL) and EtOH (3 mL) was added to 300 mg of dry SNPs and the suspension was
shaken at 300 rpm at RT for 24 h.[202] The surface-grafted nanoparticles were centrifuged
(for 10 min at 3500 rpm) and washed three times with EtOH (3×10 mL; between the
washing steps, the nanoparticles were centrifuged for 10 min at 3500 rpm). Finally, the
resulted aminopropyl-grafted silica nanoparticles (ASNPs) were dried at RT.
6.2.2. Preparation of heterofunctionalized and metal ion-charged ASNPs for selective
immobilization
EDTA dianhydride in various amounts (64 mg, 0.25 mmol; 128 mg, 0.5 mmol; 192 mg,
0.75 mmol; 256 mg, 1 mmol) was dissolved under argon atmosphere in anhydrous DMF
(11 mL, 142.2 mmol), then DIPEA (1.5 mL, 8.6 mmol) and ASNPs (300 mg) were added.
The mixture was stirred at 60 °C overnight followed by addition of distilled H2O (1.00
equivalent based on EDTA dianhydride). After continuous stirring at 60 °C overnight, the
mixture was washed with DMF (2x5 mL), distilled H2O (2x5 mL), saturated NaHCO3
solution (2x5 mL) and EtOH (2x5 mL). The product was dried at RT. After that, 300 mg
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of heterofunctionalized ASNPs were added to a 45 mL Falcon tube, dispersed in 20 mL
of aqueous metal salt solution (50 mM NiSO4, FeCl3, CoCl2, CuCl2, Zn(OAc)2 or LaCl3)
and shaken at RT for 3 h. Then the metal ion-charged nanoparticles were centrifuged (10
min at 3500 rpm) and washed with of distilled H2O (2x10 mL) followed by drying at RT.
The resulted nanosupports are abbreviated as ASNP-M (e.g. ASNP-Ni stands for the
nanosupport charged with Ni2+ ions).
6.2.3. Immobilization of PhoN-Sf and PhoN-Se on heterofunctionalized ASNPs
The ASNP-M support (12 mg) was mixed with Tris-HCl buffer (pH 8, 0.25 M, 1 mL)
containing crude lysate of phosphatase (1 U mg-1 dry carrier for metal ion, EDTA
concentration and bifunctional covalent linking agent screenings; 2 U mg-1 dry carrier for
biocatalytic studies). The mixture was shaken at RT (120 rpm) overnight. Then the resulted
metal-bound phosphatase biocatalysts were washed twice by resuspending in 0.25 M TrisHCl buffer pH 8 followed by centrifugation (10 min at 3500 rpm). After washing a solution
of bifunctional covalent linking agent (2 m/m% final concentration of bisepoxide or GA)
dissolved in 20 v/v% EtOH in 0.25 M Tris-HCl buffer pH 8 was added (1 mL). The
mixture was shaken at RT (120 rpm) overnight. Then the resulted immobilized
phosphatase biocatalyst was washed twice with 0.25 M Tris-HCl buffer pH 8. The
immobilized preparations were freeze-dried and stored at 4 °C until application.
6.2.4. Characterisation of ASNPs and ASNPs with EDTA functions
Quantification of primary amino groups on the surface of ASNPs and ASNPs with EDTA
functions was carried out by ninhydrin colorimetric assay. Initially, for the calibration
ninhydrin reagent was reacted with APTMS with various known concentrations to form
colored products. The reaction mixture consisted of ninhydrin solution (140 mM in npropanol + 0.2 v/v% acetic acid) and acetate buffer (100 mM, pH 5.5) in 2:1 ratio.
For the calibration 1.5 mL reaction mixture and 50 µL of the APTMS solutions (2.5; 5.0;
7.5; 10.0; 12.5; 15.0 µmol/mL in n-propanol) were used. The samples were heated to 95
°C for 20 min in 4 ml glass vials in oil bath. After cooling them to RT the absorbance of
the solutions was measured at 570 nm against a blank reference (in absence of APTMS).
After evaluation of data, a calibration curve with equation y= 3.4674x – 0.2455 and
R2=0.9744 was given (Figure 6.2).
For measuring the primary amino groups on the surface of nanoparticles we added 1.5 ml
reaction mixture to 2.4-2.7 mg of nanoparticles in case of ASNPs-EDTA and 3.0 ml
reaction mixture to 2.1-2.3 mg of nanoparticles in case of ASNPs, respectivelly. The
samples were heated to 95 °C for 50 min. After cooling the samples to RT, samples were
centrifuged (9600 G, 2 min) and the absorbance of the supernatants was measured at 570
nm.
For the UV-VIS measurements a Genesys 2 spectrophotometer, for the centrifugation a
Thermo MicroCL 21 centrifuge was used.
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Figure 6.2 Calibration curve of APTMOS for determination of free amino groups on the surface
of various nanoparticles (NPs). Measurements were performed in triplicate.

6.2.5. Immobilization of PhoN-Sf and PhoN-Se on commercial supports
Before immobilization, Relizyme HA403/M (with hexamethyleneamino functions on the
pore surface) was activated by functionalization with glutaraldehyde (Relizyme-GA). The
beads (300 mg wet beads) were mixed with 20 mM KPi buffer pH 8 and 50% aqueous
solution of glutaraldehyde (1% final concentration) at RT (120 rpm) for 3 h, then washed
three times with 20 mM KPi buffer and used immediately for immobilization.
The support (12 mg of Immobead 150, Relizyme-GA, EziGTM 2Fe) was mixed with TrisHCl buffer (pH 8, 0.25 M, 1 mL) containing crude lysate of phosphatase (2 U mg -1 dry
carrier). The mixture was shaken at RT (120 rpm) overnight. Then the resulted
immobilized phosphatase biocatalysts were washed twice by resuspending in 0.25 M TrisHCl buffer pH 8 followed by centrifugation at 3500 rpm. The immobilized preparations
were freeze-dried and stored at 4 °C until application.
6.2.6. Assay for phosphohydrolase activity (pNPP assay)
Free and immobilized enzyme activities were assayed using the dephosphorylation of 4nitrophenyl phosphate (pNPP) by spectrophotometrically measuring the release of 4nitrophenol.[1-4] Soluble (100 µg mL-1) or immobilized enzyme (3 mg) was added to
maleate buffer (pH 6.0, 100 mM final concentration) to a final volume of 480 µL followed
by addition of pNPP in H2O (250 mM in 20 µL, 10 mM final concentration in assay)
followed by mixing at 30 °C and 800 rpm. After 1 min incubation time, the reaction was
quenched with 500 µL 1 M NaOH and the absorbance of 4-nitrophenol (pNP) was
recorded at 405 nm (ε = 18500 M-1 cm-1). Activity tests were performed in triplicates. One
unit of phosphatase activity (U) corresponds to the amount of pNP (micromoles) released
per minute. Specific reaction rate (rbatch) represents the phosphatase activity (U) of 1 mg
protein or 1 g dry resin, respectively.
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6.2.7. Enzymatic transphosphorylation in shake vials
A standard reaction mixture in a screw cap 1 mL vial contained substrate and PPi in H2O
at a given pH (4.2) and concentration stated in the legends of Figures 6.8-6.9 and Table
6.4 with 1% DMSO as internal standard. Reactions were initiated by the addition of 1 mL
reaction mixture to the immobilized enzyme preparation (3 mg). The mixture was shaken
at 30 °C and 800 rpm. Samples of 25 µL were taken at intervals and diluted to 500 µL
with 8 mM H2SO4 followed by injection to HPLC-RI equipped with an Altech IOA-2000
cation exchanger column (for conditions and retention times see Table 2.2). Data points
are mean values of duplicates.
6.2.8. General procedure for the preparative-scale synthesis of 7b, 8b and 12b
An aqueous solution of 7a, 8a and 12a and PPi at pH 4.2 was pumped through a stainless
steel CatCart column (inner diameter: 4 mm; total length: 70 mm; packed length: 65
mm; inner volume: 0.816 mL) containing immobilized PhoN-Sf biocatalyst [200 mg (on
Immobead 150); 221.2 mg (on Relizyme-GA) or 95 mg (on ASNP-Ni-NPE, supplemented
with Merck silica gel 60, 0.040-0.063 mm) to 220 mg] at 0.3 mL min-1 flow rate for a
given time at 30 °C. In case of ASNP-Ni-NPE preparation, the column was complemented
with chromatographic grade silica gel to reduce overpressure observed with exclusive
nanoparticle filling. To the recovered product mixture was added 500 mM Ba(OAc)2 and
the pH was adjusted to 9. After stirring for 1 h at RT, the mixture was filtered and 3
volumes of EtOH were added to the filtrate. The product was allowed to precipitate
overnight at 4 °C. Filtration and drying at RT resulted in barium salts of 7b, 8b and 12b.
6.3. Results and Discussion
6.3.1. Synthesis and surface modification of silica nanoparticles
I have synthetized the silica nanoparticles according to Stöber method. Hydrolysis and
condensation of TEOS in 1-butanol at high concentration of NH3 gave particles close to
micron-size for application in a packed-bed reactor for continuous flow synthesis of
phosphorylated compounds. Scanning electron microscopy (SEM) was used to analyze the
morphology and SEM micrographs shown in Figure 6.3 indicated monodispersed and
spherical SNPs of 950-1000 nm.
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Figure 6.3 SEM picture of the SNPs

