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1. INTRODUCTION

Biocatalysis has emerged as an important tool enitldustrial synthesis of bulk chemicals,
pharmaceutical and agrochemical intermediatesyeagbharmaceuticals, and food ingredients.
However, the number and diversity of the applicgadi@re modest, perhaps in part because of
perceived or real limitations of biocatalysts, sashlimited enzyme availability, substrate scope,
and operational stability. Recent scientific bréa@tighs in genomics, directed enzyme evolution
and the exploitation of biodiversity should helpoteercome these limitations.

Worldwide, chemists are vigorously taking on thealdnge of developing synthetic
methodology and ,green” processes that meet thierieri of a sustainable, environmentally
conscious development. The biocatalytic transfoionat today are routinely considered by
synthetic organic chemists, and by process engness an economically and ecologically
competitive technology, and as a matter of facttfier development of new production routes to
fine chemicals, pharmaceuticals, agrochemicals,eaeth bulk commodities. Market demands are
now pushing for individual tailoring of biocatalgstor specialized applications, driven by the new
opportunities that have emerged for the discovémorel enzymes and the fine-tuning, and even
redesign of their properties.

Industry continues to demand more selective andieft catalysts and processes for the
manufacture of fine chemicals. Here, enzyme catalgien have a ,natural” advantage that will
increasingly be exploited as the demand for enardrecally pure drugs continues to rise. High
economical and low ecological impact, it is adogdndustrial large-scale conversions.

Hydrolases predominate for several obvious reagbes;ange of enzyme classes considered
for technical processes is growing remarkably by@ad a steadily increasing number of different
bioprocesses are being successfully transplanted tine laboratory to the manufacturing plant. To
a large degree, this growth is a result of improaedess to stable biocatalysts having customized
activities and selectivities. This reflects theemtcprogress in the fields of molecular biologyghi
throughput screening techniques, and advanced egrgng (FESSNER and JONES 2001).

The use of biocatalysis for industrial synthetiemhstry is on the way of significant growth.
Biocatalytic processes can now be carried out gamic solvents as well as aqueous environmentg,
so that apolar organic compounds as well as watable compounds can be modified selectively-
and efficiently with enzymes and biocatalyticallgtige cells. As the use of biocatalysis forg
industrial chemical synthesis becomes easier, aeebemical companies have begun to increa%
significantly the number and sophistication of thiecatalytic processes used in their synthesig
operations (SCHMID et al., 2001). z

—
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The application of biocatalysts offers a remarkavkenal of highly selective transformations
for modern preparative organic chemistry. Biocaislycan provide environmentally friendly
processes for all life science related industigs(ma, food, feed, agro).

The development of technologies using lipases lier dynthesis of novel compounds will
result in their expansion into new areas and irsg@a number of industrial applications

The economic synthesis of the increasing numbdriabgically active molecules is one of
the biggest challenges on the field of organic asemn The preparation and the use of large purity
enantiomers are obviously necessary for differemustries (mainly pharmaceutical, plastic,
cosmetic and food industry) (POPPE and NOVAK 190H92; BULL et al. 1999, FABER 2004).
The presence of the other enantiomer besides the ane is a real danger in effective drugs. The
most known example for that is the){Thalidomide {-phtalimido-glutaramideContergan), which
has a sedative effect, while its enantiomer paie, ®-Thalidomide is teratogenic even in small
amount (NISHIMURA and TANIMURA 1976).

Besides the traditional chemical methods, the dnowitthe biocatalytical methods both in
laboratory and industrial scale are occurred duentoronmental aspects and the increased demand
toward stereoselective synthesis. As a result of pmocess the world leading pharmaceutical
companies are spending huge amount of money tandserojects finding solution to these
guestions.

The chemical industry at the end of thd'2@ntury was developing much slower and adopted
novel technologies less effectively than other stdas. The underlying problem is that chemists
are working on a fixed, batch based infrastructespecially at research and development. As a
result the scale up is problematic and time consgmiesulting in further deviation from
environmental and economic efficiency. Continuouscpsses could provide essential solutions to
this problem; however integrated flow technolodileat could cover from lab scale to pilot and
production scale exist only scattered today. Tlaeeonly a few examples of hydrolase-catalyzed
enantioselective processes carried out in contisiilow systems (PATEL et al. 1996, CHEN and
TSAI 2000, UJANG et al. 2003)Although the immobilized biocatalysts can be uéitizideally in
continuous-flow systems, most of the continuous-enobliocatalytic syntheses of chiral
pharmaceutical intermediates were performed oragively large scale using immobilized lipases
in a packed-bed reactor so far (PATEL et al. 199ESE et al. 2006). It was found that stainless-
steel continuous-flow packed-bed bioreactors cdwddeffectively used to study the effects of
temperature, pressure and flow rate on lipaseyaadl kinetic resolution (CSAJAGI et al. 2008,
TOMIN et al. 2010a).
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In the 2£' century mankind has to battle /be taken the fagdinst chronic diseases such as
obesity, high blood pressure and cholesterol lesaridiovascular diseases, diabetes, colon cancer
etc. Certainly it can be stated that besides geratitors and lifestyles nutrition and diet play an
important role in evolving diseases. Thus the nfiagus has to be taken rather on prevention than
on the treatments of the already existing diseases.

Nowadays, functional foods which have beneficialygiblogical effects on human body
and/or can reduce the risk of chronic diseases hawemerging role.

Food industry is also facing new challenges duepad growth of market for functional and
nutraceutical foods and consumer demand for mosdthye fats and has to turn toward the
implementation of mild processes. Application obdatalysis methods can be a proper tool to
provide solution for these challenges.

\“1. INTRODUCTION
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2. LITERATURE OVERVIEW

2.1. Biotransformations

Throughout the history of mankind, microorganisnel lrenormous social and economic
importance. Very early in the history man was ugshgm in the production of food products such
as cheese, sourdough, beer, wine and vinegar, raigei manufacture of commodities such as
leather, indigo and linen. All of these processedied on either enzymes produced by
spontaneously growing microorganisms or enzymeseptein added preparations such as calves’
rumen or papaya fruit. The Sumerians and Babyl@wagre practicing the brewing of beer before
6000 BC, references to wine making can be fountthénBook of Genesis and the Egyptians used
yeast for baking bread. However the knowledge efptoduction of chemicals such as alcohols and
organic acids through fermentation is relativelger® and the first reports in the literature only
appeared in the second half of thé"x@ntury. Lactic acid was probably the first opfticactive
compound to be produced industrially by fermentatia the course of time it was discovered that
microorganisms could modify certain compounds bypse, chemically well-defined reactions
which were further catalyzed by enzymes. Nowadiénese processes are called biotransformations.
The essential difference between fermentation aitiamsformation is that there are several
catalytic steps between the substrate and the pragdermentation while there is only one or two
in a biotransformation. The distinction is alsdhe fact that the chemical structures of the sabestr
and the product resemble one another in a biowamsttion, but not necessarily in fermentation
(LIESE et al. 2006, KIRK et al. 2002).

Over the past few decades, major advances in oderstanding of the protein structure-
function relationship have increased the rangevaflable biocatalytic applications. In particular,

new developments in protein design tools such #ena design and directed evolution have

EW

enabled scientists to rapidly tailor the propertiebiocatalysts for particular chemical processes.

Enzyme properties such as stability, activity, siély and substrate specificity can be~
routinely engineered in the laboratory. Presemthgroximately 100 different biocatalytic processeg
are implemented in pharmaceutical, chemical, afjural and food industries. The products rangcg
from research chemicals to commodity chemicalsthechumber of applications continue to grow.
very rapidly. In spite of theses successes, thé pakential of biocatalysis has not been fullyg
realized (JOHANNES et al. 2006). <
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2.2. Enzymes in general
“Enzyme” was used as the new term to denote phenameviously known as “unorganized

ferments”, which was isolated from the viable oigars in which they were formed. The word
literally means “in yeast” and is derived from fGeeek “en” (meaning “in”), and “zyme” (meaning
“yeast” or “leaven”. In living organisms most ofetlieactions are catalyzed by protein molecules
called enzymes which are the catalytic machineryivahg systems. Man has indirectly used
enzymes almost since the beginning of human histEmgymes are responsible for the biocatalytic
fermentation of sugar to ethanol by yeasts, a i@adhat forms the bases of beer and wine
manufacturing. Enzymes oxidize ethanol to acetid.athis reaction has been used in vinegar
production for thousands of years. The brief histwirenzymes and their applications can be found
in Table 1 (DRAUZ and WALDMANN 2002, CAO 2005a).

2.2.1. History
Table 1 Brief history of enzymes and their applicatioBRAUZ and WALDMANN 2002)
Date Discovery and application of enzymes References
B.C Chymosin from the stomach of young cattle, peesnd goats was used for
cheese production in many ancient cultures for@gprately 7000 years.
1783 Hydrolysis of meat by gastric juice demonstitat Spallazani
1814 Starch degradation and sugar production btechalarley observed. Kirchhoff
1833 The active principle of malt is called diastasd its application to industrialPayen and Persoz
art described.
1846 Invertase activity observed. Dubonfout
1867 The termenzymeis coined to describe catalytic activity not boundivong Kihne

cells (unorganized ferments). The name is extetated also to intracellular
catalysts (organized ferments as defined by P3steur

1893 Definition of catalyst including enzymes isegi. W. Ostwald

1894 Enzyme stereospecificity anticipated. "Lock andkegncept. E. Fischer

1894 “Taka diastase” produced commercially wipergillus oryzae by surface  Takamine
culture.

1897 The conversion of glucose to ethanol demonstrayeal dell free extract E. Buchner
from yeast.

1906 Preparative separation afleucine from the racemate carried out bwarburg
hydrolysis of the propy! ester with liver extracts.

1908 Synthesis of optically active cyanohydrins desatjbasingo-oxynirerilase Rosenberg
from almonds as catalyst.

1908 Application of pancreatic enzymes in the leathelustry for the bating of O. R6hm
hides.

1911-1913 Glucoside synthesis in the presence of high conationn of ethanol or Bourquelot,
acetone described. Bridel and Verdon

1913-1915 Application of pancreatic enzymes to clean laundmnyroduced, first R6hm Company
commercial product sold

1916 Immobilization of invertase on charcoal demonstiateith retention of Nelson and Griffin
activity.

1926 Urease from Jack beans crystallized. J. B. Summer

1936 Enzymatic ester synthesis improved using pancréigtise in the presenceE. Sym
of benzene.

1953 The first primary sequence of a protein (insulisjablished, proving the F. Sanger, H.Tuppy
chemical identity of proteins.

1960 Cultivation of Bacillus licheniformis in submerged culture started foNovo
protease production on large scale.

1980— Application of genetic engineering techniques toprave enzyme many...

production and to alter enzyme properties by pnotengineering and
evolutionary design.
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2.2.2. Catalysis

In catalytic reactions catalysts are acceleratimgrate of reaction, usually present in small
managed quantities and unaffected at the end afetiion. They are used to lower the activation
energy of a reaction compared to the correspondirggtalyzed reaction thus resulting in higher
reaction rate at the same temperature. This waysaipermits reactions or processes to take place
more effectively or under milder conditions thanulebotherwise be possible. Unlike other reagents
that participate in the chemical reaction, a catalynot consumed by the reaction itself.

Catalysis is a key technology to provide realistitutions to many environmental issues and
to promote sustainability, environment, energy ltheand quality of life. As with the application of
more selective and more accelerated reaction pgthean be worked out and formation of wastes
can be avoided.

2.2.3. Enzymes as catalysts

Chemical reactions are far too slow to be effectimeler normal living systems conditions
such as aqueous environments with neutral pH amgedmture between 20-40°C. In comparison
enzymes can achieve up to’ 1dold faster reaction rates than the catalysteld@ed by chemical
industry. As catalysts the enzymes alter the rat@hech thermodynamic equilibrium is reached,
but do not change the equilibrium. This impliest thazymes work reversibly. The acceleration in
reaction rate is achieved by lowering the activatenergy of the overall process as shown
schematically in Figure 1.

S;+S+..+E<& ES & P +P+ . +E

Substrates Transition state Products
complex

without enzyme

activation
energy without
enzyme

2NZYIme activation

energy with

enzyme

Energy

reactants
e.g. GO, + H,O

overall energy
released during
reaction

products
H.CO,

Reaction coordinate

Figure 1. General principle of enzyme catalysis

,':‘2. LITERATURE OVERVIEW



The reason why synthetic chemists have becomeesttat in biocatalysis is mainly due to the
need to synthesize enantiopure compounds as ¢thirlding blocks for drugs and agrochemicals.
Another important advantage of biocatalysts areé thay are environmentally acceptable, being
completely degraded in the environment. Furthermbe enzymes act under mild conditions,
which minimizes problems of undesired side-reacti@uch as decomposition, isomerization,
racemization and rearrangement, which often plagaditional methodology, simply separation
process, higher yield and due to mild reaction dends, energy and waste treatment costs saving.

2.2.4. Advantages and disadvantages of biocatalysis. chemical catalysis

Similar to other catalysts, biocatalysts incredmedpeed in which reaction takes part but do
not affect the thermodynamics of the reaction. Hmvgethey offer some unique characteristics over
conventional catalysts. The most important advantaigbiocatalysts is its high selectivity. This
selectivity is often chiral (stereoselectivity), Sitional (regioselectivity) and functional group
specific (chemoselectivity). Such high selectividyery desirable in chemical synthesis as it may
offer several benefits such as reduced or no ugeraiécting groups, minimized side-reactions,
easier separation and fewer environmental proble@ther advantages, like high catalytic
efficiency and mild operational conditions are algsoy attractive in commercial applications.

The characteristics of limited operating regiongystrate or product inhibition and reactions
in aqueous solutions have often been consideretieasnost serious drawbacks of biocatalysts.
However it was turn out about these drawbacks tomi@oconceptions. For example, many
commercially available enzymes show excellent Btghinder process conditions. In addition there
is an enzyme-catalyzed reaction, equivalent to siragery type of known organic reaction. Many
enzymes can accept non-natural substrates andrtdinem into desired products. Almost all of the
biocatalyst characteristics can be tailored orortily designed to meet the desired process
conditions (JOHANNES et al. 2006).

2.2.5. Enzyme structure and function

All enzymes are proteins, with the exception of tbeently discovered ribozymes. Proteins
are linear polymers defined by the amino acids eege primary structure) linked by peptide
bonds.
To generate a specific surface as part of the ecinter of an enzyme the protein chain has to be
fold. Two structural arrangements of polypeptidedmee energetically favored, thehelix andp—
pleated sheet which are further stabilized by Hesobetween the peptide backbone. Helices and
plated sheets are commonly found in proteins caeohdary structure and when these secondary
structure elements are linked by loops to buildbeain or a subunit, this level of organization is
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the tertiary structure, when more subunits are connected into homo- ardligomers is called
guaternary structure. The folded structure of a protein is stabilizgdabnetwork of non-covalent
interactions such as hydrogen-bonds, disulfide bphgidrophobic interactions, ionic bonds, salt
bridges and van der Waals interactions.

The chemical potential of side chains found in avagids is limited, there are no efficient
electron acceptors, therefore, and it requirestimhdl chemical potential by specifioetal ions
(zn**, F€*, C*, CU*). Besides metal ionsofactors or coenzymes serve to activate groups and
participate in the catalytic process. Cofactoran@iimes called prostetic groups) are covalently
bound to the protein and may undergo cyclic reasturing catalytic process but will return to the
ground state at the end. Coenzymes are bound atiagsn-dissociation equilibrium to enzymes
and have to be present in sufficient concentratboabtain maximal enzymatic activity. Some are
regenerated in the catalytic cycle while bounch®énzyme. In such instances, the enzyme without
the cofactor is called aapoenzyme, and the apoenzyme-cofactor complex is calldwlaenzyme
(DRAUZ and WALDMANN 2002).

2.2.6. Enzyme applications in the industries

Enzymes are used in a wide range of industriesy @he required only in small quantities to
synthesize kilograms of stereochemically challeggohiral materials that are used as building
blocks to produce highly active pharmaceuticalseifftversatility allows their use in many
applications, including processes to degrade nigbatgmers such as starch, cellulose and proteins,
as well as for the regioselective or enantioselecsiynthesis of asymmetric chemicals. The latest
developments within biotechnology, introducing piotengineering and directed evolution, have
further revolutionized the development of industeazymes (KIRK et al. 2002, LORENZ and
ECK 2005).