Then, surface grafting of SNPs was performed with 3-aminopropyltrimethoxysilane
(APTMS) to obtain aminopropyl-functionalized silica nanoparticles (ASNPs). Amino
groups are convenient functions to attach various molecules to surfaces.[39] Next, I have
performed the partial functionalization of the aminopropyl residues on the surface using
EDTA dianhydride resulting in a mixed alkylamino-/metal-chelator-grafted silica support
which could chelate metal ions for protein adsorption. Since the metals used in IMAC
exhibited altered affinities towards different proteins, Ni2+, Co2+, Cu2+, Fe3+, Zn2+ and La3+
were tested for phosphatase binding (Figure 6.4).
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Figure 6.4 Flow chart of preparation of selectively immobilized PhoN-Sf biocatalyst

In the first binding tests, a cell-free extract of His-tagged PhoN-Sf (10 U of lysate,
corresponding to 0.833 mg total protein) was adsorbed on the metal chelate supports (10
mg). Gel electrophoresis (Figure 6.5) showed good immobilization selectivity in the case
of Ni2+ and Zn2+, however, the latter exhibited weaker protein binding capacity.
I have tested the activity of immobilized PhoN-Sf on heterofunctionalized metal-chelate
supports by hydrolysis of 4-nitrophenyl phosphate (pNPP) using a spectrophotometric
assay.[137] Figure 6.6 shows the specific reaction rate (rbatch) and the activity yield (YA) of
the immobilized PhoN-Sf biocatalysts depending on the metal employed. Because
immobilization was carried out from the crude fermentation lysate, it was important to
determine how many target proteins (enzymes) were bound to the carrier.
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Figure 6.5 Gel picture of the PhoN-Sf immobilizates (3 mg of biocatalysts). 1: protein marker, 2: PhoN-Sf
lysate, 3: ASNP-Fe, 4: ASNP-Cu, 5: ASNP-Ni, 6: ASNP-Co, 7: ASNP-Zn, 8: ASNP-La, 9: Immobead 150,
10: Relizyme-GA, 11: EziG 2Fe. Mass of PhoN-Sf: ~27 kDa

The Ni2+-chelating support could bind 100% of the loaded phosphatase activity and
exhibited the highest rbatch (245.1 U gbiocatalyst-1) and hence was selected for further studies
(Figure 6.5 A).
Mateo et al. reported that the use of the metal charged chelator at low density (510 µmol/mL Co2+ or Cu2+ ions) increased the selectivity of the adsorption.[52]

Figure 6.6 Activity yield (dots) and specific reaction rate (rbatch) (bars) of PhoN-Sf attached onto
heterofunctionalized ASNPs, (A) as a function of metal ions and (B) as a function of the amount of EDTA
dianhydride during functionalization of ASNP (1 g, tested after Ni 2+ charging). In each case, PhoN-Sf (1 U)
was immobilized on functionalized dry ASNP (1 mg). Activity yield was determined by the pNPP assay. pNPP
hydrolysis reactions were performed in triplicate.
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We observed that during the heterofunctionalization of the aminopropylated SNPs (1 g)
0.5 mmol of EDTA-dianhydride was sufficient to achieve high rbatch after enzyme loading
(Figure 6.5 B), therefore this reagent amount was selected for the further studies to leave
sufficient fraction of free amino groups on the surface for subsequent covalent linking.
For stabilization of the immobilized biocatalyst, three bisepoxides and glutaraldehyde
(GA) were selected as bifunctional covalent linking agents (Figure 6.7).

Specific reaction rate
(µmol min-1 g-1)

250
200
150
100
50
0
PDE

NPE

GA

GDE

Bifunctional covalent linker
Figure 6.7 Specific reaction rate (rbatch) of immobilized PhoN-Sf biocatalysts [1 U PhoN-Sf was applied to 1
mg of ASNP-E-Ni followed by addition of the indicated bifunctional covalent linkers, reactions were
performed in triplicate]

I have used 20 v/v% of organic cosolvent (EtOH) during covalent linking, because of the
poor water solubility of bisepoxides. As shown in Figure 6.7, PhoN-Sf on ASNP-E-Ni
treated with neopentylglycol diglycidyl ether (NPE) retained ~90% of its activity during
covalent linking (219.5 U gbioctalyst-1), while the other preparations suffered significant
losses. This rationalized the use of NPE as cross-linker in the further studies (for
abbreviations of the functionalized SNPs and the novel biocatalysts in the further studies,
see Table 6.1).
Table 6.1 Immobilization of acid phosphatases by selective binding on aminopropyl
silica nanoparticles (ASNPs) partially functionalized with an EDTA-dianhydride
derived chelator (ASNP-E)[a] and impregnated with different metal ions (ASNP-E-M)[b]
followed by post cross-linking[c] (Figure 6.4)
Enzyme
Optimal Biocatalyst
PhoN-Sf
ASNP-E-Ni/NPE/PhoN-Sf
PhoN-Se
ASNP-E-Ni/NPE/PhoN-Se
[a] The optimal amount of EDTA-dianhydride was 2.5 mmol/g ASNPs, see Figure 2B. [b] The optimal
metal ion (Mn+) for selective binding was Ni2+, see Figure 2A. [c] The optimal bifunctional cross-linking
agent was neopentylglycol diglycidyl ether (NPE), see Figure 6.7.
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Since the activity yield of immobilized PhoN-Sf was 100% in the case of ASNP-E-Ni/NPE
as support (Figure 6.7), indicating incomplete protein loading, the amount of protein was
doubled (2 U mg-1 carrier in all cases of supports), which led to a dramatic increase of the
rbatch (Figure 6.8, ~220 to ~600 U gbioctalyst -1), maintaining almost 100% activity yield.

Figure 6.8 Activity yield (YA: ●), immobilization yield (YI: ●) and specific reaction rate (rbatch: colored bars)
of PhoN-Sf immobilized onto various biocatalysts (2 U of PhoN-Sf was immobilized onto 1 mg of dry
support). 3 mg immobilized biocatalyst was used in the reaction mixture. Reactions were performed in
triplicate.

The main reasons of the increased specific activity are twofold:
1.
2.

the support binds the target enzyme selectively even from the lysate
the average pore diameter between the rigid enzyme-coated SNPs is large ~200400 nm in the smaller ASNP-E-Ni/NPE/PhoN-Sf particles reducing significantly
the mass transfer limitations of substrate influx and product efflux which occur
in porous supports.

6.3.2. Characterization of the functionalized ASNPs and the immobilized ASNP-ENi/NPE/PhoN-Sf biocatalyst
The amino group content on the preparations was determined by ninhydrin colorimetric
assay (see in Table 6.2) revealing 386 µmol/g for the aminopropyl-grafted silica
nanoparticles (ASNPs) 113 µmol/g for the nanoparticles after partial derivatization with
EDTA-dianhydride (ASNP-E). Consequently, ~70% of the original amine content of
ASNPs was functionalized with EDTA-dianhydride and a residual 30% of the original
amine groups remained available on ASNP-E for further covalent functionalization with
bifunctional cross-linking agent.

102

IMMOBILIZATION ENGINEERING – DEVELOPMENT AND SYSTEMATIC
OPTIMIZATION OF ENZYME IMMOBILIZATION METHODS
Table 6.2. Determination of free amino groups on the surface of various nanoparticles
(NPs)
Amino
reaction
mNP
Absorbanc
csamples
nsamples
group
a
Samples
mixture
(mg)
e
(µmol/mL) (µmol)
content
(mL)
(µmol/g)
2.1
3000
0.677
0.266
0.798
ASNPs (1)
380.1
2.1
3000
0.708
0.275
0.825
ASNPs (2)
392.8
2.7
1500
0.448
0.200
0.300
ASNP-E (1)
111.1
2.5
1500
0.418
0.191
0.287
ASNP-E (2)
114.8
a

For abbreviations of the samples, see Table 6.1. Samples were measured duplicated (1, 2).