(_'3‘2. LITERATURE OVERVIEW



Table 2 Enzymes used in various industrial segments lagid application (KIRK et al. 2002)

Industry Enzyme class Application
Detergent (laundry and dish wash) Protease Pretain removal
Amylase Starch stain removal
Lipase Lipid stain removal
Cellulase Cleaning, color clarification, anti-redsjtion (cotton)
Mannanase Mannanan stain removal (reappearingstain
Starch and fuel Amylase Starch liquefaction andlsadfication
Amyliglucosidase Saccharification
Pullulanase Saccharification

Glucose isomerase

Cyclodextrin-glycosyltransferase

Glucose to fructose conversion
Cyclodextrin protion

Xylanase Viscosity reduction (fuel and starch)
Protease Protease (yeast nutrition —fuel)
Food (including diary) Protease Milk clotting, infeformulas (low allergenic), flavor
Lipase Cheese flavor
Lactase Lactose removal (milk)

Baking Amylase Bread softness and volume, flouustdpjent
Xylanase Dough conditioning
Lipase Dough stability and conditioninigy &tu emulsifier)
Phospholipase Dough stability and conditioniimgs{tu emulsifier)
Glucose oxidase Dough strengthening
Lipoxygenase Dough strengthening, bread whitening
Protease Biscuits, cookies
Transglutaminase Laminated dough strengths
Animal feed Phytase Phytate digestibility —phoplisreelease
Xylanase Digestibility
B-Glucanase Digestibility
Beverage Pectinase Depectinization, mashing
Amylase Juice treatment, low calorie beer
B-Glucanase Mashing
Acetolactate decarboxylase Maturation (beer)
Laccase Clarification (juice), flavor (beer), catlopper treatment
Textile Cellulase Denim finishing, cotton softening
Amylase Desizing
Pectate lyase Scouring
Catalase Bleach termination
Laccase Bleaching
Peroxidase Excess dye removal
Pulp and paper Lipase Pitch control, contaminantrob
Protease Biofilm removal
Amylase Starch coating, deinking, drainage improsem
Xylanase Bleach boosting
Cellulase Deinking, drainage improvement, fiber ification
Fats and oils Lipase Transesterification
Phospholipase Degumming, lysolecithin production
Organic synthesis Lipase Resolution of chiral atdeland amides
Acylase Synthesis of semisynthetic penicillin
Nitrilase Synthesis of enantiopure carboxylic acids
Leather Protease Unhearing, bating
Lipase Depickling

Personal care

Pectin methyl esterase
Pectinase
Transglutaminase

Amyloglucosidase
Glucose oxidase
Peroxidase

Firming fruit-based products
Fruit-based products
Modify visco-elastic properties

Antimicrobial (cameli with glucose oxidase)
Bleaching, antimicrobial
Antimicrobial

There is a global drive to promote white (indusg)ribiotechnology. This requires the
development of novel enzymes, processes, prodadtagplications. For any industrial application,
enzymes need to function sufficiently well accogdito several application-specific parameters.

Figure 2 illustrates the ideal biocatalyst conc&gich enzyme candidate is ranked, from low (rating
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to 1) to high (rating of 6) using a specific setcoteria, to produce a multi-parameter fingerprint
Criteria include enzyme activity, efficiency, sdesty and stability (LORENZ and ECK 2005).

From economical and technological point of viewsta@nzymes are preferred which do not
require cofactor for their operation (hydrolasgsmsks and most of the isomerases) otherwise
cofactor requirement can cause regeneration prabéerd extra expenses.

Activity Stability
Tumover frequency (Keat) Temperature stability

pH stabllity

Specific activity (kat/kg, W/mag)

Temperature profle IngredientAyproduct stabillity

pH profie Sclvent stability

Efficiency
Space-time yield

specificity
Substrate randgs

Product inhibition Substrate specificity (Kip, KeaKm)

Byproduct/ingredient inhibition Substrate regioselectivity and

enantiosslectivity
Producibility/exprassion yield Substrate conversion (%), yield

Figure 2. Multi-parameter footprint analysigdt, catalytic reaction ratéds.,, catalytic constant(,, Michaelis-
Menten constant; U, Unit.) (LORENZ and ECK 2005)

2.2.7. Selectivity
The key word for organic synthesis is selectiwtiich is necessary to obtain a high yield of
a specific product. There are a large range ot#eéeorganic reactions available for most syntheti
needs. However, there is still one area where argamemists are struggling, and that is when
chirality is involved, although considerable praggén chiral synthesis has been achieved in recent
years. The selectivity of enzymes nowadays beconaingowerful asset of enzyme mediated
asymmetric synthesis, because of the increasind okthe pharmaceutical industry for optically
pure intermediates.
Enzymes display four major types of selectivities:
In general the selectivity of enzymes includelisstrate selectivity (the ability to distinguish and act
on a subset of compounds within a larger groupghehacally related compoundsiereosel ectivity,
(the ability to act on a single enantiomer or diesbmer exclusivelyyegiosaectivity (the ability to
act exclusively on one location in a molecule),ctional group selectivity (the ability to act oneon

functional group selectively in the presence of other equally reactive or mestive functional

groups).

LITERATURE OVERVIEW
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Here two additional important selectivity relateermhs have to be introduced for the
characterization of enzyme catalyzed enantiosekecéactions, one of themesantiomeric excess
(ee) and the other isnantiomer selectivity (E) (GUO and SIH 1989).

Enantiomer excess

The enantiomeric excess (ee) is the difference dmtvthe numbers of both enantiomers per

sum of the enantiomers:
— M * .

ed%)] = MIM* x100 (Equation 1)
where M is the molar fraction of main enantiomévi* is the molar fraction of contaminant
enantiomer.
The enantiomeric excess describes the enantiorparity of an optically active molecule. It is
essential to choose biotransformation processedeiha to products with high enantiomeric excess.
This is because the pharmacological activitieshaf ¢nantiomers might not be identical. Each
enantiomer could even have a completely differdmarmacological activity profile, including
serious side effects in certain case. The enant®mien have different organoleptic properties
such as taste, flavor or odor. Many pharmaceuteadsagrochemicals, which were previously sold
as racemates, are now sold as single enantiomeéugso(“racemic switches”). The US FDA (Food
and Drug Administration) makes it mandatory forglazompanies to carry out clinical trials of the
individual enantiomers before selection of the ectrrenantiomer as the active pharmaceutical
ingredient. The use of enantiomerically pure drimgstead of racemates avoids the intake of
inactive or even toxic compounds. Similarly, thispkes to the use of enantiomerically pure

agrochemicals (LIESE et al. 2006).

Enantiomer selectivity

Hydrolases reacting with a racemic substrate ndyndédplay a preference for reacting faster
with one enantiomer of the substrate e.g. tReefiantiomer than with theSf-one. The initial
relative rate of reaction for the enantiomers oh@mic substrate is called enantiomeric ratider t
E-value and is defined as the ratio between theifsggy constants for the two competing
enantiomers. When the enantiomeric excess of oretludér the substrate or the produsts and
eep, respectively, and the conversion are known, thalbe of the reaction can be calculated from
Equation 2 for reversible reactions and Equatic6ddr irreversible ones.

The efficiency of distinguishing the two competiagantiomers can be characterizedbBby
value, which in case of reverse reactions can loelleéed as follows (CHEN et al. 1982):

_In[l- @+ K)c@+es,)] _ Infl- @+ K)(c +eafi-c})]
Inf1-@+K)e@-es,)]  Inl- @+ K)(c-eef1-c})]

(Equation 2)
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In this equatioreepr referring to the product while geefers to the initial enantiomer excess. K is the
equilibrium constant, while conversiog) can be defined as follows:
-_ %

ee, tee,
The formula or equation can be extensively simgiifin case of irreversible reactions. There

c (Equation 3)

are three ways/options to calculate enantiomecteity (E) from the conversion (c) and the values

of enantiomeric excess of product and the fractarsibstrates respectivelget, ees)

from candee> values (CHEN et al. 1982):

_In[1-c@l+eg)]
“* " n[l-c(l-ee,)]

(Equation 4

from candeeg; values (CHEN et al. 1982):

_Infl-cl-ee)]

= (Equation 5
®S In[l-c@+ee)]

from eg; andee values (RAKELS et al. 1993):

_ In[(1-ee)/L+ee, fee)] (Equation 6
T In[(l+eq)/(L+ee feg)]

Normally E-value is independent of conversion hogvredepends on the enzyme used and its
preparation, the substrate, the solvent, the i@attmperature and other reaction conditions.
Graphs of the course of typical reactions are shawirigure 3 A and B for reversible and

irreversible reactions, respectively.
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Figure 3. Reversible (A) and irreversible (B) reaction (CARRG., 2008) o
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At low conversions (roughly below 40% conversiohg fproduct curves for a given E-value are.
virtually identical for both the reversible andeiversible cases. For obtaining both the product arﬂ
the remaining substrate in high enantiomeric ex@esme reaction step, the E-value needs to be

N
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high, usually around over 100. In case of irre\mesreaction it is possible to obtain the remaining
substrate in very high enantiomeric excess evemwhe reaction has a rather low E-value. The
product cannot be obtained in a higleerthan that which is determined by the E-value. Taus
E=100 and at the start of the reaction, the firedpct formed has a maximuee of 98% andee
then decreases with increasing conversion. Indasé the remaining substrate can be obtained in
100% ee after approximately 55% conversion. While in casaeversible reactions neither the
product nor the remaining substrate can be obtamadvery highee. Thus the reversibility lowers
the ee-value of remaining substrate at high conversi@@idEN et al. 1982, RAKELS et al 1993,
CARREA and RIVA 2008).

2.2.8. Enzyme nomenclature

With the great progress achieved in the area aff@mistry in the 1950s’ a large number of
enzymes could be isolated and characterized. Bytithie it was necessary to regulate the enzyme
nomenclature. Thus International Union of Biochdmgisand Molecular Biology (IUBMB) in
consultation with International Union for Pure afpplied Chemistry (IUPAC) set up an Enzyme
Commission (EC) to be in charge of guiding the magvand establishing a systematic classification
for enzymes (LIESE et al. 2006). According to tlypet of reaction catalyzed, the Enzyme
Commission has classified the enzymes into 6 masses:

1. Oxidoreductases (E.C.1...) catalyze oxidation/reductreactions, transferring hydrogen,
oxygen and/or electrons between molecules. Inithgortant class belong dehydrogenases,
oxidases, oxygenases and peroxidases.

2. Transferases (E.C.2...) catalyze the transfer ofgg@i atoms (amino-, acetyl-, phosphoryl-,
glycosyl-etc.) from a donor to a suitable acceptor.

3. Hydrolases (E.C.3...) catalyze the hydrolytic cleavagf bonds. Many commercially
important enzymes belong to this class, e.g. psetgaamylases, acylases, lipases and
esterases.

4. Lyases (E.C.4...) catalyze the non-hydrolytic cleavafifor example C=C, C=0, C=N bonds
by elimination reactions leaving double bonds @eree adding groups to a double bond.

5. Isomerases (E.C.5...) catalyze isomerization andsteanreaction within one molecule. The
most prominent member of this group is glucose @m@se or e.gZ-E and cistrans
isomerization.

6. Ligases (E.C.6...) catalyze the covalent joiningvad imolecules coupled with the hydrolysis
of an energy rich bond in ATP or similar triphosfgsa Ligases find limited applications only
for synthetic purposes.

The main classes are further subdivided into ssselmand subgroups.
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With the rapid technical developments in gene discg optimization, and characterization,

enzymes have been increasingly used as biocatalysiy a limited number of all the known
enzymes are commercially available and even smaih@unt is used in large quantities.

Oxidoreductases

Transferases

Hydrolase

Figure 4. The relative use of enzyme classes in industryBER 2004)

As shown in Figure 4, more than 75% of industriazyenes are hydrolases. Protein-degrading
enzymes constitute about 40% of all enzyme salegteiRases have found new applications but

their use in detergents is the major market. Lipasee one of the most important groups of

biocatalysts for biotechnological applications. &hson forecasts the global enzyme demand
(carbohydrases, proteases, polymerases and nuglépases at present account for less than 5% of
the market) are expected to rise 6.3 % annuallgutiin 2013, driven by strong demand in the

special enzymes segment and good growth in anieesl &nd ethanol markets. It was nearly $5.1
billion in 2009 (wwv.freedoniagroup.conVWorld-enzymes.html).

As this work focuses on lipases which are hydralaswis in the following paragraphs the=

characteristics of this enzyme group will be diseasin details. "';J
o

Ll

2.3. Hydrolases >
@)

Hydrolases catalyze the addition of water to a satess by means of a nucleophilicl_IJ

substitution reaction. Hydrolases are the most contynused biocatalysts in organic synthesis%f
They have been used to produce intermediates mnpdceuticals and pesticides. For modificatiorj(-
of fats and oils, cocoa butter equivalent synthdsisbiofuel and for flavor enhancement. Amongxm
hydrolases there is particular interest towardsdases, proteases, esterases and lipases. These

enzymes catalyze the hydrolysis and formation téreznd amide bonds. Lipases can hydrolyzEf
N
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triglycerides into fatty acids and glycerol. Thegvk been used extensively to produce optically
active alcohols, acids, esters and lactones bytikinmesolution. The natural function of most
hydrolases in vivo is to hydrolyze natural compaurid.g., acid derivatives to free acids). In
organic solvents it is possible to run such reastim the reverse direction, allowing for synthesis
of esters and amides. In most applications, bicklli active compounds are needed in
enatiomerically pure forms for use as drugs or @gemicals. Therefore the ability to prepare
enantiomerically pure compound has become a ke issorganic chemistry. Being proteins built
from naturally occurring chiral, enantiopure amamds, hydrolases are also enantiomerically pure,
chiral polymers. Thus when reacting with a chiraemic substrate, they will react faster with one
enantiomer of the substrate than the other. Thasiterselectivity is the basis of the widespread use
of hydrolytic enzymes and so lipases.

2.3.1. Lipases
Sources of lipases

Lipases [triacylglycerol acylhydrolases (EC 3.1)[L&e ubiquitous in nature and produced
by various plants, animals and microorganisms. ¢égaof microbial origin, mainly bacterial and
fungal, represent the most widely used class ofyraez in biotechnological applications and
organic chemistry (GUPTA et al. 2004).

Microbial enzymes are more useful than enzymeweéerirom plants and animals because of
the great variety of catalytic activities availabldhe high possible yields, ease of genetic
manipulation, regular supply due to absence of sedsfluctuations and rapid growth of
microorganisms on inexpensive media. Microbial eney are also more stable and safer than their
corresponding plant and animal enzymes and thedyation is more convenient. Microbial lipases
have already established their vast potential dkggrtheir usage in numerous applications
(WHITAKER et al. 2003, HASAN et al. 2006).

2.3.1.1. Structure

Lipases are serine hydrolases, which act at tie-\Wwater interface. Lipases possess an active
site consisting of the catalytic triad compose®def-Asp/Glu-His that contains of the amino acids
serine, aspartic or glutamic acid and histidinépakes usually contain a consensus sequence too, a
highly conserved pentapeptide (Gly-X-Ser-X-Gly)rfong a characteristif - turn-a motif named
the “nucleophilic elbow” is found around the actsite serine. The three dimensional structures of
lipases reveal the characterigtifS—hydrolase fold.

The active site of lipases has a substrate-binpoulet and a hydrophobic tunnel, which may

be responsible for the different substrate spetifiand catalytic properties of this group of
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enzymes. Also, these comparisons reveal two distiagions in the hydrophobic tunnel: a
phenylalanyl-rich region and an aliphatic-rich mgi Whereas this last region is somewhat
identical, the phenylalanyl content is specific éaich lipase, resulting in a different environmaint
the catalytic triad residues, which probably fineds their lipase/esterase character (MANCHENO
et al. 2003).

Lipases are characterized by the phenomenon aaliedacial activation. A unique feature of

all lipases is that the catalytic triad is buriedlar a “lid” (a helical oligopeptide) of a surfaoce®p
that must undergo a conformational change to opehaanel for the active site for access of
substrate such as a lipid droplet. The entrantiket@ctive site is covered by this lid when disedlv
in water. However, when in contact with an inteefhetween water and apolar phase, the lid opens,
allowing substrates to enter the active site. Tiiterfacial activation of a lipase is caused by a
change of its conformation at the interface of twomiscible phases (WONG 1995, VERGER
1997, TURNER et al. 2001, DIKS 2003, LOTTI and ALBGHINA 2007).
The closed form, where the active site is isoldtedh the reaction medium by the lid, may be
considered as inactive for many lipases. When énréfactive open-form the lid is displaced due to
the interfacial activation, the active site is yulixposed to the reaction medium (VILLENEUVE et
al. 2000, MATEO et al. 2007).

2.3.1.2. Mechanism
The mechanism involved in the action of lipasesh®en recognized to be very similar to the
hydrolytic action of the serine proteases in maagpects. Substrate hydrolysis starts with a
nucleophilic attack on the carbonyl carbon atonthef ester bond, leading to the formation of the
first tetrahedral intermediate stabilized by hydnegbonding to nitrogen atoms of main-chain
residues that belong to the so-called “oxyanionehoHydrogen bonds between the negatively
charged oxygen (oxyanion) of the tetrahedral inestimte and N-H peptide groups stabilize the
negative charge on the oxyanion. This atomic amdtelnic environment has been called thes
oxyanionic hole. It stabilizes the tetrahedral cinee and thus lowers energy required to activatg
the reaction. During the overall acido-basic catialythe carboxylic ester bond is broken and th%
alcohol group is released, taking with it one pnofoom the imidazolium ion of the histidine(>)
residue. The acyl chain of the ester bond remavslently bound to the enzyme in the form of |
acyl-enzyme intermediate. This intermediate isuim tattacked by a water molecule, resulting in %
second tetrahedral intermediate. The latter dignates, releasing the removed acyl group and tht<rLs
the lipase is regenerated back into its initiatest@rigure 5) (MALCATA 1996, (JAEGER and E
REETZ 1998, GUPTA et al. 2004, THONGEKKAEW and BOONIRD 2007).

,'3‘2. LIT
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Figure 5. Operational mechanism of lipases, tetrahedratimdiate formation of lipases (WARSHEL et al.
1986 and 1989).

This mechanism is also known Bgg Pong Bi Bi mechanism (PAIVA 2000, REETZ 2002, DIKS
2003, LESKOVAC 2004).
It is a kinetic mechanism (Ping Pong Bi Bi) of lgeacatalyzed reactions involving multiple
substrates.
A bisubstrate mechanism, in which the first prodii®tis released before the second substrate (B)
is bound, is called Ping Pong. Irrespective of tiyge of reaction catalyzes (i.e. hydrolysis,
esterification, or interesterification), the mosngral, accurate, and accepted description of the
catalytic action of lipases is a Ping Pong Bi Bicimnism constituted by two major steps: (1)
nucleophilic attack on the substrate ester bonthbyoxygen atom of the hydroxyl group of Ser at
the active site after opening the lid (thus reagltin formation of an acylated enzyme complex and
release of the alcohol moiety of the original stdist and (2) hydrolysis of the acylated enzyme
complex (thus resulting in formation of the prodant regeneration of the enzyme).

A special multisubstrate reaction in which, for wotsubstrate, two-product (i.e., bi-bi)
system, an enzyme reacts with one substrate to foproduct and a modified enzyme, the latter
then reacting with a second substrate to form argkdinal product, and regenerating the original

enzyme.

Factors influencing lipase activity
Lipid hydrolysis depends on different parametershsas pH, temperature, water content, and

the phase boundary area. The pH optimum of mogheflipases lie between pH 7.5 and 9.



Application of lipolytic enzymes of microbial origin as biocatalysts

Different microbial lipases are active between pbl &d 8.5. Salts in different concentrations can

also influence lipase activity.

2.3.1.3. “Lock and key” and induced fit model
"Lock and key" model

Enzymes are very specific, and it was suggestedEinyl Fischer in 1894 that this was
because both the enzyme and the substrate pogse#icscomplementary geometric shapes that fit
exactly into one another. This is often referreésd'the lock and key" model. However, while this
model explains enzyme specificity, it fails to eapl the stabilization of the transition state that
enzymes achieve. The "lock and key" model has pravaccurate and the induced fit model is the
most currently accepted enzyme-substrate-coenzigueef

Induced fit model

Products

[N
5 0

Substrate Enzyme changes shape slightly
as substrate binds
{ Active site

4

= = =

Substrate entering Enzyme/substrate Enzyme/products Products leaving
active site of enzyme complex complex active site of enzyme

Figure 6. Induced fit hypothesis of enzyme action
(www.websters-online-dictionary.org)

In 1958 Daniel Koshland suggested a modificationtte lock and key model: since
enzymes are rather flexible structures, the adliteeis continually reshaped by interactions wité t
substrate as the substrate interacts with the emzp a result, the substrate does not simply bind
to a rigid active site; the amino acid side chautsch make up the active site are molded into thg
precise positions that enable the enzyme to perftgroatalytic function. In some cases, such as
glycosidases, the substrate molecule also chaingés ghape slightly as it enters the active sitg
(VASELLA et al. 2002). The active site continuesct@ange until the substrate is completely bounct>>
at which point the final shape and charge is datexth

2.3.1.4. Typical reactions and applications

ERATURE

Lipases are hydrolases, which act under aqueouditms on the carboxyl ester bonds|_

present in triacylglycerols to liberate fatty acatsd glycerol. The natural substrates of lipases ar

long chain triacylglycerols, which have very lowgality in water and the reaction is catalyzed at.,
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the lipid-water interface. They are widely usedvassatile biocatalysts in industrial biotechnology
and modern organic chemistry. Under micro-aqueauslitions, lipases possess the unique ability
to carry out the reverse reaction, leading to g&tation, alcoholysis and acidolysis. Lipases have
very diverse substrate range, although they arehhhigpecific as chemo-, regio- and
enantioselective catalysts and catalyze wide rafigenantio- and regioselective reactions such as
hydrolysis, esterifications, transesterificatioasd aminolysis (VAIDYA et al. 2008, LILJEBLAD

et al. 2010).

The catalytic potential of lipases can be furthehaced and made selective by the novel
phenomena of molecular imprinting and solvent eegiimg and by molecular approaches like
protein engineering and directed evolution (GUPTAIe2004).

Synthetic application of novel biocatalytic methoss a continuously growing area of
chemistry, microbiology and genetic engineeringe do the fact that biocatalysts are selective,
easy-to-handle and environmentally friendly (POP&iE NOVAK 1992, REHM et al. 1998,
FABER 2004).

The broad substrate tolerance and unique catgbgrformance of lipases have attracted
growing interest throughout the world. As a conseme of their versatility in various applications,
lipases regarded as enzymes of high commerciahpateespecially those that are obtained from
microbial sources. Lipases catalyze the hydrolgdisriglycerides at the oil/water interface, but
their ability to form ester bound under reverse rbldic conditions enables them to catalyze
various other types of reactions such as estetificatransesterification. Furthermore, lipases are
enantioselective catalysts and can be used foreg@ution of chiral compounds and the synthesis
of a wide range of natural products, high-valuerptaeutical intermediates, fine chemicals, food
ingredients and bio-lubricants (REETZ 2002, DIK®20LOTTI and ALBERGHINA 2007, HE et
al. 2010).

2.4. Functional foods

Fats and oils play an important role in our dietcsi thousands of years. They not only
provides a concentrated source of energy for thdy It from physiological point of view also
certain components of fats are essential partsiobody cells and are needed to make hormones.
Fat also helps to insulate our body and small atsoaround the major organs have a protective
effect. Several vitamins (vitamins A, D, E and K& also fat-soluble and tend to be found in foods
with a high fat content. Furthermore it containsesdial fatty acids, carotenoids, plant sterols,
phospholipids and natural antioxidants as well.

By the 2% century the (structure of) nutrition has changiepghiicantly. At the end of 20
century obesity associated with lifestyle-relategedses gathered ground and became a serious
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problem as main risk factors for other diseaseg. (@igh blood pressure and cholesterol level,
cardiovascular disease, diabetes, colon cancer @tie relation among dietary intakes of fatty
acids, blood cholesterol levels and risk for cardgrular disease remains an important health issue.

According to the recommendations of nutritionistel adietetics no more than a third of
calories can come from fats which should be equadiNyded between fats derived from animal
source and oils derived from plants. Nowadays thesemption of saturated fats is high while
based on latest studies the ratio of SFA: MUFA: RWhould be 30:40:30 ideally for the human
body and the optimal ratio of3: w6 fatty acids should be 1:2 or 1:5 has been shitiecrds 1:10-
1:20. Thus the type of fat consumed is becomingenaod more important than the amount of fat in
our diet.

Consumers are becoming increasingly aware of impod of a healthier diet that includes
beneficial fats as functional foods which contaioagtive components that reduce the risk of
disease and/or promote good health. This led tbd fiodustry to be proactive in reformulation of
their product toward healthier diet including beadet fats which is very challenging. It appears
that the rapid growth of market for functional amatraceutical foods and consumer demand for
healthier fats prompts industry to invest moneyha use of lipases as “green” catalysts for the

production of special lipids.

2.4.1. Structured and specific structured lipids

Structured lipids (SLs) refers to oils and fatstedmng polyunsaturated fatty acids (PUFA)
(long chain, mainly essential fatty acids;zCand medium (&Cy,) or short chain (€C,) fatty
acids located randomly on the glycerol backbonsplkecific structured lipids (SSLs), the different
fatty acids are located uniformly at either #he2 orsn-1,3 positions of the glycerol. SLs and SSLs
can be produced either by chemical or enzymaticification of triacylglycerols and may have
improved nutritional or functional properties.

There are several excellent reviews on enzymatidification of oils and fats focusing on the =
production of SLs, SSLs or “value-added” triacylggyols (XU 2000a, OSBORN and AKOH 2002,"LJ
HAYES 2004, IWASAKI and YAMANE 2004, TRIVEDI and SIGH 2005, JACOBSEN et al.
2006, REIS et al. 2009).

Enzymatic interesterification or transesterificatiprocesses have many advantages. These b%h

VERYV

terms may refer ta) exchange between acyl moieties of two distineictriglycerolsb) exchange
of acyl moieties of triacylglycerols with free fattacids (acidolysis) orc) reaction of
triacylglycerols with an alcohol (alcoholysis orygérolysis) (CAMP et al. 1998, XU 2000b,
HAYES 2004, AKOH and LAI 2005, OSORIO et al. 2008).
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The enzymatic methods afford milder processing ttmms and the possibility of regiospecificity
and fatty acid specificity (YANKAH and AKOH 2000,KfOH and LAI 2005). Moreover, it does
not alter the fatty acid composition or the unsation level of the starting mixture, (CAMP et al.
1998, YANKAH and AKOH 2000) and thus eliminates dmalth concerns associated witans-
fatty acids.

Triacylglycerols rich in medium-chain acyl groupsve many applications, including clinical
treatments for patients with lipid absorption ogefition disorders and high energy nutraceuticals
for athletes (HAYES 2004, MU and PORSGAARD 2005edim-chain acyl groups are readily
and rapidly metabolizeda portal vein and generally not stored in adipossug or cells.

The nutritional value and physicochemical propsrté triacylglycerols are determined not
only by their fatty acid composition, but also dretpositional distribution of the acyl groups
bonded to glycerol (SOUMANOU et al. 1998). Sinceugps at thesn-2 position are more strongly
absorbedn vivo than those at than-1 or 3 positions, the SSLs that include an esakfaity acid in
the sn-2 position are valuable nutrition sources for pasewith pancreatic deficiencies (OSBORN
and AKOH 2002, ST-ONGE et al. 2003, BOURQUET et28l03, JACOBSEN et al. 2006). The
MLM-type structured triglyceride which contains nmad-chain fatty acids (M) irsn-1 andsn-3
positions and long unsaturated fatty acids (L)hHa $n-2 position can provide rapid delivery of
energyvia oxidation of the more hydrophilic medium-chaintyaacids, while at the same time
providing an adequate supply of essential fattydsadrom the remainingn-2 monoglyceride,
(SOUMANOU et al. 1998, IWASAKI and YAMANE 2004).

2.4.2. Sterols and sterolesters

Phytosterols (PSs, plant sterols) are typicallyamtgd from natural sources; most frequently
from the processing of plant oils (CEREOL NOVENYOULRARI RT. 2003). The chemical
structure of PSs and cholesterol are similar. TR$s may displace cholesterol by competing with
receptor and/or carrier sites in the cholestersgition process (MOREAU et al. 2002, AKOH
and LAI 2005, VILLENEUVE et al. 2005, BUNGE OILS @ 2005). PSs may help to decrease
the cholesterol level in blood, serve as feed stdok hormone drugs, increase the response time
and effectiveness of white blood cells against earand enhance the overall dietary efficacy.
Therefore, the use of PSs is suggested in oil-besegbositions (MOREAU et al. 2002, ST-ONGE
et al. 2003, SEKI et al. 2003, BUNGE OILS INC. 20BRESHMA et al. 2008 and KIM et al.
2008). The oil-soluble and fatty acid esters oftphierols (PSEs) possess the same capabilities as
PSs. Due to their good solubility in oils and th@iRAS (Generally Recognized as Safe), status for
use in margarines, (MOREAU et al. 2002) PSEs amemgdly preferred in the food industry,
(MOREAU et al. 2002 and RODRIGUES et al. 2007).
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2.4.3. Combination of specific structured lipids ad phytosterol esters

In recent decades, several inventions and studies been related to SLs and PSEs but just a
few have been dealing with SLs and PSEs togeth€dRMAU et al. 2002, KIM et al. 2008,
HELLNER et al. 2010). SLs combined with PSEs indbecalled healthy oil compositions have the
advantages of both components in a variety of eafdins for promoting health and nutrition
enhancement (MOREAU et al. 2002). The final prosuastere obtained by chemical
interesterification of an edible oil (soybean ailoorn germ oil, cottonseed oil, canola oil, safféw
oil, sunflower oil, peanut oil or olive oil) with enedium-chain triglyceride (MCT) resulting in
random SLs which were then physically mixed witHEEBSThe blends of functional oil with PSEs
were claimed as beneficial compositions for eddile having good clarity, physical properties and
cardio-protective effects (MOREAU et al. 2002).

The components of the SLs/SSLs — PSEs compositiansbe manufactured by enzymatic
methods using sterol esterase (EC 3.1.1.13) aaddigEC 3.1.1.3) activities. Both activities may
be present in commercial lipase preparations sadipase from porcine pancreas (PPL, Amano),
Pseudomonas sp. (Lipase PS, Amano{;hromobacterium viscosum (Lipase LP) andCandida
rugosa (Lipase AY, Amano) (KONTKANEN et al. 2004). On tlo¢her hand, lipase preparations
from Aspergillus sp. (Lipase A, Resinase A) exhibited no sterctraste activity (MILLER et al.
2004). A present study on solid-state fermenta(l®8F) of Aspergillus speciesdemonstrated the
significant sterol esterase activities of SSF potsl(TOKE et al. 2007).

2.4.4. Structured lipids on the market - Functionalapplications of structured lipids
A functional lipid (as it was discussed above) imilar to a conventional fat or oil that is
consumed as a part of a normal diet, but is dermatesit to have physiologic benefits, i.e. beyond
serving a nutritional function, it may reduce thgkrof chronic disease. The functionality of the
lipids in food products varies from one produciatwther. The variation in functionality demands=
specific types of lipid for particular applicatiofiBable 3).

'3‘2. LITERATURE OVERVIE



Table 3. Commercial structured lipids

Product name or type  Supplier(s) Composition Application
Plastic fats (with zero  Unilever, Bunge interesterified margarine, modified
trans-FA) SCFA,MCFA and butter, shortenings
LCFA
Appetizer shortening blend of fat 85-95%  shortening
and oil 5-15%
Good —Fry oll Good-Fry International high-oleic corn or frying (snacks, crisps)
N.V. sunflower
Bohenin Stephan Co. glycerol 1,3-dibehenatprevent and slow down
2-oleate boom and stickiness of
Cis:1, Co2o0, chocolates
Caprenin Procter&Gamble Co’'s  g§ Cio:0,Cooc cocoa butter substitute
Salatrim (Benefat) Danisco Cultor Food Cy., Ca:0 Cis-20:0 baked goods,
Inc. filling fats
ARASCO Martek Bioscience ~40% arachidonic acid  infant formulas
Corporation
DHASCO Martek Bioscience single cell oil infant formulas
Corporation ~40% DHA
Enova Oil ADM and Kao special blend of cooking, frying, salad
Corporation soybean and canola oilsdressing, baking
with ~80% DAG
Lorenzo’s Oil Lorenzo’s parents Cr1, Crg, genetic disorder
(Michaela and Augusto MCT and PUFA(®3) X-linked
Odone) adrenoleukodystrophy
Betapol Loders Croklaan 186, Cie:0 Cis1 human milk fat replacer
Captex ABITEC @0 Ci0:0,Cis2 cosmetics, clinical
C12:0Cig1 Cigs foods, beverages
Impact Novartis Nutrition High G.o medical
High Cyg:»
Neobee Stephan Co. 8:6> Ci0:0,06, ©3 nutritional/medical
beverages, snack bars
Olestra Procter&Gamble Co’s sucrose polyester,  savory snack
0 calorie

2.5. Enzyme immobilization

Nature has designed enzymes to catalyze reactimer physiological conditions, at ambient
temperature and pressure at neutral pH. In conpagiarative chemical syntheses require high
concentrations of reactants, organic solvents, teégiperature, and pH to shift reaction equilibrium.
Thus practical application of enzymes as catalysts organic synthesis is limited. Enzyme
immobilization is a good tool to bridge the aboventioned problem and an effective strategy to
develop robust biocatalysts for industrial applimas.