Elemental analysis on the surface of the nanoparticles was carried out with energy
dispersive spectroscopy/energy dispersive X-ray analysis [EDS/EDAX with Si(Li)
detector; see Table 6.3]. Analysis of the chelating nanoparticles (ASNP-E) impregnated
with two different metal ions (Ni2+ and Co2+) resulted in an interesting outcome. After
impregnation of ASNP-E with Co2+ ions, EDS/EDAX elemental analysis revealed 1.7%
Co besides 4.28% C and 1.10% N, while after impregnation with Ni2+ ions, 0.15% of Ni,
besides 4.43% C and 1.21% N could be determined on the surface of ASNP-E/M supports.
Based on the results of the ninhydrin assay revealing 30% residual amine group content
on ASNP-E and assuming 1:1 chelation with a metal ion M2+, a relative elemental
abundance of 10C + 2.7N + 0.7M [i.e. 0.7×(13C + 3N + 1M) + 0.3×(3C + 1N)] could be
calculated. The found relative elemental abundance of 10C + 2.7N + 0.34Ni revealed that,
as an average, two EDTA-dianhydride derived chelator units complexed one Ni2+. On the
other hand, the measured relative elemental abundance of 10C + 2.7N + 3.8Co after
impregnation with Co2+ indicated that the Co2+ could be present mostly in other than
chelated state on the surface of nanoparticles (0.7 part of Co in 1:1 chelation, an additional
3.1 part of Co in other state). This result could account for the lower efficiency of ASNPE-Co nanoparticles in the final immobilization of PhoN-Sf.
Table 6.3 Determination of the elemental composition of different functionalized ASNPs,
the cell extract of PhoN-Sf and the immobilized biocatalyst
Si (%)
C (%)
N (%)
O (%)
Co (%)
Ni (%)
SAMPLE
ASNP-E
38.19
3.03
1.04
56.89
ASNP-E-Ni
37.89
4.43
1.21
56.27
0.15
ASNP-E-Co
45.00
4.28
1.10
47.88
1.66
PhoN-Sf
0.01
63.55
13.32
16.36
cell extract
ASNP-E20.10
23.96
1.88
53.79
0.03
Ni/NPE/PhoN-Sf
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An elemental ratio for His6-PhoN-Sf could be calculated by using its sequence (UniProt:
Q7BEK9) complemented with His6-tag (C1244H1937N351O377S6, i.e. 3.54C for 1.00N). On
the surface of the ASNP-E-Ni/NPE/PhoN-Sf biocatalyst, the relative elemental abundance
measurement indicated 23.96% C and 1.88% N [12.74C to 1.00N, which corresponds to
(9.2+3.54)C for 1.00N]. Because only the enzyme contained N but the cross-linking NPE
not, ~28% of the C content originated from the enzyme and ~72% of the C content
belonged to the cross-linker. This massive covalent multipoint binding and cross-linking
could account for the improved mechanical properties of the preparation and also for the
enhanced stability of the enzyme in transphosphorylation.
6.3.3. Immobilized PhoN-Sf in transphosphorylation reactions
The designed mode of immobilization was based on IMAC principle and epoxy-chemistry
for covalent binding. Therefore, I have compared our novel immobilization method to
commercial carriers using these principles for immobilization [Immobead 150: the epoxy
resin for covalent binding; EziGTM-2Fe support: Fe-ion-chelator-based carrier for selective
immobilization of His-tagged proteins and Relizyme-GA: the aminoalkylated polyacrylate
resin activated with gutaraldehyde for covalent binding]. Figure 6.8 shows that the rbatch of
immobilized ASNP-E-Ni/NPE/PhoN-Sf was significantly higher than that of obtained
with commercial supports (~600 U mg-1 vs.; ~80-100 U mg-1). Activity yields were largely
comparable (>90%, except the 70% for Relizyme-GA) and immobilization yields were
74-80% in the case of commercially available supports, while the lower 54% value for
ASNP-E-Ni/NPE/PhoN-Sf (see Figure 6.8) was mostly due to the selective protein
binding.
To further evaluate the general applicability of PhoN-Sf on ASNP-Ni-NPE, substrates 8a12a were tested in transphosphorylation reactions (Figure 6.9). Overall, PhoN-Sf on
ASNP-Ni-NPE delivered product levels similar to those obtained with commercial carriers
but within significantly shorter reaction time resulting in superior space-time yields (see
Table 6.4). Among the commercial supports, PhoN-Sf on Relizyme-GA delivered the
highest reaction rates, which is in good accordance with previous observations,[137,200]
PhoN-Sf on Immobead 150 and EziG 2Fe displayed similar (slower) reaction profiles in
transphosphorylation and hydrolysis compared to PhoN-Sf on ASNP-Ni-NPE and
Relizyme-GA. Only traces of product (<5 mM) were observed with 2-phenoxyethanol
(10a) using PhoN-Sf on EziG 2Fe or Immobead 150. Both preparations lost
transphosphorylation and hydrolysis activity, reflected by unchanged PP i concentration
(Figure A10.13).
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Figure 6.9 Time course profile of the product formation during phosphorylation of 1,4-butanediol (7a, 500
mM), cis-2-butene-1,4-diol (8a, 300 mM), glycerol (9a, 500 mM), 2-phenoxyethanol (10a, 100 mM), 3chloro-1-propanol (11a, 500 mM) and methyl-a-d-glucopyranoside (12a, 500 mM) in shake vials using PhoNSf immobilized by various methods. Reaction conditions: PPi (250 mM), PhoN-Sf biocatalysts (3 mg,
immobilized; or 6 U, 500 mg as lysate), DMSO (1%, as internal standard), in 1 mL final volume, pH 4.2,
30°C, 750 rpm shaking. Data series represent product concentrations with PhoN-Sf biocatalysts on ASNP-ENi/NPE (●), Relizyme-GA (■), Immobead 150 (▲), EziGTM-2Fe (♦), or with PhoN-Sf lysate (■). Reactions
were performed in duplicate, the standard deviation of the measurements was in every case less than 5%.
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Table 6.4 Summary of results obtained in small-scale batch reactions with 7a-14a using
PhoN-Sf and/or PhoN-Se immobilized on various supports.
Substrate

7a (500 mM)

8a (300 mM)

Support

Enzyme

ta
(min)

Max
product
(mM)

ASNP-Ni-NPE
Relizyme-GA
Immobead-150
EziG 2Fe
lysate
ASNP-Ni-NPE
Relizyme-GA
Immobead-150
ASNP-Ni-NPE
Relizyme-GA
Immobead-150
EziG 2Fe
ASNP-Ni-NPE
Relizyme-GA

PhoN-Sfd

9
90
240
180
90
90
60
90
60
120
360
360
120
120

PhoN-Sed

PhoN-Sfd

PhoN-Sfe

Immobead-150

STYc

163
138
160
174
175
142
100
120
78
70
64
90
80
79

Max
product
titer
(g L-1)b
27.4
23.2
26.9
29.2
29.6
23.9
16.8
20.2
12.9
11.6
10.6
14.9
13.6
13.4

182.6
15.5
6.7
9.7
19.7
15.9
16.8
13.4
12.9
5.8
1.8
2.5
6.8
6.7

360

93

15.8

2.6

120

51

11.0

5.5

240

47

10.2

2.5

45
120
1320
1320
120
240
1320

77
59
80
68
157
114
145

13.3
10.2
13.8
11.7
42.7
31.0
39.5

17.7
5.1
0.6
0.5
21.4
7.8
1.8

240
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28.8

7.2

60
60
90
120
240

59
34
49
58
43

9.0
5.2
7.4
10.3
7.7

9.0
5.2
5.0
5.2
1.9

9a (500 mM)
ASNP-Ni-NPE
10a (100 mM)

11a (500 mM)

12a (500 mM)

rac-13a (100 mM)

PhoN-Sf

Relizyme-GA
ASNP-Ni-NPE
Relizyme-GA
Immobead-150
EziG 2Fe
ASNP-Ni-NPE
Relizyme-GA
Immobead-150

PhoN-Sf

PhoN-Sff

EziG 2Fe
ASNP-Ni-NPE
Relizyme-GA
Immobead-150
ASNP-Ni-NPE
Relizyme-GA

PhoN-Seg

PhoN-Se

Immobead-150
1440
53
9.4
0.4
14a (100 mM)
Time needed to reach maximal product concentration;
b monobasic form of phosphate product was used for calculation;
c STY = space-time yield (g L−1 h−1) with respect to reactor volume and maximal product titer;
d mono/bis-phosphorylated product ~90/10;[203]
e phosphorylation on primary OH moiety
f phosphorylation on C6-OH moiety
g non-stereoselective.[203]
Reaction conditions: PPi (250 mM), immobilized PhoN biocatalysts (3 mg; or 6 U, 500 µg as lysate), DMSO
(1%, as internal standard), in 1 mL final volume, pH 4.2, 30 °C, 750 rpm shaking.
a
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6.3.4. Immobilized PhoN-Se in transphosphorylation reactions
PhoN‐Se from Salmonella typhimurium catalyzes the transphosphorylation of primary and
secondary alcohols,[137] was immobilized onto ASNP-Ni-NPE, Relizyme-GA and
Immobead 150 using the same protein/carrier ratio as with PhoN-Sf, i.e., 2 U lysate per
mg dry carrier. I have tested the activity in transphosphorylation mode in batch reactions
with 1,4-butanediol (7a), (±)-2-butanol (13a) and cyclohexanol (14a) as substrates using
PPi (250 mM) as phosphate donor at pH 4.2 (Figure 6.10). Phosphorylation of (±)-13a was
previously shown to proceed in a non-stereoselective fashion.[137] Figure 6.10 shows that
PhoN-Se on ASNP-Ni-NPE displayed lower activity on 7a than the same preparation of
PhoN-Sf (for consumption of PPi see Figure A10.14). Overall, a trend similar to that with
PhoN-Sf was observed i.e. phosphatases on ASNP-Ni-NPE were overall the best
performing biocatalyst (highest product level and reaction rate) indicating the general
usability of this support.

Figure 6.10 Time course profile of the product formation in phosphorylation of 1,4-butanediol (7a, 500 mM),
(±)-2-butanol (13a, 100 mM) and cyclohexanol (14a, 100 mM) in shake vials using PhoN-Se immobilized by
various methods. Reaction conditions: PP i (250 mM), PhoN-Se biocatalysts (3 mg, immobilized; or 6 U, 1.48
mg as lysate), DMSO (1%, as internal standard) in 1 mL final volume, pH 4.2, 30°C, 750 rpm shaking. Data
series represent product concentrations with PhoN-Se biocatalysts on ASNP-E-Ni/NPE (●), Relizyme-GA (■),
Immobead 150 (▲) or with PhoN-Se lysate (■). Reactions were performed in duplicate, the standard deviation
of the measurements was in every case less than 5%.
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6.3.5 Application of PhoN-Sf biocatalysts in a continuous flow reactor system
Continuous flow reactors exhibit several advantages over batch setup.[204] In the case of
phosphatases, the physical separation of the immobilized phosphatase from the
phosphorylated product prevents hydrolysis of the latter.[140,141] I have studied the catalytic
performance of our biocatalysts (on ASNP-Ni-NPE, Immobead 150, Relizyme-GA and
EziG 2Fe supports) using a lab reactor system equipped with a packed-bed stainless steel
column (0.816 mL) with precise temperature and flow rate control. Due to the small
volume and high hydrostatic resistance of the PhoN-Sf on ASNP-Ni-NPE, the highly
active biocatalyst was mixed with inert silica to avoid excessive compression of the
particles causing extreme pressure. The reactors were tested with model substrate (7a, 500
mM) and PPi (250 mM) at 30 °C. First, the residence time, which influences product
hydrolysis, was optimized via the flow rate (0.1-0.3 mL min-1) and the operational stability
of immobilized PhoN-Sf biocatalysts was tested over several days (Figure 6.11).

Figure 6.11 Continuous-flow synthesis of 7b, 8b and 12b with variously immobilized forms of PhoN-Sf as
biocatalyst. Reaction conditions: 7a, 8a or 12a (500 mM), PPi (250 mM), DMSO (1%, as internal standard),
pH 4.2, 30°C, 0.3 ml min-1 flow rate for 7a and 0.1 ml min-1 for 8a and 12a. For column dimensions and
biocatalyst amounts, see Experimental Section. Data series represent rflow values with PhoN-Sf biocatalysts on
ASNP-E-Ni/NPE (●), Relizyme-GA (■), Immobead 150 (▲) and EziGTM-2Fe (♦).

PhoN-Sf on ASNP-Ni-NPE remained stable over at least 5 days delivering ~160 mM
product constantly. PhoN-Sf on Relizyme-GA was stable over at least 3 days of continuous
operation furnishing ~120-130 mM product 7b. PhoN-Sf on Immobead 150 showed a
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significantly lower productivity at this flow rate (60-52 mM), and the productivity of
PhoN-Sf on EziG 2Fe stabilized after an initial decrease from 141 mM to 75 mM product
within 2 days. This pronounced loss of activity may be linked to the cation-chelating
property of PPi, thereby depleting the support from essential Fe+3-ions and causing enzyme
leaching. Thus, the EziG 2Fe-based biocatalyst was not investigated further. The
operational stability of immobilized PhoN-Sf biocatalysts was comparable with substrates
8a and 12a, with PhoN-Sf on Relizyme-GA delivering the highest product levels (96 mM
8b and 164 mM 12b). The overall productivity of PhoN-Sf on ASNP-Ni-NPE was superior
to Relizyme-GA with all three substrates.
Recently, protein engineering was applied to reduce undesired product hydrolysis
resulting in a simple reaction setup while maintaining high turnover numbers (up to
~66000) but low space-time yields (<1 g L-1h-1) in transphosphorylation.[201] The current
approach combines the advantage of continuous-flow mode to kinetically control
phosphatase-catalyzed phosphorylation with remarkably high productivity (up to 586 g L1 -1
h ).
The products obtained with PhoN-Sf on ASNP-Ni-NPE were isolated and characterized
affording multiple grams of 7b, 8b and 12b (conv.= 36-64%, yield= 27-54%; Table 6.5).
Analysis of the spectra of 12b and comparison with those of 12a revealed that
phosphorylation selectively took place on the primary OH group (C6-OH) (data not
shown). The reproducibility of column filling with the nanoparticles was also
demonstrated with 7a (Figure A10.15).
Table 6.5 Isolation of 4-hydroxybutyl phosphate (7b), (Z)-4-hydroxybut-2- en-1-yl
phosphate (8b) and (2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-methoxyte- trahydro-2Hpyran-2-yl)methyl phosphate (12b) from preparative scale transphosphorylations
performed in continuously operated microreactors filled with PhoN-Sf on ASNP-ENi/NPE.
Product
Flow rate
c
Yield
-1
(mL min )
(%)
(%)
0.3
64
54
7b
0.1
36
27
8b
0.1
51
38
12b
[a] With respect to PPi (limiting reactant). [b] Isolation of the barium salts of
products was performed. Isolated amounts of the products from the given amounts of reaction mixtures
were as following: 7b (20.5 g, from 500 mL), 8b (5.6 g, from 310 mL) and 12b (14.9 g, from 380 mL).
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6.4. Conclusions
We successfully developed a method for the covalent immobilization of acid phosphatases
that combines the advantages of silica nanoparticles (high surface area ensuring good mass
transfer) and immobilized metal-chelate affinity chromatography (rendering high
selectivity using cell-free lysates) with bisepoxides as covalent linkers (yielding processstable preparations suitable for synthetic applications). The catalytic properties of the
novel biocatalyst favorably compared to commercial supports in transphosphorylation
reactions. The silica nanoparticle-based catalyst proved superior in a flow reactor
regarding space-time yield (up to ~0.59 kg L-1h-1) and productivity (up to ~5 g product g1
biocatalyst). The excellent stability of the immobilized enzyme (over at least several
days) in flow systems enabled the multiple gram-scale production of phosphorylated
alcohols (up to ~20 g) using cheap PPi as phosphate donor, circumventing undesired
product hydrolysis occurring in batch reactions.
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CHAPTER 7.
Summary
During my PhD years, our aim was to develop novel immobilization methods for native
enzymes. My task was to investigate the effects of various immobilization methods (solgel entrapment, adsorption, covalent immobilization, cross-linking as well as affinity
immobilization) on the final physical and chemical properties of biocatalysts and the
applicability of them in batch and continuous-flow mode. First, we have investigated the
entrapping of Candida antarctica lipase B (CaLB) – an industrially relevant enzyme–in
porous sol-gel matrix, which consist of mono- and disubstituted organosilanes as sol-gel
precursors. We have used molecular docking and modeling for choosing efficient
organosilanes as components of ternary compositions of sol-gel matrices for entrapment
of CaLB. Then, experimental design (response surface methodology) was used for the first
time to find the best compositions with the least number of experiments. Combination of
this two methods can highly accelerate the optimization process, which resulted matrices
that can multiply the specific activity of the enzyme with excellent enantiomeric
selectivity. The systems were tested in KR of two racemic alcohols and two racemic
amines. We found that there is no single “best” silane precursor composition and each
substrate requires individual optimization. The rational improvements of the sol-gel
enzyme entrapment process resulted biocatalysts, which were superior to the traditional
commercially available forms of immobilized CaLB. They are characterized by enhanced
thermal stability in organic media, improved recyclability and higher operational stability
both in batch and continuous mode operations. After that, as there is a significant effect of
various organosilane precursors, they were investigated as surface modifier agents for
functionalization of silica nanoparticles (SNPs). Applying them, cross-linked enzyme
adhered nanoparticles (CLEANs) were prepared, where not only the organosilane
precursors, but also the cross-linking agents may affect the performance of resulted
biocatalyst. This method combines the universality of CLEA (cross-linked enzyme
aggregates) method with the covalent immobilization to support, resulting micro-sized
biocatalysts with good mechanical properties. As cross-linking agents new bisepoxy
compounds [glycerol diglycidyl ether (GDE), neopentylglycol diglycidyl ether (NPE) and
polyethylenglycol diglycidyl ether (PDE)] of various lengths, hydrophobicity and rigidity
were used for the first time. The resulted CaLB CLEANs have a uniform, stable
morphology and have significantly better biocatalytic activity compared to the biocatalysts
(CLEAs, CLEANs) cross-linked with glutaraldehyde commonly used. The novel
biocatalyst stabilized with nanoparticles was suitable for application in continuous-flow
enzyme reactor for solvent-free fragrance production with superior stability. Bisepoxy
compounds are less toxic and may be suitable agents not only for crosslinking enzymes,
but also for functionalizing various carriers. Thus, lipase from Burkholderia cepacia
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(Lipase PS) was our next target enzyme in the study of different activating agents in the
covalent enzyme immobilization. As the enzyme has lysine residues on its surface, it may
lose its catalytic activity after covalent immobilization. We have investigated the effect of
six different bisepoxy compounds on hollow silica microspheres (M540) during the
immobilization process of Lipase PS and the resulting biocatalysts were tested in the
kinetic resolution of a racemic alcohol. PDE, characterized by a relatively long and flexible
linker region could avoid the steric limitation of substrate to enzyme and proved to be the
most successful for immobilization of Lipase PS. The Lipase PS biocatalyst developed by
us exhibited high specific activity and enantiomer selectivity in a continuous-flow reactor,
where it was compared with a commercially available covalently immobilized Lipase PS.
The results opened up the possibility to apply this novel form of Lipase PS for biodiesel
production. Two different oil feedstock were applied with three different alcohols, where
the biocatalyst developed by us was almost twice as effective as its commercial
counterpart.
Finally, an easy to perform method combining aminopropyl grafted SNPs with further
functionalization and bisepoxy compounds was developed for selective immobilization of
of non-specific acid phosphatases bearing a His-tag from crude cell lysate. Aminopropyl
grafted SNPs were partially transformed further with EDTA dianhydride to chelators. The
heterofunctionalized nanoparticles charged with Ni2+ as the most appropriate metal ion
were applied as support. First, the His-tagged phosphatases were selectively bound to the
metal- chelate functions of the support. Then, the enzyme-charged silica nanoparticles
were further stabilized by forming a covalent linkage between nucleophilic moieties at the
enzyme surface and free amino groups of the support using NPE as the most effective
bifunctional linking agent. The phosphatase biocatalysts obtained by this method exhibited
better phosphate transfer activity with a range of alcohols and PPi as phosphate donor in
aqueous medium applying batch and continuous-flow modes than the ones immobilized
on conventional supports.
This demonstration indicates that increasing research efforts will continue in the field of
enzyme immobilization to improve more suitable biocatalysts for individual substrates,
reactions and applications.
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THESIS POINTS
I.