Preparing effective, suitable biocatalysts is vergortant as the catalytic activity, selectivity,
specificity and enzyme stability are the key fastaffecting biocatalytic efficiency (DRAUZ and
WALDMANN 2002, BORNSCHEUER 2003). Thus engineeribgcatalysts from enzymes as
biological entities to industrial reactors is vetyallenging. There are several techniques available
to modify or improve enzyme preparations with ddde physical and catalytic properties.
Microbiology, chemistry, genetic engineering, pnetengineering, are those sciences developed a
lot in recent years while the main focus has beeulicected evolution (REETZ 2002, DRAUZ K
2002, DIKS 2003). Apart from new trends the oldeshioned techniques such as immobilization
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(within physical, chemical modification area) wasproved a lot as well in creating properly
designed robust biocatalysts. For industrial apgibnis, immobilization of biomolecules or
microorganisms became a key issue in developmebtodéchnology. The primary advantage of
immobilization is to increase the stability of ttezyme, as well as convenience in separation and
recovery, and reuse of the enzyme from the prochixtiure (RODGERS et al. 2006, MATEO et al.
2007, NOUREDDINI and GAO 2007, LEE et al. 2010)ushimmobilization of enzymes has been
an active research topic in enzyme technology taece their activity, thermal and operational
stability, and reusability (CAO 2005b, SHELDON 2007

The aim of this section is to describe in genezaiht the classes of enzyme immobilization

with the main focus on the sol-gel entrapment atags an important role in this thesis.

2.5.1. Methods of immobilization

The roots of enzyme immobilization can be tracedkb@ 1916 when Nelson and Griffin
carried out the bioimmobilization of invertase ortbarcoal and it was shown that invertase
remained catalytically active.

The basic methods of enzyme immobilization candiegorized into a few different, broadly
defined groups e.g. covalent bonding, adsorptiomsszlinking, entrapment and encapsulation (a-d

on Figure 7).

a) Immobilization on solid support b) Cross-linking

Ty whw, o

covalently bound physical adsorption

c) Entrapment d) Encapsulation

Figure 7. The basic categories of enzyme immobilizatiommégues (SEVELLA 2009)
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Covalent enzyme immobilization:

Since 1950s’ covalent enzyme immobilization hasurkhed and it is still an important
method of enzyme immobilization, because covalemds usually provide the strongest linkages
between enzyme and carrier.

Covalent bond is formed between the chemical grafpsnzyme and chemical groups on
surface of carrier. Covalent bonding is thus wiizinder a broad range of pH, ionic strength and
other variable conditions. Immobilization steps atachment of coupling agent followed by an
activation process, or attachment of a functiomalig and finally attachment of the enzyme.

Adsor ption based immobilization:

An enzyme may be immobilized by bonding with lowesgy bonds (e.g. ionic interactions,
hydrogen bonds, van der Waals forces, etc) to regleernal or internal surface of a carrier or
support. Due to immobilization of enzymes on exaesurface, no pore diffusion limitations are

encountered. These particles may have diametemngfgm 500 A to about 1 mm.

Cross-linking

Cross-linking is characterized by covalent bondbejween the various molecules of an
enzyme via a polyfunctional reagent such as glldahyde, diazonium salt, hexamethylene
disocyanate, and N-N' ethylene bismaleimide. Thé f& using polyfunctional reagents is that they
can denature the enzyme. This technique is chedgiarple but not often used with pure proteins
because it produces very little of immobilized emeythat has very high intrinsic activity. It is

widely used in commercial preparation.

Enzyme entrapment

Enzyme entrapment technique is one of the simphethods for immobilization of enzymes
and also for whole cells. Entrapment means thagreezanolecules or preparations are confined in a
matrix formed by dispersing the catalytic compon@nsoluble/insoluble enzyme preparation) in a
fluid medium (polymer solution), followed by fornmam of an insoluble matrix with confined
enzymes by chemical or physical methods. So entwapmefers to the processes by which the
enzymes are embedded in a matrix formed by cherarcphysical means such as cross-linking or

gelation. Matrix is generally formed during the imioilization process.

Enzyme encapsulation

Encapsulation means enclosing of a droplet of emzysolution in a semipermeable
membrane capsule. Encapsulation is the formatioa membrane-like physical barrier around an
enzyme preparation. The method of encapsulatiahesp and simple but its effectiveness largely
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depends on the stability of enzyme although thalygstt is very effectively retained within the

capsule. This technique is restricted to medicainees only.

A lot of variations based on the combinations obwb mentioned methods, have been
developed. The rational combinations of the avéslabethods definitely facilitate the design of
robust immobilized enzymes that can suit for vagiapplications (CAO 2005a).

The possible advantages of immobilized enzyme pa®mpared to the use of soluble
enzyme are greater productivity per unit of enzymrecise control of the reaction, continuous
operation and automation of the process is posgbdeluct does not contain the biocatalyst and the
possibility to produce a unique product. Use of imitized form of enzyme eliminated the need
for downstream enzyme inactivation step that cduddharmful for the product. (DIKS 2003,
DRAUZ and WALDMANN 2002, HE et al. 2010).

There are some practical limitations of the usagenonobilized enzymes as well such as carrier
cost, sometimes reduced activity of biocatalysigimaited from steric hindrance and mass transfer

limitations.

2.5.2. Kinetic behavior of immobilized enzyme sysies
The catalytic behavior of enzymes in immobilizedniomay dramatically differ from the

soluble enzymes. Mass transport effects (the tanhgh a substrate to the catalyst and diffusion of
reaction products away from the catalyst matrixy mesult in the reduction of the overall activity.
Mass transport effects are usually divided into webegories external and internal effects. The
external ones stem from the fact that substratet lmeigransported from the bulk solution to the
surface of the immobilized enzyme. Internal limaas occur when a substrate penetrate inside the
immobilized enzyme patrticle (Figure 8).
The effects of immobilization on the kinetic bel@avof an enzyme can be classified as follows:

(1) Conformational and steric effects: the enzynag tme conformationally different when fixed =
on a support; alternatively it may be attachechodolid carrier in a way that would render certain";f
parts of the enzyme molecule less accessible tstsub. These effects are the least welk

L

understood. >
@
(2) Partitioning effects: the equilibrium substratencentrations within the support may bq_u

different from those in the bulk solution. Sucheett, related to the chemical nature of the suppo%t
material, may arise from electrostatic or hydropbahteractions between the matrix and Iow-':E
molecular-weight species present in the mediunditgato a modified microenvironment, (i.e.i

different concentrations of substrate, product,rbgdn and hydroxyl ions) in the domain of the—
immobilized enzyme particle. _I
AN
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(3) Microenvironmental effects on the intrinsicalgitic parameters of the enzyme: such effects
due to the perturbation of the catalytic pathwaytted enzymatic reaction would reflect events
arising from the fact that enzyme-substrate int&was occur in a different microenvironment when
an enzyme is immobilized on a solid support.

(4) Diffusion or mass-transfer effects: such easbuld arise from diffusion resistances to the
translocation of substrate, product, or effectront the site of the enzymatic reaction and would be
particularly pronounced in the case of fast enzynetactions and configurations, where the
particle size or membrane thickness is relativatgeé. An immobilized enzyme functioning under
conditions of diffusion restrictions would be expds even in the steady state, to local
concentrations of substrate and product differeainfthose in the bulk (GOLDSTEIN 1976,
SOARES et al. 2006, SEVELLA 2009).

K= convection
D= diffusion

catrier

K partticle
> /
D
RE&ACTION
\
\
\
EXTERNAL
~
—
MASS TRANSFER

Figure 8. Mass transfer effects in carrier bound immobilizedymes (SEVELLA 2009)

2.5.3. Sol-gel immobilization with and without carrer

Entrapment of enzymes in inorganic/organic hybradymer matrices has received a lot of
attention in recent years (KIM et al. 2006, AVNIRag 2006). Sol-gel encapsulation has proven to
be a particularly easy and effective way to immabilpurified enzymes, whole cells, antibodies
and other proteins (HENCH and WEST 1990, AVNIRIetl894, ANVIR 1995). Furthermore this
type of immobilization technique is favorable besauit is not affected by microbial
contaminations. The seminal works of Avnir (19943l &eetz (2003and their co-workers led to
the generalization of this technique involving treeid-or base-catalyzed hydrolysis of
tetraalkoxysilanes Si(ORJHENCH and WEST 1990) in the presence of an enzymaeer studies
indicated that variation of the silane precursdrs.g. different hydrophilicity enables alteratioh
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enzyme performance such as activity, stability electivity (REETZ et al. 2003, TOMIN et al.
2011). To increase retention of activity of enzyntas usually necessary to use additives such as
polyethylene glycol (PEG), crown-ethers or soligygorts to modulate the pore size and increase
the permeability of the substrate through the paresthe accessibility of the enzyme. (REETZ et
al. 2003, RODGERS et al. 2006 and MATEO et al. 20B7%ypical sol-gel immobilization process
(Figure 9) involves acid- or base-catalyzed (Figut®, 11) hydrolysis, then polycondensation of
alkoxysilane precursor [Si(OR)in the presence of additives to form a matrixmmich the enzyme
is encapsulated. The acid- or base-catalyzed (€$g9y 10) hydrolysis can be resulted in different

morphologies (Figure 12).

hydrolysis condensation

: 6 polymerizaton  §  f
Al ATk

A 9] a
enzyme OO 90

prepolymers:
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—_—
¢ enzyme solution 5]

carrier adzorpton irmmobiized B sol-gel immobiized enzyme
enzyrme

erzyme @) Si oH OO0R @0 @

Figure 9. Process of sol-gel matrix development

Under acidic conditions, it is likely that an alkde& group is protonated in a rapid first step.

Electron density is withdrawn from the silicon atomaking it more electrophilic and thus more

susceptible to attack from water. =
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Base-catalyzed hydrolysis of silicon alkoxides eats much more slowly than acid-

catalyzed hydrolysis at an equivalent catalyst eatration. Although hydrolysis in alkaline -
-

environments is slow, it still tends to be completel irreversible. .
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Figure 12 Silica nanoscale network for silica gels derifiein acid-catalyzed orbase-catalyzed hydrolysis and
condensation. The acid-catalyzed morphology is ha#aeched and polymeric while the base-catalyzed
morphology comprises rough colloidal domains (Mogi al. 2001).

Using organically modified silanes of the type R(EWR);, activity enhancement of the
immobilized lipases could be observed with incregsaamount and alkyl chain (R’) length of the
hydrophobic silanes (REETZ et al. 1995, KAWAKAMI&IYOSHIDA 1996, REETZ et al. 1998,
FURUKAWA and KAWAKAMI 1998, BORNSCHEUER 2003, REET& al. 2003, PETER et al.
2005, BRAUN et al. 2007).

The optimal molar ratios of the trialkoxy- and é&atikoxysilane precursors [R’-Si(ORand
Si(OR)] were also investigated (KAWAKAMI and YOSHIDA 199&®REETZ et al. 1998). The
presence of additives like polyethylene glycol,ybgtdroxy compounds or proteins (REETZ et al.
1996) can significantly enhance the catalytic afgtiof these enzymes. It was demonstrated that the
presence of a small amount of isopropyl alcoholAfIRluring immobilization is beneficial
(COLTON et al. 1995, CIPICIANI and BELLEZZA 2002T.he characterization of the sol-gel
biocatalysts is also well documented (NOUREDDINIdaGAO 2007). In most cases,
alkyltrimethoxysilanes (alkylITMOS’s) were preferrmt encapsulation of lipases. However, it was
indicated that there is no significant differenceproperties of encapsulated lipase biocatalysts
prepared from alkyITMOS or alkylTEOS silane precuss (ZARCULA et al. 2009). Because
alkylTEOS’s are cheaper and the gelation time isgés and more controllable than with
alkylTMOS'’s, the use of R’-Si(OEf)and Si(OEY) as silane precursors is preferable. The sol-gel
immobilized lipases are supported on inert matetalreduce diffusion limitations of the substrates
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or products to and from the enzyme and thus imptbeereaction ra (WEHTJE et al. 1993,
KAWAKAMI and YOSHIDA 1996, REETZ et al. 2003, VIDINHAet al 2006, MEUNIER
LEGGE 2010).

Although it was publishe that the nature of the R’ substitueot the trialkoxysilane
precursors may significantly influence the propertof the sc-gel lipases(REETZ et al. 1998
(FURUKAWA and KAWAKAMI 1998, BORNSCHEUER 2003, REEEZ al 2003, PETER et al.
2005, BRAUN et al. 2007)only the binary s-gel systems of trialkoxyand tetraalkoxysilane
precursors [R’-Si(OR)and Si(OR,] for lipase immobilization haveeen studie. (REETZ et al.
1998, KAWAKAMI and YOSHIDA 1996). According to our best knowledge, ternary-gel
systems of a tetraalkoxysilane and two ent trialkoxysilane precursors *-Si(OR), R?-Si(OR)
and Si(OR)] havebeen studied only for cutinase (EC 3.1.1,(VIDINHA et al 2006).
Mesoporous silica materials can be also effectiygerts during immobilizatio(MICHAUX et al.
2010).

At the functional group leveltwo reactions are generally used to describe th-gel process:
hydrolysis and condensatidalcohol an water) However, the characteristics and properties
particular solgel inorganic network are related to a numof factors that affect the rate
hydrolysis and condensation reactions, such as, tpiperature and time of reaction, reac
concentrations, catalyst nature and concentratit,O/Si molar ratio (R), aging temperature ¢
time, and drying. Controllinthese factors, it is possible to vary the structurd properties of tr

sol-gelderived inorganic network over wide ran.

2.5.4. Possible applications of s-gel techniques

Sol-gel chemistry is a remarkably versatile approactdbricating materials in a simple a
cheap way. Scientists have used it to produce tridig lightest materials and some of its tougt
ceramics. In so@iel chemistry, nanome-sized particle$orm and then connect with one anothe
create a thredimensional (3D) solid network. -gel materials can be produced in different for
such as powders, films, fibers, and freestandimggs of material called monoliths (Figt13).
With sol-gel ¢iemistry, it can be created a broad set of masendtich can be applied
biocatalysts and highly specific sensors, for emvinental, food and medical applications. Typ
applications of solgel derived biomaterials include selective coatinfygg opical and
electrochemical biosensors, stationary phasesffimita chromatography, immunoadsorbent ¢
solidphase extraction materials, controlled release tagewlic-phase biosynthesis and unic
matrices for biophysical studieor applications suchsaoptics coating, energy storage, ceran
materials with controlled porosity, bioactive mats and nanoelectronic (SOARESet al. 2006,
TSENG et al. 2010).

&“"2. LITERATURE OVERVIEW
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2.6. Bioimprinting

Enzyme immobilization technology has attracted easing attention and considerable
progress has been made in recent decades, bechysegoess in organic chemistry, protein
chemistry and material science. This is still aidlpgrowing field, because numerous new
immobilization methods exist as the combination nobre than two methods can be called
unconventional methods. The combination of soligainobilization and bioimprinting can be
categorized as one member of unconventional metigooisp.

The root of molecular imprinting is dated back e experiments of Dickey in the 1940’s
who was inspired to create affinity for dye molexsuin silica gel by a theory of Linus Pauling as to
how antibodies are formed (1949). One of the mastessful strategies for enhancing enzyme
activity in organic solvents involves tuning thezgme active site by molecular imprinting with
substrates or their analogues (MINGARRO et al. 1996NZALES-NAVARRO and BARCO
1997, KAMIYA and GOTO 1998, RICH et al. 2002, FIS®IAN and COGAN 2003, CAO et al.
2009, YANG et al. 2010). Dual bioimprinting combigi imprinting with protein surface coating
and salt activation was reported recently (YAN le2@09). There are only a few publications on
the mutual effects of sol-gel entrapment and biesimimg influencing the activity and
enantioselectivity of lipases (REETZ et al. 2003ACC et al. 2009, HELLNER et al. 2011).
Imprinting effects of ad hoc selected moleculesoimng lauric acid (LA), Tween 80 and other
molecules (18-crown-6, methflcyclodextrin) were investigated so far (REETZ et2803, CAO
et al. 2009).
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2.7. Kinetic resolutions with lipases
Conventional kinetic resolution procedures ofteovpite an effective route for the preparation

of enantiomerically enriched compounds. Howevergsolution of two enantiomers will only
provide a maximum of 50% vyield of the enantiomdhcaure material. This limitation can be
overcome in a number of ways, including inversidntlee stereochemistry of the unwanted
enantiomer, racemization and recycling of the urtecenantiomer or dynamic kinetic resolution.

The resolved starting material and product mustdsly separable, preferably with minimal
effort. Another feature of successful kinetic resioin is that starting material or product of high
(>98%) is obtained near 50% conversion. Desiralblaracteristics of all catalytic asymmetric
reactions, such as high yields, short reaction gjnb@ew catalyst loading, inexpensive catalysts,
minimal generation of waste, reproducibility, braadstrate scope, functional group compatibility
are all important considerations in kinetic resiolug. Kinetic resolutions can be performed on a
preparative scale for the synthesis of large qtiastof material (WHITAKER et al. 2003).

Kinetic resolutions are often the best option whaeemate is inexpensive, when no
reasonable method is available, or when classesdlution doesn’t provide the desired material
with highee (DRAUZ and WALDMANN 2002, WALSH and KOZLOWSKI 2009

Here | would like to refer to Section 2.2.7., wh#re selectivity was discussed in details

2.7.1. Batch mode

The vast majority of the enzymatic enantioselecpvecesses was performed in batch mode.
Consequently, the main advantages of the flow-tlinoapproach — such as facile automation,
reproducibility, safety, and process reliability are not much exploited at research phase.
Continuous-flow lipase-catalyzed kinetic resolutadlows the rapid preparation of compounds with
minimum workup (CSAJAGI et al. 2008).

Esterification and transesterification reactions esmmonly employed in industry using acids_;u
as catalysts at high temperature (100-300 °C) amdspre, which result in poor reactioni
selectivity, undesirable side products and lowdselThe use of triacylglycerol lipases in chemicaE
processes offers better quality of products, amdplfocess can be more effective due to highep

selectivity and fewer environmental problems (DOS$S3Aal. 1999).
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According to Kazlauskas rule in case of lipasedgatal kinetic resolutions of racemic secunder
alcohols theR)-enantiomer reacts/forms faster (Figure 14) (KAZIZKAS et al.1991).

Numerous lipase-catalyzed reactions in continuacked-bed reactor systems were studied
in connection with food and related industries. this respect, mostly biotransformations of
triglycerides and related compounds were performmedontinuous-flow reactors. For example,
lipase-catalyzed interesterification of butterfatthwrapeseed oil (RONNE et al. 2005) was
investigated both in batch and in continuous reasti Surprisingly, there are only a few examples
for hydrolase-catalyzed enantioselective procesae$ed out in various continuous-flow systems
(CSAJAGI et al. 2008).

2.7.2. Continuous-flow system

As a prerequisite for any successful industrialcpss is rational design and development,
taking into consideration both the technical andnemic aspects. The goal of rational process
development is to maximize selectivity, yield, chesh and enatiomeric purity as well as
profitability, while trying to minimize catalyst,nergy, raw materials and solvents consumption.
Furthermore special attention has to be taken amackeristics of biocatalysts, biotransformation
reaction and also on bioreactor in which this oscur

Continuous processes could provide essential solutio the problems (e.g. environmental,
economic) occurs in batch mode reactions; howevwegrated flow technologies that could cover
from lab scale to pilot and production scale exigty scattered today. There are only a few
examples of hydrolase-catalyzed enantioselectivegases carried out in continuous-flow systems.
(PATEL et al. 1996, CHEN and TSAI 2000, UJANG et24103).

Among others in our research group it was also dotivat stainless-steel continuous-flow
packed-bed bioreactors could be effectively usestudy the effects of temperature, pressure and

flow rate on lipase-catalyzed kinetic resolutiondaprovides a good tool to evaluate the
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performance and efficiency of designed biocataly§tSAJAGI et al. 2008 and TOMIN et al.
2010a).

In our research group the batch and continuous Kowtic resolutions have already been
investigated. For comparison of the continuous-feavd batch reactions, several of their features
can be considered. One of the general feature eokithetic resolutions is the well characterized
degree of enantiomer selectivity) (which — under irreversible reaction conditions [e.g. usmy!
esters in transesterifications (POPPE and NOVAK21$ABER 2004)}- can be calculated from
two of the following three properties: the conversic), the enantiomeric excess of the product
(eep) and enantiomeric excess of the remaining sulesfeat) (CHEN et al. 1982, RAKELS et al.
1993). Thus, the value & can be determined fromandeep, from c andees(CHEN et al. 1982) or
from eep andees (RAKELS et al. 1993). In addition to their seledies, the productivity of the
reactions can also be characterized by the sodcaplecific reaction rate)(which indicates the
amount of the product that can be formed in a neifmytone g of enzyme. The specific reaction rate
for a continuous-flow systen(,) can be calculated (TOMOTANI and VITOLO 2007) frahe
concentration of the productR][ [umol mL?]), the flow rate { [mL min™]) and the mass of the
applied enzymenf [g]) according to Equation 7.

m, min x g

rflow

A stirred (or shake flask) batch reaction can als@haracterized by the specific reaction rate
(rpatcn) Which can be calculated from the amount of thedpct @p [umol]), the reaction timet(
[min]) and the mass of the applied enzymre [g]) according to Equation 8 (CSAJAGI et al. 2008)

_hp [ Hmol ]

;= .
baten = Lmin » gJ (Equation 8)

Although the above defined specific reaction rags de calculated at any degree OE
conversion ¢), rigorous comparisons between the productivita gbntinuous-flow reaction and its —
batch mode counterpart using theiralues can only be made at the same degree oérzioms (as

the rate of the product formation is not a linaardtion ofc).
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Figure 15.A) The effect of pressure and B) temperature oetidgrresolutions ofac-1-phenylpropan-2-ol in
continuous flow reactor (CSAJAGI et al. 2008)

In a previous study of our research group the efittemperature (0-60 °C) and pressure (1-
120 bar) on the continuous-flow mode kinetic regotuof racemic 1-phenylpropan-2-ol with vinyl
acetate in a bioreactor filled with commercial inbiliaed lipase B fromCandida antarctica
indicated apparently no effect of the pressure len gelectivity E) and productivity 1) of the
reaction. As expected, productivity) (increased monotonously with the temperature (f€idgLb)
(CSAJAGI et al. 2008).

These results were found promising to develop imhzedl biocatalysts and test them in

continuous flow system.
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3. OBJECTIVES

The objective of this research work is to providechtalytic methods for enzymatic one-pot
synthesis of specific structured lipids and phyost esters and the systematic study of sol-gel
immobilization method. Furthermore, a novel uncariaal enzyme immobilization technique for

lipase preparation as food and fine chemical apptio was presented.

The main objectives of this thesis can be summar@zefollows:

» to develop integrated enzymatic methods startiognfnatural vegetable oil, a medium-
chain fatty acid and phytosterol which result isimilar “value-added” blend of structured
lipids and phytosterol esters that would be usa$ué beneficial food additive. With special
emphasis on using starting materials from natucalrces and using solely enzymatic
methods to avoid the increase of the unwatraas-fatty acid content.

» to find the best process variant for the synthesistructured lipids and phytosterol esters
mixture

* to perform a systematic study of the sol-gel imripéiion of a Celite-supported lipase
using ternary silane precursor systems of variolkyltaethoxysilanes (alkylTEOS),
phenyltriethoxysilane (PhTEOS) and tetraethoxysIl@rEOS).

» to reveal the effects of adsorption / entrapmermbimposite immobilization.

* to evaluate the effects of binary and ternary msmusystems in composite sol-gel
immobilization.

» to investigate the imprinting effect of rationakglected molecules (substrate mimics in
experimental X-ray structures of lipases and teeurctural analogues) in sol-gel process.

* to evaluate the biocatalytic efficiency of the deped enzymes using multisubstrate
mixtures in continuous-flow reactor.

» to develop robust immobilized biocatalysts for aombus-flow kinetic resolutions.

4,3‘3. OBJECTIVES
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4. MATERIALS AND METHODS

4.1. Materials
4.1.1. Biocatalysts

Novozym 435 (lipase B fror@andida antarctica — recently named aBseudozyma antarctica
— immobilized on acrylic resin; non-specific), lipaffom Candida spr.ecombinant, expressed in
Aspergillus niger (Novozym CalLB L), Novozym carrier and Lipozyme TM (lipase from
Thermomyces lanuginosus immobilized on silica; 1,3-specific) were donategl Novozymes A/S
(Bagsveerd, Denmark). CalLA-T2-150 (lipase A fro@andida antarctica (CaLA, registered
trademark from Novozymes Bagsveerd, Denmark) cotlglattached to dry acrylic beads) was the
product of Chiral Vision BV.

Amano Lipase PS (lipase froBurkholderia cepacia (syn.: Pseudomonas cepacia); >30.000
U/g; non-specific) and Amano Lipase AK (lipase frétseudomonas fluorescens;, >20.000 U/g;
non-specific) were donated by Amano Pharmaceu@eal Ltd. (Nagoya, Japan). Lipase A from
Candida antarctica — recently namedPseudozyma antarctica — (Cat. No. 62287; 2 U/mg; 2-
specific) and lipase fror€andida cylindracea — recently namedC. rugosa — (Cat. No. 62316, 2
U/mg; non-specific) were products of Fluka. Novo®&m35 (Lipase acrylic resin fror@andida
antarctica, recombinant, expressed in Aspergillus nigeésipozyme, immobilized lipase from
Mucor miehei — recently named aghizomucor miehei — Cat. No. 62350; 30 U/g; 1,3-specific) was
purchased from Sigma.

The biocatalysts with sterol esterase activityhis study were the air-dried mass of solid state

fermentation (SSF) dAspergillus oryzae NRRL 6270 AoSSF) andAspergillus sojae NRRL 6271
(ASSSF) (TOKE et al. 2007).

The sterol esterase preparations in this study wlet@ned by solid state fermentation (SSF) of
Aspergillus oryzae (NRRL 6270) andAspergillus sojae (NRRL 6271) (OKE et al. 2007). 2
Aspergillus oryzae NRRL 6270 andAspergillus sojae NRRL 6271 strains were obtained from theg
Northern Regional Research Centre, USDA, Peotiapis, USA. They are safe (GRAS) cultureSE
applied in the food industry in Far East countries a long time (e.g., koji, soy sauce)i
(JORGENSEN 2007). The SSF was carried out on d gdieat bran medium containing olive oil =z
as inductor and wetted with a salt solutio®OKE et al. 2007). The air dried SSF preparations o;i
Aspergillus oryzae NRRL 6270 AoSSF) andAspergillus sojae NRRL 6271 AsSSSF) were used :E'

without any further purification.
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4.1.2. Chemicals, solvents, raw materials

Caprylic acid was obtained from Sigma. The sunfloaie(48.3-74.0% linoleic acid and 14.0-
39.4% oleic content) the starting phytosterols (EER NOVENYOLAJIPARI RT. 2003) and
olive oil were the products of Bunge (formerly Gaje

Caprylic acid and other compounds applied as GCHIIIC standards (oleic acid, 1,3-diolein,
tricaprylin, triolein, trilinolein, 1,2-dilinoleoyB-palmitoyl+ac-glycerol, 1,2-dioleoyl-3-linoleoyl-
rac-glycerol, 1,2-dioleoyl-3-palmitoytac-glycerol) were obtained from Sigm@-Sitosterol (No.
CNBI567152) and stigmasterol (No. 85860) used ass@&@Ddards were products of Merck and
Fluka, respectively.

Long chain fatty acids (LCFA) were produced by lojgsis of sunflower oil (GUBANOV et
al. 2005, ARCHER-DANIELS-MIDLAND Company 2006). QOgfic acid methyl ester was
synthesized according to the literature (GARTENMHEER 1886). Long chain fatty acid methyl
ester (LCFA Me) was prepared from LCFA and methaaohlogously. 1,2-Isopropylidene
glycerol was synthesized by known procedure (YU300

The phytosterol (PS) composition was the produ®wige (CEREOL NOVENYOLAJIPARI
RT. 2003). The composition of PSs from a mix offkawer oil and rapeseed oil was checked by
GC using commercial standards [brassicasterol (24,.@t 22.59 min), campesterol (26.7 %, at
23.30 min), stigmasterol (3.4%, at 23.57 mpsitosterol (48.9%, at 24.42 min) were identified a
main phytosterol components].

2-propanol (IPA), and Gedurarsi 60 (for column chromatography) were productslefck
Chemicals.

Tris(hydroxymethyl)aminomethane and triethylamirerevpurchased from Reanal.

Vinyl acetate and sodium fluoride (NaF), sodiumdbydride (NaBH), acetic anhydride,
oleic acid (OA), polyethylene glycol 400 (PEG 400Y)jton X-100 (polyethylene glycotert-
octylphenyl ether, TRX100), BRIJ 30 (polyethylenkcgl dodecyl ether, BRIJ), tetraethylene
glycol (TEG), hexan-2-olr@c-1¢), octan-2-ol fac-1d), nonan-2-ol (ac-1€), decan-2-ol riac-1f)
and dodecan-2-ok#&c-1g), lauryl chloridewere products of Sigma-Aldrich. 1-Phenylethanalc{
1a), heptan-2-ol rac-1b), polyethylenglycol 1000 (PEG), Celite® 545 (Callo 22140),
tetraethoxysilane (TEOS), n-propyltriethoxysilaReTEOS) and phenyltriethoxysilane (PhTEOS),
lauric acid (LA) 1-(thiophen-2-yl)ethanone were ahed from Fluka. n-Hexyltriethoxysilane
(HexTEOS), n-octyltriethoxysilane (OcTEOS), n-deéggthoxysilane (DecTEOS), n-
dodecyltriethoxysilane (DodTEOS), n-octadecyltreetysilane (OctdTEOS), H,1H,2H,2H-
perfluorooctyltriethoxysilane (PFOctTEOS) and dihydiethoxysilane (DMDEQOS) were obtained
from Alfa Aesar.
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Tetraethylene glycol dilauryl ester (L-TEG-L) and(thiophen-2-yl)ethanol réc-1h) were
synthesized in our laboratory.
Solvents (n-hexane, acetone, dichloromethane, melhabtained from Molar Chemicals were

freshly distilled before usage.

4.2. Applied analytical methods
4.2.1. Analytical methods for structured lipids syithesis

The conversion of the phytosterol acylation andctiglycerol transesterification reactions
were checked on a Hewlett Packard 6890 GC equipitbdFID detector, on-column injector and
HP-1 column (25 nx 200um i.d. x 0.11um film thickness, Agilent Technologies) and a natap
fused silica precolumn (0.53 mm i.d., Supelco) gsih as carrier gas at a flow of 3.0 ml/min. Oven
temperature was programmed as follows:@%or 2 min, 35-50°C at 4°C/min, 50-200C at 20
°C/min, 200-320C at 5C/min, 320-350C at #C/min, and holding for 10 min. The detector was
operated at 350C, while the injector was in track oven mode beeanfsthe on-column injection.
ChemStation software was used to evaluate the atograms. Similarly as it was found earlier
with the sterol esterase preparations obtained diig state fermentation (SSF) dfspergillus
strains [Figure 1 of Ref. (OKE et al. 2007)], no significant variation has béennd in the degree
of esterification (conversion to sterol esters) e different phytosterols. The main phytosterol
components at >90 % conversion in acylation reaaioPSs withAoSSF using caprylic acid were
present between 31.1-32.8min [brassicasteryl camryP2.6%, at 31.18min), campesteryl caprylate
(25.9 %, at 31.84 min), stigmasteryl caprylate @.2at 32.07 min)B-sitosteryl caprylate (47.6%,
at 32.74 min)] The main phytosterol components (PS esters wigra€ids) at >90% conversion in
acylation reaction of PSs witAoSSF using free fatty acids from sunflower oil wenesent
between 40.5-41.4 min. No significant peaks froamsesterification of sunflower oil with caprylic
acid were present in these two regions. 0

The purity of the synthetic standards and regioeencomposition of the triglycerides in theg
final reaction products were analyzed on Alliancat®s 2690 HPLC equipped with an evaporativeI_
light scattering detector (PL-ELS 1000, Polymer duabories, operating at 40 °C) and an Ultra CHEJ
18 column (250 x 4.6 Bn, Restek) using a binary solvent gradient (sol&nacetonitrile and o
solvent B: dichloromethane; 0-25 min: 30% B, 25 5B%26 70% B, 27 70%B, 28 30% B. The<Zz
total run time was 30 minutes) at a flow rate af20ml/min. Each sample was diluted in 70/30 A/B‘j
solution and was stored at 4°C. Peak identificati@s based on comparison with purchased and
prepared standard triglycerides and on equivalantan number (ECN) method (BERGQVIST%
KAUFMANN 1993, BUCHGRABER et al. 2004 and OSORIOatt 2008). The ECN number of ::
MLM, MML structured lipids are 30-32 and for LML,LUM are 36-40. E

<
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The NMR spectrum was recorded in CRGh a Bruker DRX-500 spectrometer (at 500 MHz
for 'H- and 125 MHz for*C-spectra).

4.2.2. Standards for analysis of the reaction produs
4.2.2.1. Tricaprylin

Tricaprylin was synthesized from caprylic acid aglgicerol using DCC (LIE KEN JIE and
LAM 1995).