We demonstrated that systematic experimental design can be successfully used for
optimization of compositions of sol-gel matrices by immobilization of Candida
antarctica lipase B (CaLB). We recognized for the first time that substituents of the
sol-gel precursors influence the substrate acceptability of the immobilized enzyme.
The resulted biocatalysts could be applied in kinetic resolutions of racemic alcohols
and amines both in batch and continuous-flow mode. (P.II.)

II.

We showed that rational improvements of the sol-gel entrapment process resulted
biocatalysts, which possess superior stability to the traditional commercially
available forms of immobilized CaLB. They are characterized by enhanced thermal
stability in organic media, both in batch and continuous-flow mode. In addition, the
operation of both KRs (with alcohol and amine) remained stable over 5 days-long
continuous runs at 60°C, indicating the robustness of sol-gel immobilized CaLB.
(P.II.)

III.

We successfully created nanostructured but micro-sized biocatalyst by using
functionalized silica nanoparticles as building blocks to form hybrid biocatalysts.
The newly developed biocatalyst was suitable for continuous-flow application
because of the advantageous mechanical properties. We proved that the bisepoxy
compounds are able to form covalent bonds both between proteins and nanoparticles
(P.I.) thus, bisepoxy cross-linking agents were successfully used for CaLB
immobilization. These hybrid biocatalysts were able to solve several weaknesses of
traditional cross-linked enzyme biocatalysts, such as poor mechanical resistance,
difficult recovery and storage, and problems in their use for packed-bed enzyme
reactors. The novel CaLB biocatalyst was suitable for application in continuousflow enzyme reactor for solvent-free fragrance production with superior stability.

IV.

Mixed-function-grafted (vinyl and amino groups) hollow silica microspheres in the
presence of six different bisepoxy compounds were successfully carried out for
covalent immobilization of Burkholderia cepacia lipase (Lipase PS). The Lipase PS
biocatalyst developed by us exhibited high specific activity and enantiomer
selectivity in kinetic resolution of a racemic alcohol both in batch and continuousflow mode. The novel form of Lipase PS was also compared with its commercially
available partner, Lipobond Lipase PS in production of biodiesel, where the
biocatalyst developed by us was almost twice as effective as its commercial
counterpart. (P.IV., P.V.)

V.

We have successfully developed a novel method for selective covalent
immobilization of acid phosphatases. The novel method combines the high surface
to volume properties of silica nanoparticles, the selectivity of immobilized metalchelate affinity chromatography and the stability of bisepoxy linkers. The catalytic
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properties of the novel biocatalyst were favorable compared to commercial supports
in transphosphorylation reactions. The silica nanoparticle-based catalyst proved
superior in a flow reactor regarding space-time yield and productivity. The excellent
stability of the immobilized enzyme in flow systems enabled the multiple gramscale production of phosphorylated alcohols using cheap PPi as phosphate donor.
(P.III.)
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TÉZISPONTOK
I.

Szisztematikus kísérlettervvel bebizonyítottuk, hogy a szol-gél matrixok összetétele
optimalizálható a Candida antarctica B lipáz (CaLB) rögzítésében. Elsőként
ismertük fel, hogy a szol-gél prekurzor szubsztituensei befolyásolják a rögzített
biokatalizátor szubsztrát elfogadó képességét. Az így létrehozott biokatalizátorok
alkalmasak racém alkoholok és aminok kinetikus rezolválására szakaszos és
folytonos rendszerekben. (P.II.)

II.

Megmutattuk, hogy a racionális tervezésű szol-gél eljárás olyan biokatalizátorok
létrehozásához vezet, melyek kiemelkedő stabilitással rendelkeztek a CaLB
hagyományos, kereskedelmi forgalomban kapható formáihoz képest. Mind
szakaszos üzemben, mind átfolyásos rendszerben történt alkalmazásuk során a
biokatalizátorok szerves közegben megnövelt hőstabilizással rendelkeztek. A
visszaforgatási vizsgálatok során a szol-gél biokatalizátorok tíz körön keresztül
megőrizték az aktivitásukat és szelekivitásukat. Ráadásul a racém 1-feniletanollal
és racém 1-feniletilaminnal végzett folyamatos kinetikus rezolválási reakcióban 5
napon keresztül stabilnak bizonyultak. (P.II.)

III.

Elsőként állítottunk elő funcionalizált szilika nanorészecskék segítségével
nanostruktúrált, de mikronos méretű hibrid biokatalizátorokat, melyek alkalmasak
voltak átfolyásos rendszerekben való alkalmazásra. Bebizonyítottuk, hogy a
biszepoxi vegyületek alkalmasak fehérjék és nanorészecskék közötti keresztkötések
létrehozására. (P.I.) A hibrid biokatalizátorok képesek voltak olyan gyenge pontjait
felülmúlni a hagyományosan keresztkötött enzimeknek, mint az alacsony
mechanikai stabilitás, nehézkes visszanyerés és tárolás, valamint töltött ágyas
reaktorokban való alkalmazhatóság. Az új CaLB biokatalizátor kiemelkedő
stabilitással
működött
folytonos
üzemű
reaktorban
oldószermentes
illatanyaggyártás során.