4.2.2.2. 2-Capryloyl-1,3-dioleoyl-gylcerol (LML

1,3-Diolein standard (100 mg, 0.16 mmol) and capigtid (30 mg, 0.21 mmol) were stirred at
60°C, under vacuum (30-40 mmHg) for 15 minutes.nTBEC (33 mg, 0.16 mmol) and DMAP (5
mg) were added and the resulting mixture was stiate50 °C under vacuum (10-15 mmHg) for 1.5
h. After cooling, diethyl ether (10 ml) and hexgd® ml) were added to the reaction mixture and
the solid residue was removed by filtration. THedte was washed with 15 % HCI €10 ml),
saturated NaHC§(3 x 10 ml) and brine (% 10 ml). After drying the organic layer on anhydsou
NaSQy, the solvents were removed by vacuum rotary ewapoto give the LML triglyceride (73
mg, 61 %) as oil. The purity of LML was checkedHdyLC (curve A in Annex 1).

4.2.2.3. Synthesis of triglyceride standard containg capryloyl residue atsn-1 andsn-3
positions (MLM)

MLM was synthesized in a two-step chemo-enzymatection using a modified method of
enzymatic acylation of glycerol with caprylic agROSU et al 1999).

To a mixture of glycerol (1.4 g, 15.2 mmol) and @ip acid 5 g (35 mmol)Candida
antarctica lipase B (Novozym 435, 800 mg) was added anddhkelting mixture was stirred under
vacuum (10-15 mmHg) at 60 °C for 1.5 h when TLClgsia indicated the presence of diglyceride
(1,3-dicaprylin) almost exclusively. After removirtpe enzyme by filtration, the solvent was
distilled off from the filtrate by rotary evaporati. Column chromatography of the residue (silica
gel, hexane: acetone 10:0.5 to 10:1 v/v%) resuttet 3-dicaprylin ( 2.1 g, 40 %) as semisolid at
room temperature. The product was uniform by HPh@ iss*H and**C NMR spectra agreed with
those reported (HALLDORSSON et al. 2003).

In the second step, the purified 1,3-dicaprylirb(, 1.45 mmol) was added to a mixture of
DCC (0.3 g, 1.45 mmol), catalytic amount of DMAR) (hg) and long chain fatty acids (LCFA)
(0.53 g, 1.89 mmol). The resulting mixture wasrstirat 60 °C under vacuum (10-15 mmHg) for 1
h. After cooling the reaction to room temperatutiethyl ether (50 ml) and hexane (50 ml) were
added to the reaction mixture and the solid resmtas removed by filtration. The filtrate was
washed with 15 % HCI (X 40 ml), saturated NaHG{3 x 20 ml) and brine (% 20 ml). After
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drying the organic layer on anhydrous 8@, the solvents were removed by vacuum rotary
evaporator. Careful chromatography of the residile# gel, hexane: acetone 5:0.2 to 10:1 v/v%)
gave MLM (78 mg) as an oil. The MLM standard wasarelcterized by HPLC (curve B in Annex
1).

4.2.2.4. Synthesis of triglyceride standard containg capryloyl residue at sn-1 / sn-3 position
(LLM)

The LLM triglyceride sample was obtained by a thse®p synthesis from 1Q@-
isopropylidene glycerol, caprylic acid and long ichtatty acids (LCFA) from sunflower oil by a
three step process involving DCC coupling of LCFAracemicsn-1 / sn-3-caprylic-glycerol as
final step.

The caprylic ester of 1,@-isopropylidene glycerol was prepared analogouslgescribed for
the corresponding stearic ester (YU 2003) by stirra mixture of methyl caprylate (0.73 g, 5
mmol) and 1,29-isopropylidene glycerol (1.01 g, 7.6 mmol) and,G@; (17.6 mg, 0.16 mmol) in
a flask equipped with air cooler using an oil batti40 °C. After the reaction was completed (6 h),
the excess 1,0-isopropylidene glycerol was removed by vacuum evafon (10 mmHg). After
adding diethyl ether (50 ml) to the residue, arerésulting mixture was washed with watex(20
ml) and dried over MgS£ The solvent was removed in vacuum and the resicage purified by
chromatography (silica gel, hexane-acetone 5:2yive (2,2-dimethyl-[1,3]dioxolan-4-yl)methyl
caproate (455 mg) as an oil. TH¢ and**C NMR spectra of the product agreed with literaulméa
(BATOVSKA et al. 2004).

A mixture of the resulting (2,2-dimethyl-[1,3]diokem-4-yl)methyl caproate (0.403 g, 1.5
mmol), 95 %, ethanol (3.0 ml) and Amberlyst 15 (8G) was stirred under reflux for 4.5 h. After
filtration the filtrate was concentrated in vacuwand the residue was purified by column
chromatography (silica gel, hexane: acetone 10®.5:1) to give 1-capryloyl glycerol (58 mg).
The'H and**C NMR spectra of the product agreed with literatlaea (BATOVSKA et al. 2004). 2

After stirring a mixture of 1-capryloyl glycerol @omg, 0.23 mmol), LCFA (0.16 g, ca. 0.570
mmol) at 60°C under vacuum (30-40 mmHg) for 15 m@,C (47 mg, 0.23 mmol) and DMAP (10 E
mg) were added and the resulting mixture was stiate60 °C under vacuum (10-15 mmHg) for 3.55
h. After cooling the reaction to room temperatdhe, product was purified by a similar proceduréé
as described for MLM (Section 2.2.3.) to yield LL{15.4 mg) as oil. The LLM standard was<
characterized by HPLC (curve C in Annex 1).

2‘4. MATERIALS



4.2.2.5. Synthesis of triglyceride standard containg capryloyl residue atsn-1/sn-2 or sn-2/sn-
3 positions (MML)

The MML triglyceride standard was obtained by ae#histep synthesis from 12
isopropylidene glycerol, caprylic acid and long ichtatty acids (LCFA) from sunflower oil by a
three step process involving DCC coupling of capratid to racemisn-1 /sn-3-LCFA glycerol as
final step.

The LCFA ester of 1,D-isopropylidene glycerol was prepared analogouslyl@scribed for
the corresponding stearic ester (YU C.C., 2003xstoying a mixture of LCFA Me (0.9 g, 3.04
mmol) and 1,29-isopropylidene glycerol (0.6 g, 4.54 mmol) and.G@; (10 mg) in a flask
equipped with air cooler using an oil bath at 140 After the reaction was completed (6 h), the
reaction was purified as in the first step of tHevLprocess (Section 2.4) to give LCFA (mainly
linoleate) ester of 1,®-isopropylidene glycerol (698 mg) as an oil.

A mixture of the resulting LCFA (mainly linoleate¥ter of 1,29-isopropylidene glycerol (650
mg), 95 %, ethanol (2.5 ml) and Amberlyst 15 (70) mgs stirred under reflux for 5 h. After
filtration the filtrate was concentrated in vacuusnd the residue was purified by column
chromatography (silica gel, hexane: acetone 1@d151) to give 1-LCFA glycerol (67 mg).

After stirring a mixture of 1-LCFA glycerol (67 m@.19 mmol), caprylic acid (68 mg, 0.48
mmol) at 60°C under vacuum (30-40 mmHg) for 15 mg,C (39 mg, 0.19 mmol) and DMAP (8
mg) were added and the resulting mixture was stiate60 °C under vacuum (10-15 mmHg) for 3.5
h. After cooling the reaction to room temperatuhe product was purified by a similar procedure
as described for MLM (Section 2.3.) to yield MML2(Ing) as oil. The MML standard was
characterized by HPLC (curve D in Annex 1).

4.2.3. Scanning electron microscopy

The surface morphology of the samples was invdstigaith a JEOL JSM-5500LV scanning
electron microscope. The samples of free lipase Wase AK on solid support and supported
lipase AK encapsulated in sol-gel matrices wergezbavith gold prior to analysis. Electron beam

energy of 25 kV was used for the investigations.

4.3. Experimental

4.3.1. Screening of biocatalysts for production adpecific structured lipids and phytosterol
esters compositions
Biocatalyst screenings for production of structulipdls and phytosterol esters by acidolysis

and esterification reactions were performed in shadcrew-capped test vials. Four different types
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of reaction mixtures were investigated on 1 mmalesqType I-IV in Table 4, for details see
footnote of Table 4). The Type | reactions consisiephytosterol (414 mg, 1 mmol), sunflower oil
and caprylic acid in a molar ratio of 1:2:12. Thoauf types of reaction mixtures were shaken at
ambient temperature or 50 °C at 1200 rpm. The pssgof formation of structured lipids and
phytosterol esters was monitored by TLC and GCdiyng samples (5@l, dissolved in 1 ml
dichloromethane to stop the reaction) at 4, 24, Z8h and at 6, 7, 8, 9, 10, 13 days. Seven
commercially available lipase and two SSF stertérase preparations (KE et al. 2007) were
screened for production of structured lipids usliype Il reactions (Table 5) and for synthesis of

phytosterol esters using Type Il reactions (Td&)ler Type IV reactions.

4.3.2. Enzymatic processes for one-pot productiorf specific structured lipids and phytosterol
esters compositions

Two different biocatalystshoSSF [preparation of\spergillus oryzae NRRL 6270, for sterol
ester formation (ODKE et al. 2007)] and Lipozyme (immobilized lipagerfi Mucor miehei, for
structured lipid formation), were used in the enatimprocesses. Six process variations with these
biocatalysts (Types A-F in Table 7) were tested ifdegrated enzymatic one-pot processes for
production of SSLs and PSEs on 1 mmolar scale ¢hasd”Ss) using standard reaction conditions
with 0.12w/w% added water (based on the total nodgbe starting compounds). Each reaction
type was performed in three parallel series usimget different compositions of phytosterol,
sunflower oil and caprylic acid, in molar ratiosT:12, 1:2:18 and 1:2:24. In each case, aliquots
(50 ul, dissolved in 1 ml dichloromethane to stop thecten) were taken daily and the progress of
formation of structured lipids and phytosterol egtéigure 18) was monitored by TLC, GC and
HPLC (Figure 18).

For reaction type AAoSSF (400 mg) was added to the starting compounesclosed screw-
capped vial (10 ml) and the resulting mixture wasubated for three days (50°C, 1200 rpm). The(é\j
the forming water was removed from the openedimiabtary evaporator (7 min at 30 mmHg usingg
a heating bath of 50°C) and the mixture was incedb&r 1 more day at 50°C and 1200 rpm. AfteE
addition of Lipozyme (100 mg), the mixture was ibated further (4 days, 50°C, 1200 rpm).E
Reaction type B was similar to type A except fog temoval of the SSF sterol esterase friam 2
oryzae after the first four day period of incubation.aReon type C was similar to type A, but<E
without water removal at thé®3lay. Reaction type D was similar to type A, butkeal up after the

RIALS

4™ day without addition of Lipozyme. For reaction ¢yf, SSF sterol esterase frémoryzae (400
mg) and Lipozyme (100 mg) were added to the smmpounds and the resulting mixture Wa$'_J
incubated for four days (50°C, 1200 rpm). Reactygre F was similar to type E but with water<§E
removal at the 3 day. <
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4.3.3. Development of the processing method for spkc structured lipids and phytosterol
esters mixtures

Removal of the excess caprylic acid from a mixtfrstructured lipids and phytosterol esters
was modeled using a mixture (100 g) of caprylidgdi5%); oleic acid (8%); a blend of medium-
chain triglyceride, rapeseed oil and sunflower(2i#%); and commercial phytosterol ester (20%).
Caprylic acid was distilled off from this mixturender nitrogen atmosphere at 7-8 mbar and 120-
130 °C resulting in yellow oil (54 g). SSLs and RSfixtures (~ 4 g crude mass) from reaction
types A and B [starting from phytosterol (1 mmaynflower oil (2 mmol) and caprylic acid (12
mmol)] were treated similarly to yield the corresding SSLs and PSEs mixtures as yellow oils

(2.4 g for Type A and 2.2 g for Type B mixtures).

4.3.4. Sol-gel immobilization of lipase AK depositkon Celite® 545 using binary or ternary
silane precursor systems

A two-step procedure was applied for sol-gel entrapt of Lipase AK on Celite 545.

Step 1: The lipase AK powder (50 mg for the staddaocedure; 50, 125, 250, 375 or 500
mg for the enzyme loading tests) was added to THRIS-buffer (0.1 M, pH 7.5, 78@l) at 4°C
with stirring for 10 minutes followed by additiorf €elite 545 (500 mg). Acetone (10 ml) was
added to the well stirred Celite-enzyme mixturel@tml min® rate at -18°C. The resulting solid
was filtered off and left in air at room temperatdor 12 hours for drying. The Celite-enzyme
preparations were then used for sol-gel immobilwrat

Step 2: TRIS-HCI buffer (0.1 M, pH 7.5, 390), PEG solution (4% w/v, 20Ql), NaF
solution (1M, 10Qul) and IPA (200ul) were mixed in a 20 ml glass vial and the resgltsolution
was shaken at 1000 cycles per minute at room teatyerfor 10 minutes. During the continuous
shaking, the corresponding silane precursors aEk@3$-TEOS (1.5 mmol alkyITEOS and 1.5
mmol TEOS) or the mixture of alkyITEOS : PhTEOSEQS (3 mmol; the alkylITEOS : PhTEOS :
TEOS molar ratio varied from 0.1 : 0.9 : 1to 0@1 : 1 in 0.1 steps) and Celite-enzyme (250 mg)
were added to the vial resulting in a sol suspensi@ complete the polymerization, the mixture
was shaken for 12 hours at room temperature. Thae solid was washed with IPA (7 ml),
distilled water (5 ml), IPA (5 ml) and n-hexaner(f). The resulting white powder was dried in a
vacuum exicator for 5 h (until 0.4 mmHg final lewélvacuum). The sol-gel lipase AK preparations

were stored at room temperature.

4.3.5. Activity and enantiomer selectivity tests ahe Lipase AK preparations
The free or sol-gel immobilized Lipase AK (50 mgasvadded to the solution of racemic test

alcohol (1-phenylethanotac-1a, 49 mg, 0.4 mmol; or 2-heptanohc-1b, 46 mg, 0.4 mmol) and
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vinyl acetate (10@Qul) in hexane THF 2:1 (1 ml), and the resulting mixture was srakt 30°C in a
sealed glass vial at 1000 cycles per minute. Fora@G&lyses, samples were taken directly from the
reaction mixture (sample size: uQ diluted with CHCI, to 100ul) at 2, 4 and 8 hours. The esters
were analyzed on an Acme 6100 instrument (Younglhstrument Co., South Korea) equipped
with flame ionization detector and Hydrodx6TBDM [25 m x 0.25 mmx 0.25 um film of
heptakis-(2,3-di-O-methyl-6-@-butyldimethylsilyl)f3-cyclodextrin (Machere§Nagel)] column
(oven temperature, injector and detector tempezatwere 130°C, 250°C and 250°C, respectively;
carrier gas: bl at a flow of 1.8 ml miff; split ratio: 1:50). Data on conversion, enanticime
composition of the productsR)-2a,b and §-1a,b] and the calculated properties of the enzyme are

presented in Tables 8 and 9 and Figure 20.

4.3.6. General procedure for sol-gel immobilizatiorof lipases (using binary and ternary silane
precursor systems)

IPA (200 pul), TRIS-HCI buffer (0.1 M, pH 7.5, 39(l), the imprinting additive [0.5% v/v, fl:
lauric acid (LA), oleic acid (OA), polyethylene giyt 400 (PEG 400), polyethylene glycol 1000
(PEG 1000), Triton X-100 (polyethylene glyctért-octylphenyl ether, TRX100), BRIJ 30
(polyethylene glycol dodecyl ether, BRI1J), tetragghe glycol (TEG), tetraethylene glycol dilauryl
ester (L-TEG-L) or olive oil] and NaF solution (1MIQOul) were mixed in a 5 ml glass vial and the
resulting solution was shaken at 1000 rpm at roemperature for 10 minutes. The corresponding
silane  precursors [TEOS:PhTEOS (1:1), TEOS:OcTEOEH®S  (10:7:3) or
TEOS:PhTEOS:DMDEOS (4:1:1); 3 mmol (in the givenlanagatio)] and enzyme (50 mg) were
added to the vial by continuous shaking. To coneptee polymerization of the resulting in a sol
suspension, the mixture was shaken for 12 houm®a@nh temperature. The forming solid was
washed with IPA (7 ml), distilled water (5 ml), IRB ml) and n-hexane (5 ml). The resulting white
powder was dried in a vacuum desiccator for 3 htil(ih4 mmHg final level of vacuum). 2
Experiments with Lipase PS and CrLwere carriedioutiplicates. The sol-gel lipase preparation§

were stored at room temperature.

4.3.7. Scaling up the sol-gel immobilization of li@ses using ternary silane precursor systems

Scale up with the general enzyme loading (1x): The general sol-gel production proceduren\i-

ALS AND MET

fold enzyme amounts (1 g of Lipase AK, Lipase P8 @nL; and 1 ml of CalLB L) using ternary
silane precursors [TEOS:OcTEOS:PhTEOS (10:7:3) &OS$:PhTEOS:DMDEOS (4:1:1); o
60 mmol (in the given molar ratio)] was performedhwthe selected imprinting additives [no;u_J
additive for Lipase AK, LA (0.5v/v%) for Lipase PBRIJ (0.5v/v%) for CrL, BRIJ for ;

<
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(0.5 viv%o) for CaLB]. All the other components dfetgeneral procedure were added in 20-fold

amounts.

Scale up with doubled enzyme loading (2x): 20-fold amount of enzyme (1 g of Lipase AKpase
PS and CrL; and 1 ml of CaLB L) was added to d@esyscontaining 10-fold amounts of the
components of the general procedure, the terndapnesiprecursors [TEOS:OcTEOS:PhTEOS
(20:7:3) or TEOS:PhTEOS:DMDEOS (4:1:1); 30 mmolthae given molar ratio)] and the selected
imprinting additives [no additive for Lipase AK, L®.5 v/v%) for Lipase PS, BRIJ (0.5 v/v%) for
CrL, BRIJ for (0.5 v/iv%) for CaLB].

4.3.8. Effect of variations in the sol-formation stps for the sol-gel lipase encapsulation
Variations in the sol-formation steps of the sdlHgemobilization — mixing the silane precursors
with the aqueous phase, time of the enzyme adddiwh the NaF initiator addition, omitting or
applying ultrasonication — were investigated impltdate with Lipase PS and CrL (for details on
amounts and concentrations, see Experimental $eatithe main article).

Method A enzyme, IPA, PEG, NaF, TRIS, silane precursoreveelded at the same time and the
mixture was shaken for 12 hours at room temperature

Method B:IPA, PEG, NaF, TRIS and silane precursors wer&eshdor 5 min, then enzyme was
added and the mixture was shaken for 12 hoursoat temperature.

Method C:enzyme, IPA, PEG, NaF and TRIS were shaken foirg then silane precursors were
added and the mixture was shaken for 12 hoursoat temperature.

Method D enzyme, IPA, PEG, TRIS and silane precursors wédrasonicated for 10 min, then
NaF was added and the mixture was shaken for 1&uoom temperature.

Method E enzyme, IPA, PEG, NaF, TRIS, silane precursorsewedded at the same time
ultrasonicated for 15 min, then the mixture waskshdor 12 hours at room temperature.

Based on the results of this investigation, theeexpents for Lipase AK and Lipase PS were

performed with Method A while in case of CaLB and. ®ethod E was applied.

4.3.9. Synthesis of alkan-2-yl acetatesac- 1b-g

Corresponding secondary alcohoadq-1b-g, 0.5-0.5 g of each, individually) was mixed with
acetic anhydride (2 mol equivalent) then catalgimcount of triethylamine (3-4 drops) was added
then the resulting mixture was refluxed for 8-10nmiThe reaction was followed by TLC
(hexane:acetone 10:4).
After cooling the reaction mixture to room temparathexane (10 mL) and water:methanol (40:60)

was added. Then it was washed with saturated NaH8&® 4 mL). After drying the organic layer
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on anhydrous N&Q,, the solvents were removed by vacuum rotary exaporThe standards were
characterized by GC.

The NMR spectrum was recorded in CRGh a Bruker DRX-500 spectrometer (at 500 MHz for
'H- and 125 MHz fof*C-spectra).

4.3.10. Synthesis of 1-phenylethyl acetategc-2a

The solution of racemic 1-phenylethamat-1g (200 mg, 1.6 mmol) in hexarteBuOMe-vinyl
acetate 6:3:1 (10 mL), CaLA T2-150 (200 mg) wasealdaind the resulting mixture was shaken for
2 hours at 60°C in thermostated shaker (1100 rjphng.enzyme was filtrated, washed with EtOAc,
and the solvents were removed by vacuum rotaryarasqr. Light yellow liquid (257 mg, 96%).

4.3.11. Synthesis of tetraethylene glycol dilauratg-TEG-L)

Solution of tetraethylene glycol (3.88 g, 20 mmuigthylamine (6.07g, 60 mmol) and
anhydrous dichloromethane (200 ml) was stirred undert atmosphere meanwhile the lauroyl
chloride (10.94g, 50 mmol) was introduced to th&tore dropwise at 0°C.

The reaction was followed by TLC (hexane:aceton@)1L0’he mixture was washed with 5 % HCI
(2 x 60 ml), saturated NaHGQ3 x 50 ml) and brine (Z 50 ml). After drying on anhydrous
NaSQO,, the solvents were removed by vacuum rotary exapothen the residue was purified by
column chromatography (Geduran® Si 60, hexanepaeet0:0.1) to give L-TEG-L as white solid
(5.86 g, 53%).

The NMR spectrum was recorded in CRGh a Bruker DRX-500 spectrometer (at 500 MHz for
'H- and 125 MHz fof*C-spectra).

4.3.12. Immobilization of Novozym CALB L from soluion onto Novozym carrier

Solution of recombinant lipase B froBandida antartica expressed i\spergillus niger (Novozym 2
CaLB L) was immobilized on Novozym carrier in diféat ratios (1 mg Novozym carrier + 1 pL, 20
ML, 4 pL, 8 pL, 12 pL enzyme solutions, separatdliine mixtures were shaken for 1h at 1200 rprﬁi
then kept for 8 hours at 4°C. The resulting suspesswere washed with IPA (7 ml), distilled =
water (5 ml), IPA (5 ml) and n-hexane (5 ml). Tlesidual white powder was dried in a vacuung
desiccator for 3 h (until 0.4 mmHg final level chouum). The biocatalysts obtained in this way<
were compared to Novozym 435. The preparations ftonor 1:12 carrier:liquid enzyme ratioi.)

were found to be equivalent with Novozym 435.

8}‘4. MATERIA



4.3.13. Synthesis of 1-(thiophen-2-yl)ethanalac-1h

1-(thiophen-2-yl)ethanone (2.50 80 mmol) was dissolved in abs. ethanol (20 mL)nthe
NaBH,; (0.38 g, 10 mmol) was added in small portions. Theture was stirred for 30 min. The
solvent was removed under vacuum. The residue 8aslded in 80 mL of EtOAc and was treated
with saturated NaHC®solution and brine. The organic layer was driegéroMaSQy, and the

solvent was removed by vacuum rotary evaporatghtlyellowish liquid. (2.47 g, 97%).

4.3.14. Synthesis of 1-(thiophen-2-yl)ethyl acetateac-2h

1-(thiophen-2-yl)ethanol (200 mg, 1.6 mmol) wassdiged in hexane-TMBE-vinyl acetate
6:3:1, CalA T2-150 enzyme was added and shaked Faurs at 50°C in thermostated shaker. The
enzyme was filtrated, washed with EtOAc, and thkvesdus were removed by vacuum rotary
evaporator. Dark yellow liquid. (260 mg, 98%)

4.3.15. Characterization of the sol-gel lipase prgpations using multisubstrate test systems in
batch mode
The sol-gel immobilized lipase (50 mg) was addethtosolution of multisubstrate mixture A (50
pL; equimolar mixture of hexan-2-ol, octan-2-ol, monA2-ol, decan-2-ol and dodecan-2-ol) or
multisubstrate mixture B (5QL; equimolar mixture of 1-phenylethanol and hep2aoh in
hexane:THF 2:1 (1 mL) or in hexane:MTBE 2:1 (1 ndontaining vinyl acetate (100L). The
resulting mixture was shaken at 30 °C in a sealadsgvial at 1200 rpm. Samples were taken
directly from the reaction mixture (sample size: &0 diluted with hexane to 500L) at 0.5, 1, 2,
4, 8, 24 h, and analyzed by GC [Hewlett Packard688drodexB-6TBDM column (25 nmx 0.25
mm x 0.25um, heptakis-(2,3-di-O-methyl-6-©butyldimethylsilyl)$-cyclodextrin), FID (250°C),
injector (250°C), H (1.8 mL min?, split ratio: 1:50). Oven (50-20 at 10°C/min for mixture A;
50-90°C at 2°C/min, 90-130C at 40°C/min, and holding for 5 min for mixture B)].
ChemStation software was used to evaluate the @dtograms. Data on conversion, enantiomeric
composition of the productsR)-2a-gand §)-2a-g and the calculated properties of the enzyme are
presented in Tables 16-18 and Figures 23-26 aAgpendix.

The enantiomer selectivity in a kinetic resolutzam be calculated from two of the following
three data: conversion [c], enantiomeric excesshefforming ester [e&)-2] (RAKELS et al.
1993).
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4.3.16. Characterization of the sol-gel lipase prepations using multisubstrate test systems in
continuous-flow reactors

The continuous-flow bioreactions were performeddiyoratory flow reactor equipped with
enzyme filled columns (stainless steel, inner di@mel mm; total length: 70 mm; packed length:
65 mm; inner volume: 0.816 mL). Immobilized sol-ggbase AK, Lipase PS, CaLB and CrL were
packed into stainless steel columns. For the coatis-flow enzymatic applications, the columns
were sealed by silver metal filter membranes [Bésth Silver Membrane Filter from Sigma-—
Aldrich, 2623237, pore size 0.48n; pure metallic silver, 99.97% with no extractabtedetectable
contaminants]. The sealings were made of PTFE fillimg mass of the enzymes was 170-440 mg.
Before use, the freshly filled columns were wastwtth hexane: MTBE 2:1 mixture. The solution
of multisubstrate A or B/alcohols (5 mg mMLin hexane-MTBE-vinyl acetate 6:3:1 mixture was
pumped through the lipase-filled column (lipasegake AK, Lipase PS, CalLB, CrL). The runs
were performed at 30°C and 0.2 mL rhiffow rate. Samples were collected and analyzeéhdur

stationary operation (GC at every 10 min. betwe@®@ min. after changing the conditions).

4.3.17. Preparative kinetic resolution in continuos-flow mode

The solution of 1-(thiophen-2-yl)ethangiac-1h, 5 mg mL*, 0,039 mmol mL}) in hexane-
MTBE-vinyl acetate 6:3:1 mixture was pumped throdlgé lipase-filled column (lipases: Lipase
AK, Lipase PS, CalLB, CrL, CalA T2-150). The reantimixture was collected for 24 h, then the
solvent was removed from the resulting reactiontone in vacuum. The residue containing the
mixture of the forming acetateR)-1] and unreacted alcoholg)-1h] were separated by column
chromatography (Geduran® Si 60, dichloromethanain@es were collected at 1, 2, 3, 4, 8, 24 h
of operation and analyzed by GC to follow up thevég of bioreactors

g‘ll. MATERIALS AND METHODS
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5. RESULTS AND DISCUSSIONS

5.1. Specific structured lipid and phytosterol estae-pot synthesis
Our major goal was to develop a solvent-free, pusrizymatic process for manufacturing

SSLs and PSEs mixtures starting from naturally ooy starting compounds (Figure 16).

PSs (mixture of rapeseed and sunflower phytostetolmposed of brassicasterol, campesterol,
stigmasterol ang-sitosterol, see it more detailed in 4.1.2.) amdilg available because they are
by-products of edible oil processing (CEREOL NOVEBIYAJIPARI RT. 2003). Caprylic acid, a
medium-chain fatty acid found in coconut, and sunér oil as triglyceride which is rich in linoleic

acid (48-74% of total FA), were used in our proesss

Sunflower oil (LLL-type)

PN

____________________________

sterol esteras lipase

[ Phytosterol ester ]

+

Structured Lipid (MLM-type) I

Figure 16.Enzymatic one-pot production of specific structllipids - phytosterol esters mixture

n
Z

To find proper biocatalysts for an integrated enatimprocess leading to the desired SSLs and

5.1.1. Biocatalyst screening for structured lipid poduction and esterification of phytosterol

. . . n
PSEs composition, enzyme screens were carried it for structured lipid and sterol ester
syntheses. The lipase (EC 3.1.1.13) and sterofasstd EC 3.1.1.3) activities were tested side b@

side in four different reaction mixtures (Table 8gven commercial lipases and two sterol esterases
a)

a)
sunflower oil, caprylic acid and PSs was used éstihg the combined sterol esterase and Iipa%

of Aspergillus origin (TOKE et al. 2007) were screened in different reastioA mixture of

activity (Reaction | in Table 4). A mixture of sumiver oil and caprylic acid was used to test the,
lipase activities irthe exchange reaction of acyl moieties of triacylglytemwith free fatty acids _

D
(Reaction Il in Table 5). A third mixture of capigy/lacid and PSs was used to test the sterol esteras

L
activity in direct acylation of PSs (Reaction il Table 6). Finally, a mixture of sunflower oil and
PSs was used to test the sterol esterase activitpnsesterification reaction (Reaction IV in Teabl
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4). The Reactions I-lll were tested with sevendpand two sterol esterase preparations at three
different reaction water contents (without and vatdition of 0.06 and 0.12 w/w% water) whereas
Reaction IV was performed only with the twspergillus SSF sterol esterase preparations and one
lipase (Lipozyme) preparation.

Table 4.Reactions for biocatalyst screening

Sunflower oil Caprylic acid Phytosterol

Reactiorf (mol equiv.) (mol equiv.) (mol equiv.y
P 2 12 1
11" 2 12 0
e 0 12 1
v 2 0 1

%The mixture was shaken for 13 days in the presefieazymes (lipases: 100 mg, at®0) SSF sterol esterases: 400
mg, at RT).

® Three parallel sets of experiments were perforfoedach reaction type without adding water andhwitter
supplement (0.06 and 0.12 w/w%, based on the nedak of the starting compounds).

“Molar equivalents were based on phytosterols (4@4-n1 mmol).

Water activity is an important factor in enzymatransesterification reactions leading to
structured lipids (FOMUSO and AKOH 1997, XU 1998a)d in esterification of sterols (NAGAO
et al. 2004). A certain amount of water is necgsgapreserve the catalytically active conformation
of the enzyme. Additional water results in a sligitrease in structured lipid (SL) yield with
transesterification and acidolysis reactions, sweger is needed to initiate the hydrolysis before
synthesis of triacylglycerols can occur. Therefoaejdolysis reactions of sunflower oil with
caprylic acid (Reaction Il, Table 4) and esterifica reactions of phytosterol with caprylic acid
(Reaction Ill, Table 4) were screened without addetker and by addition of 0.06 % and 0.12 %

water.

Table 5.Biocatalyst screening for structured lipid prodoist

Biocatalyst Conversion to MLM/MML (%)

3 days’ 7 days’

Wo© Woos®  Woit  Wq Woo  Woif
Lipase A fromCandida antarctica d 0 d d 0.3 d
Novozym 435 20.7 3.6 3.6 22.8 33.8 17.7
Lipase PS 0 8.3 4.2 1.7 8.0 18.6
Lipase AK 1.7 3.0 1.4 10.8 11.7 6.7
Lipozyme 39.3 37.9 40.9 53.1 49.8 51.2
Lipozyme TL IM 2.0 4.1 1.7 10.0 7.6 4.8
Lipase fromCandida cylindracea 0 2.4 5.1 0 7.6 18.5
SSF fromAspergillus oryzae 0 0.4 0 2.5 2.4 2.3

[ (TOKE et al. 2007)

& Conversion of sunflower oil to MLM/MML in the enmyatic reactions (type Il in Table 4) was determibgdsC.
Besides the structured lipid (MLM/MML 0.3-53.1%)dathe residual triglyceride (LLL, 0.5-99.7%), fortizan of
LLM/LML (0.25-36.6%), and diglycerides (0-16.6%) keedetected.

P Reactiortime.

‘W refers to the water supplement in the mixture©(06 and 0.12 w/w%).

INot tested.
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In the synthesis of SLs by acidolysis with capr@id (Table 5), Lipozyme proved to be the
most active biocatalyst resulting in 37.9 - 40.9%NUMML conversion at day 3, which increased
further up to 53.1% after 7 days. Novozym 435, itidustrial product of lipase B fror@andida
antarctica, exhibited lower activity in the acidolysis reactioof sunflower oil (17.7-33.8%
conversion after 7 days). Interestingly, in thecteam with Novozym 435 without added water, the
MLM/MML conversion at day 3 (20.7%) reached almdis¢ final level (22.8% at day 7). In
contrast, the MLM/MML conversions by Novozym 435thviadded water remained low after 3
days (3.6%). In the case of Lipase PS and lipase €. cylindracea, only moderate activity was
observed in SL synthesis (18.6 and 18.5% MLM/MMLlnweersions after 7 days, respectively).
Lipase AK and Lipozyme TL IM exhibited significaptless activity (11.7 and 10.0% MLM/MML
conversions after 7 days, respectively), whereasstl negligible transesterification activity was
found for Lipase A fromC. antarctica and for the SSF preparation frof oryzae. The water
content in the investigated range affected theodysis only with the biocatalysts having moderate
activity (e.g. Lipase PS or lipase froth cylindracea). Fortunately, the SL forming ability of the
most active Lipozyme was practically independenttited amount of added water. Therefore,
Lipozyme was selected as the biocatalyst for Sltrssis.