IV.

Hat különböző biszepoxi aktiváló ágenst és szférikus, porózus szilikagélt
alkalmazva a Burkholderia cepacia lipáz (lipáz PS) kovalens rögzítését valósítottuk
meg. Az általunk fejlesztett lipáz PS biokatalizátor nagy aktivitást és
enantiomertisztaságot értek el a racém 1-feniletanol kinetikus rezolválási
reakciójában szakaszos és folyamatos üzemű alkalmazásával egyaránt. Az új
biokatalizátor a kereskedelmi forgalomban is kapható Lipobond lipáz PS
készítménynél kétszer olyan hatékonynak bizonyult. (P.IV., P.V.)

V.

Kidolgoztunk egy új módszert savas foszfatázok szelektív kovalens rögzítésére,
mely ötvözi a szilika nanorészecskék nagy fajlagos felületét, az immobilizált fémkelát affinitás szelektivitását és a biszepoxi keresztkötő ágensek stabilizáló hatását.
Ezen új biokatalizátorok katalitikus tulajdonságai jobbak voltak a
transzfoszforilálási reakciókban a hagyományos hordozókra rögzített
biokatalizátoroknál. A kiváló stabilitású szilika nanorészecske alapú biokatalizátor
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magas volumetrikus produktivitást mutatott átfolyásos rendszerekben, melyben
megoldhatóvá vált foszforilált alkoholok preparatív méretű termelése olcsó
pirofoszfátot alkalmazva foszfát donorként. (P.III.)
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APPENDIX
10.1. Significant parameters for biocatalytic activities

Table A10.1 Significant variables and significant interactions (marked with green) on the rbatch as dependent variables in the KR of rac1a catalyzed by CaLB entrapped in TOP (Panel A), TDP (Panel B) and TDO (Panel C) sol-gel systems.
Factor

Panel A

Coefficient

Standard error

t

p

Confidence limit
-95 %

+95 %

0.671980
0.679689
0.005840
0.046099
0.182890
0.788457

-28.590
-19.553
14.764
2.346
-38.228
-116.495

19.4377
28.4744
62.7913
210.3138
169.7390
91.4720

0.415301
0.000057
0.003668

-32.9505
44.4669
15.9190

14.64493
92.06233
63.51450

0.459097
0.000019
0.305975
0.025521
0.309311
0.848366

-12.988
56.452
-10.304
-185.622
-44.912
-92.127

26.2067
95.6463
28.8906
-15.9040
124.8058
77.5915

a

(A)TEOS
-4.5760
10.41355
-0.439428
(B)OTEOS
4.4607
10.41355
0.428360
(C)PTEOS
38.7776
10.41355
3.723760
AB
106.3301
45.09260
2.358039
AC
65.7552
45.09260
1.458227
BC
-12.5117
45.09260
-0.277466
Panel Bb
(A)TEOS
-9.15280
10.81231
-0.846516
(B)DMDEOS
68.26460
10.81231
6.313601
(C)PTEOS
39.71677
10.81231
3.673293
Panel Cc
(A)TEOS
6.610
8.49830
0.77775
(B)DMDEOS
76.049
8.49830
8.94875
(C)OTEOS
9.293
8.49830
1.09357
AB
-100.763
36.79922
-2.73819
AC
39.947
36.79922
1.08553
BC
-7.268
36.79922
-0.19749
a
MS Residual= 130.0158. bMS Residual= 278.8425. cMS Residual= 86.5890

Table A10.2 Significant variables and significant interactions (marked with green) on the rbatch as dependent variables in the KR of rac2a catalyzed by CaLB entrapped in: TOP (Panel A), TDP (Panel B) and TDO (Panel C) sol-gel systems.
Factor

Coefficient

Standard error

t

p

Confidence limit
-95 %

+95 %

Panel Aa
(A)TEOS
-1.728
6.0317
(B)OTEOS
2.257
6.0317
(C)PTEOS
71.228
6.0317
AB
82.520
28.8847
AC
-50.346
28.8847
BC
-138.470
28.8847
ABC
434.864
166.0631
Panel Bb
(A)TEOS
0.278
7.70862
(B)DMDEOS
70.259
7.70862
(C)PTEOS
2.617
7.70862
AB
-104.507
33.37973
AC
70.685
33.37973
BC
-3.582
33.37973
Panel Cc
(A)TEOS
2.874
15.68193
(B)DMDEOS
72.850
15.68193
(C)OTEOS
65.981
15.68193
AB
-79.984
67.90566
AC
-52.956
67.90566
BC
-175.558
67.90566
a
MS Residual= 42.3166. bMS Residual= 71.24447. cMS Residual= 294.8475

-0.28651
0.37419
11.80896
2.85686
-1.74301
-4.79388
2.61866

0.782785
0.719343
0.000007
0.024447
0.124860
0.001980
0.034476

-15.991
-12.006
56.966
14.218
-118.648
-206.771
42.187

12.5346
16.5197
85.4911
150.8209
17.9552
-70.1682
827.5405

0.03604
9.11440
0.33950
-3.13085
2.11760
-0.10730

0.972137
0.000017
0.742976
0.013997
0.067075
0.917196

-17.498
52.483
-15.159
-181.481
-6.289
-80.555

18.0539
88.0355
20.3931
-27.5331
147.6588
73.3923

0.18328
4.64547
4.20744
-1.17787
-0.77985
-2.58532

0.859135
0.001654
0.002966
0.272698
0.457929
0.032347

-33.288
36.687
29.818
-236.575
-209.547
-332.149

39.0369
109.0125
102.1434
76.6068
103.6346
18.9673

Table A10.3 Significant variables and significant interactions (marked with green) on the rbatch as dependent variables in the KR of rac3a catalyzed by CaLB entrapped in TOP (Panel A), TDP (Panel B) and TDO (Panel C) sol-gel systems.
Factor

Coefficient

Standard error

t

p

Confidence limit
-95 %

+95 %

Panel Aa
(A)TEOS
88.20746
37.48184
2.353339
(B)OTEOS
93.737321
37.481841
2.5008731
(C)PTEOS
22.85791
37.48184
0.609840
Panel Bb
(A)TEOS
17.0437
39.3431
0.433206
(B)DMDEOS
124.0129
39.3431
3.152084
(C)PTEOS
-10.2016
39.3431
-0.259298
AB
-83.4399
170.3630
-0.489777
AC
404.4471
170.3630
2.374031
BC
440.3052
170.3630
2.584512
Panel Cc
(A)TEOS
30.8259
38.34187
0.803975
(B)DMDEOS
87.74171
38.34187
2.288403
(C)OTEOS
143.0702
38.34187
3.731435
a
MS Residual= 3350.919. bMS Residual= 1855.821. cMS Residual= 3506.459

0.038261
0.029461
0.554357

5.7105
11.2403
-59.6391

170.7044
176.2343
105.3549

0.676308
0.013556
0.801953
0.637439
0.044963
0.032388

-73.682
33.287
-100.927
476.298
11.589
47.447

107.7691
214.7383
80.5238
309.4179
797.3049
833.1630

0.438441
0.042898
0.003315

-53.5640
3.3518
58.6803

115.2158
172.1316
227.4601

Table A10.4 Significant variables and significant interactions (marked with green) on the rbatch as dependent variables in the KR of rac4a catalyzed by CaLB entrapped in: TOP (Panel A), TDP (Panel B) and TDO (Panel C) sol-gel systems.
Factor

Coefficient

Standard error

t(8)

p

Confidence limit
-95 %

+95 %

Panel Aa
73.77890
41.33214
1.785025
(A)TEOS
(B)OTEOS
74.737211
41.332141
1.8082101
(C)PTEOS
38.24278
41.33214
0.925255
Panel Bb
(A)TEOS
14.23
24.3586
0.58400
(B)DMDEOS
79.13
24.3586
3.24864
(C)PTEOS
6.48
24.3586
0.26607
AB
-161.02
108.9174
-1.47838
AC
338.62
108.9174
3.10892
BC
394.53
108.9174
3.62233
ABC
-1249.87
623.3635
-2.00505
AB(A-B)
78.32
208.6620
0.37532
AC(A-C)
606.84
208.6620
2.90822
BC(B-C)
-493.61
208.6620
2.36560
Panel Cc
24.48149
25.96370
0.942912
(A)TEOS
52.56087
25.96370
2.024398
(B)DMDEOS
(C)OTEOS
89.73206
25.96370
3.456058
a
MS Residual= 4074.722, bMS Residual= 596.2758, cMS Residual= 1607.887

0.101826

-17.1925

164.7503

0.0979641
0.374686

-16.2342
-52.7287

165.7086
129.2142

0.590565
0.031416
0.803335
0.213384
0.035909
0.022311
0.115450
0.726474
0.043756
0.077190

-53.40
11.50
-61.15
-463.42
36.21
92.13
-2980.61
-501.02
27.50
-1072.95

81.856
146.762
74.111
141.382
641.019
696.938
480.862
657.654
1186.174
85.727

0.365975
0.067901
0.005370

-32.6642
-4.58491
32.5863

81.6272
109.7066
146.8778

10.2. The residuals and distribution function of biocatalytic activities

Figure A10.1 The residuals of rbatch rac-1a (A), rac-2a (B), rac-3a (C) and rac-4a (D) and distribution
function of rbatch rac-1a (E) rac-2a (F), rac-3a (G) and rac-4a (H) in TOP CaLB system.

Figure A10.2 The residuals of rbatch rac-1a (A), rac-2a (B), rac-3a (C) and rac-4a (D) and distribution
function of rbatch rac-1a (E), rac-2a (F), rac-3a (G) and rac-4a (H) in TDP CaLB system.

Figure A10.3 The residuals of rbatch rac-1a (A), rac-2a (B), rac-3a (C) and rac-4a (D) and distribution
function of rbatch rac-1a (E), rac-2a (F), rac-3a (G) and rac-4a (H) in TDO CaLB system.

10.3. Biocatalytic properties of sol-gel entrapped CaLB performed by experimental design

Table A10.5 Conversion (c), enantiomeric excess (ee) and biocatalytic activity (rbatch) data in KR of racemic alcohols (rac-1a-4a) with
CaLB biocatalysts prepared as experimental design points of TOP sol-gel system (reaction time 1 h).
ee(R)rbatch
c2a
(U g2b
(%)
1
(%)
)
(%)
a
a
1
1.000 0.000 0.000
1.0
2.7
0.1
2
0.120 0.880 0.000
4.3
99.0
12.0
34.5
99.7
a
3
0.120 0.000 0.880
12.6
99.4
34.6
0.7
4
0.413 0.586 0.000
9.2
99.1
25.5
18.7
99.8
5
0.413 0.000 0.586
13.5
99.5
37.1
10.8
98.9
a
6
0.120 0.293 0.586
8.1
99.4
22.3
0.9
7
0.706 0.293 0.000
6.5
99.3
18.0
4.3
99.6
8
0.706 0.000 0.293
4.5
99.5
12.4
8.4
99.4
a
9
0.120 0.586 0.293
1.5
4.3
6.2
99.3
10
0.413 0.293 0.293
15.8
99.5
43.6
14.8
99.8
11
0.706 0.146 0.146
6.3
99.2
17.4
6.7
99.7
12
0.266 0.586 0.146
2.8
98.8
7.8
15.6
99.8
a
13
0.266 0.146 0.586
17.8
99.5
49.0
1.8
14
0.413 0.293 0.293
14.5
99.5
40.0
16.6
99.8
a
No enantiomeric excess data were calculated for reactions with c < 2%.
Point

xTEOS

xOTEOS

xPTEOS

c1a
(%)

ee(R)1b

rbatch
(U g1
)
0.2
72.4
1.5
39.2
22.6
1.9
9.0
17.7
12.9
31.0
14.0
32.7
3.9
34.8

c3a
(%)
4.1
28.2
3.3
14.5
16.6
1.1
31.5
22.9
2.4
1.8
10.7
15.3
19.6
1.7

ee(R)3b

(%)
99.9
99.9
99.8
99.9
99.9
a

99.9
99.9
99.8
a

99.9
99.9
99.9
a

rbatch
(U g1
)
22.8
155.2
17.9
80.0
91.2
6.3
173.2
125.9
13.3
10.1
58.7
84.0
108.1
9.1

c4a
(%)

ee(R)-4b
(%)

rbatch
(U g-1)

3.3
20.1
1.3
11.4
8.4
2.4
27.5
22.3
3.9
2.2
3.5
9.7
31.5
3.1

99.7
99.7

18.8
116.3
7.7
65.8
48.8
13.8
159.3
129.0
22.8
12.5
20.2
56.3
182.5
17.7

a

99.8
99.7
99.5
99.8
99.9
99.8
99.8
99.8
99.8
99.3
99.8

Table A10.6 Conversion (c), enantiomeric excess (ee) and biocatalytic activity (rbatch) data in KR of racemic alcohols (rac-1a-4a) with
CaLB biocatalysts prepared as experimental design points of TDP ternary sol-gel system (reaction time 1 h).
ee(R)rbatch
c2a
(U g2b
(%)
1
)
(%)
a
a
1
1.000 0.000 0.000
1.0
2.8
0.1
2
0.120 0.880 0.000
27.6
99.5
76.0
33.3
99.6
a
3
0.120 0.000 0.880
11.4
99.7
31.3
0.5
4
0.413 0.586 0.000
11.5
99.5
31.6
13.2
99.3
5
0.413 0.000 0.586
11.5
99.4
31.6
12.8
99.2
6
0.120 0.293 0.586
30.8
99.5
84.8
16.2
99.6
a
7
0.706 0.293 0.000
2.2
97.9
6.2
1.7
8
0.706 0.000 0.293
5.1
99.3
14.1
8.6
99.4
9
0.120 0.586 0.293
19.2
99.3
53.0
22.7
99.9
10
0.413 0.293 0.293
13.0
99.4
35.9
11.1
96.6
a
a
11
0.706 0.146 0.146
1.4
4.0
0.7
12
0.266 0.586 0.146
18.2
99.4
50.1
14.5
97.4
a
a
13
0.266 0.146 0.586
1.3
3.6
1.0
14
0.413 0.293 0.293
13.1
99.5
36.2
10.0
96.7
a
No enantiomeric excess data were calculated for reactions with c < 2%.
Point

xTEOS

xOTEOS

xPTEOS

c1a
(%)

ee(R)-1b
(%)

rbatch
(U g-1)

c3a
(%)

0.2
70.0
1.1
27.6
26.8
34.0
3.5
18.0
47.7
23.3
1.5
30.5
2.0
20.9

1.4
21.9
1.3
18.3
14.5
31.8
1.5
24.5
31.5
28.2
14.6
19.5
3.4
25.4

ee(R)-3b
(%)

rbatch
(U g-1)

c4a
(%)

ee(R)-4b
(%)

rbatch
(U g-1)

a

7.9
120.4
7.3
100.4
79.9
174.9
8.2
134.7
173.5
154.9
80.3
107.5
18.9
139.7

2.9
14.3
1.5
2.0
8.1
28.7
2.5
23.6
17.5
11.7
7.6
4.9
6.6
11.2

99.7
99.8

16.5
82.5
8.6
11.8
47.0
165.9
14.7
136.8
101.2
67.4
44.0
28.6
38.4
64.9

99.9
a

99.9
99.8
99.9
a

99.9
99.9
99.9
99.9
99.9
99.8
99.9

a
a

99.6
99.8
99.9
99.9
99.6
99.9
99.9
99.7
99.6
99.8

Table A10.7 Conversion (c), enantiomeric excess (ee) and biocatalytic activity (rbatch) data in KR of racemic alcohols (rac-1a-4a) with
CaLB biocatalysts prepared as experimental design points of TDO ternary sol-gel system (reaction time 1 h).
ee(R)rbatch
c2a
(U g2b
(%)
1
)
(%)
a
a
1
1.000 0.000 0.000
1.1
2.9
0.1
2
0.120 0.880 0.000
26.4
99.7
72.8
32.1
99.8
3
0.120 0.000 0.880
4.8
99.0
13.2
38.4
99.7
4
0.413 0.586 0.000
12.1
99.6
33.4
14.3
99.8
5
0.413 0.000 0.586
8.6
99.2
23.8
16.5
99.6
6
0.120 0.293 0.586
11.3
99.6
31.3
5.7
99.8
a
7
0.706 0.293 0.000
2.5
98.1
6.9
1.3
8
0.706 0.000 0.293
6.3
99.1
17.4
4.9
99.8
9
0.120 0.586 0.293
23.0
99.8
63.3
26.7
99.8
10
0.413 0.293 0.293
8.8
99.5
24.4
11.3
99.7
11
0.706 0.146 0.146
6.9
99.2
19.1
7.7
99.9
12
0.266 0.586 0.146
13.3
99.6
36.7
10.1
99.8
a
a
13
0.266 0.146 0.586
0.5
1.4
0.6
14
0.413 0.293 0.293
7.3
99.4
20.1
10.4
99.3
a
No enantiomeric excess data were calculated for reactions with c < 2%.
Point

xTEOS

xOTEOS

xPTEOS

c1a
(%)

ee(R)-1b
(%)

rbatch
(U g-1)

c3a
(%)

ee(R)-3b
(%)

rbatch
(U g-1)

c4a
(%)

ee(R)-4b
(%)

rbatch
(U g-1)

0.2
67.5
80.6
30.1
34.7
11.9
2.8
10.4
56.1
23.8
16.2
21.2
1.2
21.8

4.6
19.2
28.7
18.8
18.3
31.4
1.5
32.5
28.3
13.8
7.3
3.0
0.6
14.0

99.9
99.9
99.9
99.9
99.9
99.9

25.3
105.9
157.6
103.2
100.7
172.7
8.2
178.7
155.8
75.9
40.3
16.6
3.5
76.8

3.5
14.4
20.1
2.6
11.7
14.5
2.8
22.6
9.0
5.6
3.1
16.4
0.7
7.6

99.7
99.8
99.8
99.7
99.8
99.7
99.7
99.8
99.8
99.6
99.9
99.8

20.1
83.3
116.1
15.0
67.6
84.0
16.5
130.8
51.8
32.3
18.1
94.7
3.8
44.1

a

99.9
99.9
99.9
99.9
99.9
a

99.9

a

99.8

Table A10.8 Continuous-flow kinetic resolution of rac-1a, rac-1b, rac-3a and rac-3b (48 mg mL-1) catalyzed by sol-gel immobilized
CaLB preparations at 60 °C in toluene.
Sample
Flow rate
Conversiona
rflowa
ee(R)-producta
-1
-1 -1
[mL min ]
[%]
[µmol min g ]
[%]
TOP-10
1
rac-1ab
0.10
48.3
84.6
99.4
TOP-10
rac-1ab
0.60
30.3
285.9
99.5
b
2
rac-1b
TDP-10
0.20
50.0
166.0
98.5
rac-1bb
TDP-10
0.60
37.4
392.2
98.9
3
rac-3ac
TOP-11
0.10
48.7
84.5
99.7
rac-3ac
TOP-11
0.60
28.0
274.7
99.8
4
rac-3bc
TDO-11
0.10
50.0
92.6
99.1
rac-3bc
TDO-11
0.60
32.8
364.0
99.5
a
Analyzed by GC. b Acylating agent: vinyl acetate (2.76 equiv.) c Acylating agent: isopropyl 2-ethoxyacetate (0.6 equiv.)
No.

Substrate

Biocatalyst

Isolated product
Yield
ee(R)-producta
[%]
[%]
47
99.7
48

98.8

47

99.9

47

99.2

10.4. Investigation of sol-gel entrapped CaLB by Raman spectroscopy

Figure A10.4 Raman maps of sol-gel entrapped CaLB in TEOS/DMDEOS/PTEOS 10 systems at green
dots) laboratory and grey dots) 100x large scale and red dots) enzyme free TEOS/DMDEOS/PTEOS
sol-gel systems.

10.5. Particle size analysis of CaLB entrapped in sol-gel systems

Figure A10.5 Comparison of the particle size distribution of sol-gel entrapped CaLB.
A) simple TEOS; B) binary TEOS/OTEOS; C) binary TEOS/PTEOS and D) ternary TOP systems.

Figure A10.6 Comparison of the particle size distribution of sol-gel entrapped CaLB in ternary TDP10 system at A) laboratory and at B) 100x large scale
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Figure A10.7 Scanning Electron Microscopic images of CaLB entrapped in sol-gel systems at magnification of 50×. A) TEOS, binary systems: B) TDP-4, C) TDP-5,
D) TDO-5, ternary systems: E) TOP-10, F) TDP-10, G) TDO-10.
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Figure A10.8 Scanning Electron Microscopic images of CaLB entrapped in sol-gel systems at magnification of 750×. A) TEOS, binary systems: B) TDP-4, C) TDP5, D) TDO-5, ternary systems: E) TOP-10, F) TDP-10, G) TDO-10.
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Figure A10.9 Scanning Electron Microscopic images of CaLB entrapped in sol-gel systems at magnification of 5000×. A) TEOS, binary systems: B) TDP-4, C)
TDP-5, D) TDO-5, ternary systems: E) TOP-10, F) TDP-10, G) TDO-10.
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Figure A10.10 Scanning Electron Microscopic images of CaLB entrapped in sol-gel systems for particle size distribution analysis at magnification of 50× (except for
C) TP-5 at magnification of 750×). A) TEOS; binary systems: B) TDP-4, C) TDP-5 (750×), D) TDO-5; ternary systems: E) TOP-10, F) TDP-10, G) TDO-10. Red
lines are the markers for particle diameters.
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Figure A10.11 Particle size distribution of sol-gel entrapped CaLB biocatalysts determined by analysis of SEM images. A) TEOS, binary systems: B) TDP-4, C)
TDP-5, D) TDO-5, ternary systems: E) TOP-10, F) TDP-10, G) TDO-10.

Volume, STP (cc/g)

10.6. Morphology and biocatalytic activity of CaLB entrapped in selected sol-gel
systems
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Figure A10.12 Representative isotherms from nitrogen adsarption/desorption analysis of different sol-gel
entrapped CaLB biocatalysts: TEOS (TDP-1), TEOS/PTEOSP (TDP-5),  TEOS/DMDEOS/PTEOS
(TDP-10).

Table A10.9 Specific surface, porosity and particle size characteristics of the CaLB immobilized sol-gel materials with biocatalytic
properties
Sol-gel entrapped CaLB
Specific
Total
Volume of Density
Main
Main particle rbatch
biocatalyts
surface
volume of nanopores
particle size
size
area
pores
(<2 nm)
according to according to
(cm3 g-1)
(g cm-3)
(U g(2-50 nm)
SEM
Mie
1
(m2 g-1)
(cm3 g-1)
(µm)
)
scattering
(µm)
57
0.22
0.02
1.80
43
28
16.5
TEOS (TDP-1)a

TEOS/PETOS (TDP-5)b

46

0.09

0.01

1.44

7

53

47.0

TEOS/DMDEOS/PTEOS
(TDP-10)c

40

0.05

0.01

1.49

60

64

67.4

Table A10.10 Specific surface and porosity characteristics of the sol-gel materials without CaLB
Sol-gel systems
Specific surface area
Total volume of pores
(m2 g-1)
(cm3 g-1)
101
0.30
TEOS (TDP-1)a

Density
(g cm-3)
1.79

a
c

Simple TEOS precursor system, b binary precursor system by TEOS/PTEOS=0.413/0.586,
ternary precursor system by TEOS/DMDEOS/PTEOS=0.413/0.293/0.293

TEOS/PETOS (TDP-5)b
TEOS/DMDEOS/PTEOS (TDP-10)c
a
c

b

5

0.02

1.23

166

0.30

1.62

Simple TEOS precursor system, binary precursor system by TEOS/PTEOS=0.413/0.586,
ternary precursor system by TEOS/DMDEOS/PTEOS=0.413/0.293/0.293

10.7. Biocatalytic activity of the various immobilized PhoN biocatalysts

Figure A10.13 PPi consumption during phosphorylation of 1,4-butanediol (7a, 500 mM), cis-2butene-1,4-diol (8a, 300 mM), glycerol (9a, 500 mM), 2-phenoxyethanol (10a, 100 mM), 3-chloro1-propanol (11a, 500 mM) and methyl-α-D-glucopyranoside (12a, 500 mM) over time with various
PhoN-Sf immobilizates. Reaction conditions: 250 mM PP i, 3 mg beads, 1% DMSO as internal
standard, pH 4.2, 30 °C, 750 rpm shaking. : ASNP-Ni-NPE, : Relizyme-GA, : Immobead
150, : EziG 2Fe, : PhoN-Sf lysate.

Figure A10.14 PPi consumption during phosphorylation of 1,4-butanediol (7a, 500 mM), rac-2butanol (13a, 100 mM), cyclohexanol (14a, 100 mM) over time with PhoN-Se immobilizates.
Reaction conditions: 250 mM PPi, 3 mg beads, 1% DMSO as internal standard, pH 4.2, 30 °C, 750
rpm shaking. : PhoN-Se crude lysate, : ASNP-Ni-NPE, : Relizyme-GA, : Immobead 150.

1.11. Reproducibility of filling and operational stability of the columns with
ASNP-E-Ni/NPE/PhoN-Sf

Figure A10.15 Reproducibility of column filling with ASNP-E-Ni/NPE/PhoN-Sf extended with
silica gel 60.