The screen for esterification of PSs with caprgiiad (Reaction 1l in Table 4) revealed that all
of the tested biocatalysts could produce caprybtereof PSs (Table 6). However, the final
equilibrium conversion remained low with most lipag<30% even after 7 days). In agreement
with the previous results indicating that a lipdsg 3) of C. rugosa can hydrolyze sterol esters
(TENKANEN et al. 2002), this enzyme proved to be thost active in PSE production (<80% after
7 days). The highest sterol ester conversion whagaed with the recently identified SSF sterol
esterase oA\. oryzae (TOKE et al. 2007). Fortunately, water (up to 0.12 Bap no significant
influence on the high final equilibrium conversiah PSE production byAoSSF. Taking the ,
operational stability into account, the highest1®96) water dosage was chosen for furtheg

experiments.

%‘5. RESULTS AND DISCUSSI



Table 6. Screening of biocatalysts for esterification ofgsterol with caprylic acid

Biocatalyst Conversion to sterol ester (%)

3 days’ 7 days’

Wo© Woos®  Woi  W¢ Wooe®  Wo.a
Lipase A fromCandida antarctica  16.6 14.2 54 15.5 19.1 14.1
Novozym 435 14.1 16.3 5.9 12.9 13.9 14.5
Lipase PS 8.1 13.9 15.3 27.1 29.6 32.1
Lipase AK 9.4 19.7 11.9 14.8 17.6 12.4
Lipozyme 5.8 6.3 6.4 15.4 17.3 15.1
Lipozyme TL IM 16.5 19.0 10.0 15.8 15.4 11.2
Lipase fromCandida cylindracea 54.5 66.0 59.5 77.7 78.2 77.0
SSF fromAspergillus oryzae 76.1 91.3 91.2 96.2 95.7 96.7

[ (TOKE et al., 2007)
& Conversions of phytosterols to their caprylic est®y enzymatic reactions (type Il in Table 4) eveletermined by GC.
P Reactiortime
°W refers to the water supplement in the mixture©(06 and 0.12 w/w%).

According to the experiments with caprylicgf@Gnd lauric (&) acid, there was only a slight
difference in the fatty acid chain length prefeeint the SSF sterol esterase frénoryzae in the
PSE formation (91.2% conversion with caprylic aaid 94.9% with lauric acid after 3 days).
Independently from the chain length, similar eduilim conversions were reached (96.7% with
caprylic acid and 95.1% with lauric acid after ¥ s

Sterol esterase activity was also tested in thesésterification reactions of sunflower oil with
PSs (reaction type IV in Table 4) resulting in fation of long-chain PSEs. After two days of
incubation, both SSRspergillus sterol esterases (KE et al. 2007) exhibited good conversions
(83.6% withAoSSF and 85.7% witAsSSF) which were further increased after eight d89s4%
with AoSSF and 88.9% wittAsSSSF). Based on these screen results, the SSF sseiase
preparation of\. oryzae was selected for the production of PSEs.

After the preliminary tests, several variationstlod one-pot processes were performed (Table
7). Most of the PSE conversion occurred in 3 toagsd but the final conversion required longer
reactions (Table 6). In addition, the reverse hlydie of the PSEs was a rather slow process either
by the AOSSF biocatalyst or by Lipozyme. The SL formatiothwiipozyme required more than 3
days as well (Table 5), but this process was meversible. Therefore, the PSE formation by the

A0SSF biocatalyst was chosen as the first enzymadéiction in all process variations (A-F Table

7).



Application of lipolytic enzymes of microbial origin as biocatalysts

Table 7.Enzymatic one-pot production of specific structulipal - phytosterol ester mixtures

Proces§ 1% reaction: Water removal Filtration of 2" reaction: Total reaction
biocatalysP;  /incubatiof =~ AoSSF biocatalys;  time
time time
(day) (day) (day) (day)

A AOSSF; 3 +/1 - AOSSF/Lip; 4 8

B A0OSSF; 3 +/1 + Lip; 4 8

C AOSSF; 4 - - AOSSF/Lip; 4 8

D AOSSF; 3 +/1 - - 4

E AOSSF/Lip; 4 - - - 4

F AoSSF/Lip; 3 +/1 - - 4

2 All processes were carried out in 3 parallel sewéh different caprylic acid amounts [molar ratiof
phytosterol:sunflower oil:caprylic acid; series112:12 (type | in Table 4); series 2: 1:2:18 andese3: 1:2:24].

® All processes were carried out at 50°C and 1260uping SSF sterol esterase frAspergillus oryzae (AoSSF, 400
mg) with or without addition of Lipozyme (Lip, 1089).

¢ The forming water was removed by rotary evaporatiomin at 50°C and 30 mmHg) and the mixture wasbated for
1 more day at 50°C and 1200 rpm.

All process variations were tried in three parafieties using increasing amounts of caprylic
acid [the ratio of PS:sunflower oil:caprylic acichsv1:2:12, 1:2:18 and 1:2:24 in Series 1, 2 and 3,
respectively (processes A-F in Figure 17)]. Incrasamounts of caprylic acid (Series 2 and 3
processes) resulted in similar or even slightlydowonversions to PSE or SLs than achieved at the
lowest caprylic acid concentration (Series 1 preesk

Several two-step processes by sequential addifitmed®o0SSF biocatalyst and Lipozyme were
tried first (Processes A-C in Table 7). In Proc&sghe reaction mixture was incubated with the
oryzae SSF biocatalyst for 3 days. Although no significeriluence of the amount of added water
on PSE formation byAoSSF (Table 6) or structured lipid formation by Lagme (Table 5) were
found, water was removed by vacuum treatment &telays followed by incubation with the
A0OSSF biocatalyst for an additional day. After aduditiof Lipozyme, the reaction mixture was
incubated for 4 more days. Analysis of the timerseuof the SSLs - PSEs mixture formation
revealed (Al process in Figures 17 and 18) that f88&ation reached almost 80% after the first §
days. According to our expectations from the pralary experiments, PSEs were derived mostlg
from direct acylation with caprylic acid rather thransesterification with the sunflower oil. The(g
water removal and the further 5 days of incubaimmeased the PSE conversion up to 92.1%. Noet
surprisingly, significant SL formation occurred prfter addition of Lipozyme at day 4. The finalg
MLM/MML conversion reached 44.1% by this procesbeTnost prominent components, besides
the forming PSEs and SLs, were MMM/MLL/LML typeddylglycerols, residual PSs (7.9 %) and<Z(
various diglycerides (~6 %). According to sevetadges (KAO CORPORATION 1999), however,g
fat formulations containing diglycerides and PS®dlave beneficial health effects. 5‘

Two further variants of the sequential additiortlod A. oryzae SSF biocatalyst and Lipozyme $
were tried next (Processes B and C in Table 7Rrbtess B, th&oSSF biocatalyst was removed ™~

1o
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by filtration after the first 3 days incubation el and water removal, and the filtrate was
incubated with Lipozyme for 4 days. As expecteds fitocess (B1 process in Figure 17) resulted in
lower final PSE content than Process A. In Pro€zswater removal at day 3 was omitted. Again,
slightly less PSEs and SLs were formed than inéa®é (C1 Process in Figure 17).

Al process Bl process

—*— MLM/
. 100 MML
X X
=t T 8 —e—PSEs
o S 60
& &
o g 40 —— LML/
S § 20 LLM
© 2 © o —=—TG
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Figure 17.Time course of specific structured lipids - phy&wst esters mixture formation by enzymatic one-pot
processes (series 1 for the A-F processes are $hown

Next, shortening the processes was tried (Procé3desn Table 7 and D1-F1 in Figure 17).
Omitting the Lipozyme (Process D in Table 4) resdilin a mixture containing low amounts of SLs
(MLM/MML) (D1 in Figure 17). Co-addition of thedoSSF biocatalyst and Lipozyme without
(Process E in Table 4) or with water removal aBtelays (Process F in Table 7) resulted in reduced
amounts of PSEs (86.3% and 84.7%, respectivelyeadsof 92.1% in Process Al,) and SLs
(29.0% and 31.4%, respectively, instead of 44.1%°tiacess Al) compared to process A but
required only 4 days.

The best final compositions derived from the twepsprocesses started with addition of the
A0SSF biocatalyst followed by with intermediate watemoval and further reaction with addition

of Lipozyme (processes Al and B1l). The final miggifrom these reactions contained mostly the
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desired PSEs (21.5-22.5 w/w%) and MMM/LLM/LML/LLLriacylglycerols (14-17 w/w%),
besides the beneficial MLM/MML triacylglycerols (B317 w/w%), diglycerides (2.5-3.5 w/w%),
residual PSs (1.5-2.5 w/w%) and excess caprylid €8-37 w/wd).
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esters
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Figure 18.HPLC chromatograms of the (A) starting compounuts @) the product mixture of the Al process

According to our processing experiments, after snifitration of the biocatalysts from the
reaction products, the free caprylic acid can balyeaemoved by a simple vacuum distillation
carried out under nitrogen atmosphere. Modellingpeexnents indicated that scale-up of the
processing method from 4 g to 100 g scale is fémsithe MMM/LLM/LML triacylglycerols, 2
which cannot be removed by this process, may bsidered as neutral or slightly beneficial fromug)
nutritional point of view (HELLNER et al. 2010). ‘3

Chemically transesterified compositions of SLs &8Es with health and nutrition promotin98
characteristics similar to our enzymatically proglidinal product (after free fatty acid removal)~
were patented by a multinational company (BUNGE ®IINC. 2005, 2007), because thesen
compositions could be attractive for consumersgotdntially suitable for food applications.

8‘5. RESULTS AN



5.2. Improving robust sol-gel immobilized biocataty

As it was proved earlier in our research group siadigel process is an easy and effective way
to create robust biocatalysts with improved stgbi@ind activity thus it was selected for further
optimization (PETER et al. 2005).

Because of the possibility of comparison of ourteystic series of experiments—in which
precursors, carriers, immobilization conditions evearied and impacts of additives was evaluated -
the experiments were carried out on lipase derivech Pseudomonas fluorescens (Lipase AK).
The method (nhormal and composite sol-gel respdygjiveas extended for Lipase PS lipases and
different carriers as well.

Our goal was to perform a systematic study of tbkegsl immobilization of a Celite-
supported lipase using ternary silane precursotesys of various alkyltriethoxysilanes (R’-
Si(OEty /alkylTEOS), phenyltriethoxysilane (PhSi(Okt) /PhTEOS) and tetraethoxysilane
(Si(OEt) /ITEOS).

Our earlier results showed that biocatalysts gaibgdsol-gel immobilization after pre-
adsorption of the enzyme onto a solid support (€e545), had numerous beneficial properties
(e.g. the patrticle size distribution of the carmemained almost the same, specific activity of the
immobilized enzyme has increased by one ordethéumore when a CatC&tcolumn was filled
with the Celite supported sol-gel Lipase AK, it hbe still effectively used to catalyze acylation
reactions) (TOMIN et al. 2010b). By virtue of thesg&periences the new biocatalysts were
developed applying composite sol-gel systems.

The prepared biocatalysts were tested in kinesolwmion reaction of the simplest aromatic
racemic secunder alcohol, 1l-phenylethanaic{la). For comparison, heptan-2-alac-1b as a
moderate racemic secunder alcohol was tested itylaiben reactions (CSAJAGI et al. 2008)
(Figure 19).

OH OH OAc

R;\ lipase /'\ N R/?\

vinyl acetate R

rac-la,b (9-1a,b (R)-2a,b

|1,2 a b

‘ R Ph CH3(CHj)4-

Figure 19.Kinetic resolution of racemic secondary alcoh@als-1a,b as test reaction for characterization of the feé
immobilized Lipase AK biocatalysts

In order to evaluate the efficiency of the immatalion and biocatalysts, conversior$ (
specific activities Ug), activity yields a) and enantiomer selectivitieE)(were compared. As the
activities in the present work were calculated fragingle time-point data, the term “activity” must
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be considered only for comparative evaluation ef ¢htalytic efficiencies, not for the real kinetic
behavior of the biocatalyst. The immobilization i@gé#ncy was evaluated by calculating the
percentage of supplied protein encapsulated iig¢he

The specific activity of the biocatalyst §{pmol x min x g1)] could be determined in the
test reaction from the amount of the racemic alephg. (Lmol)], the conversiornc], the reaction
time [t (min)] and the mass of the sol-gel immobilizeddaitalysts [ra (g)].

U= (Nrac X C) / (t x mg)

As the activities in the present work were caledafrom single time-point data, the term
“activity” must be considered only for comparateealuation of the catalytic efficiencies, not for
the real kinetic behavior of the biocatalyst.

The activity yield ¥a (%)] can be calculated from specific activity dietfree Lipase AK
(ULak) compared to the specific activity of the enzynoatent of immobilized biocatalyst)(mm.
Lak)- Umm-Lak €can be determined in the test reaction from thewsrnof the racemic alcohohc
(umol)], the conversior], the reaction timet[(min)] and the mass of the lipase immobilizedhe t
sol-gel biocatalysts [(g)].

Ya= 100% Uiak / Uimm-Lak= 100x Upak / [(Nrac X €) / (t X mg)]

The enantiomer selectivity in a kinetic resolutzam be calculated from two of the following
three data: conversiorc][ enantiomeric excess of the remaining alcohols[ge enantiomeric
excess of the forming ester [ge] (CHEN et al. 1982, RAKELS et al. 1993).

5.2.1. Fine tuning of sol-gel immobilizationselection of the lipase, support and silane
precursors

Binary sol-gel systems of trialkoxy- and tetraalsilane precursors [R’-Si(OR)and
Si(OR)] (REETZ et al. 1995, KAWAKAMI and YOSHIDA 1996) bternary sol-gel systems of a
tetraalkoxysilane and two different trialkoxysilangecursors [RSi(OR), R’-Si(OR); and

SSION

Si(OR),] had not been studied for lipase immobilization.

The lipase fromPseudomonas fluorescens (Lipase AK) proved to be a good lipase model foa
studies of factors influencing the sol-gel immatilion of lipases (PETER et al. 2005, ZARCULA”
et al. 2009). The properties of Celite-supportepase AK immobilized with ternary silane 2
precursor systems of various alkyltriethoxysilaa@&ylTEOS), phenyltriethoxysilane (PhTEQOS) =

and tetraethoxysilane (TEOS) were investigatethimwork.

SULTS A

5.2.2. Adsorption of Lipase AK on Celite
A two-step immobilization protocol involving presarption of the enzyme onto solidﬁ

support followed by sol-gel entrapping was appliEalis, to select the ideal enzyme distribution on;
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the solid support in the first step, various ameurit Lipase AK were adsorbed on Celite 545 as
solid support by precipitation from aqueous solutiath slow addition of cold acetone.

Celite, also known as Diatomite or Kieselgur, isaurally occurring, inexpensive fossilic
diatomaceous earth. It consists of fossilized resmaf diatoms, a type of hard-shelled algae,
ranging in size from ca. 2-2Q0n (HASLE and SYVERSTEN 1997), that are composed oéll
wall comprising silica (HORNER 2002). This siliceowall can be highly patterned with a variety
of pores, ribs, minute spines, marginal ridges elrdations.

To study the surface coverage of Celite, suppoligase AK preparations of different
enzyme-Celite ratios (1:10, 1:4, 1:2, 3:4 and lvgéye made. The free Celite (Figure 20A), free
Lipase AK (Figure 20B), a sol-gel entrapped Lipasié on Celite (Figure 20C) and Celite
preparations covered with various amounts of LipAse (Figure 20D-H) were inspected by
scanning electron microscopy (SEM).

The SEM investigations indicated that the commeéidgase AK consists of relatively large
spherical aggregates (4-40m diameter, Figure 20B). This size distribution icades that
substantial diffusion limitation may occur when finee form of Lipase AK is used for catalysis in
organic media. Visual inspection of the SEM imagkthe free Celite revealed that the disc-shaped
particles in Celite (Figure 20A) are the best fortmsnvestigate the coverage of the solid support
(Figure 20C-H).

The SEM pictures indicated that at increased ansoahthe precipitated enzyme on Celite
more and more monoclinic or orthorhombic particlese formed on the surface of the support
(Figure 20D-H). It is known that lipases from difa@t Pseudomonas strains crystallize in similar
crystal forms; for example the lipase frdtncepacia (PDB code: 1YS1) forms monoclinic crystals
(MEZZETTI et al. 2005), while the lipase frof aeruginosa (PDB code: 1EX9) has orthorombic
crystal structure (NARDINI et al. 2000). Because tipase fromP. fluorescens (Uniprot code
A9YY76) exhibits high amino acid sequence homolegth lipase ofP. cepacia (37% identity,
53% homology) andP. aeruginosa (45% identity, 60% homology), it can be suppodet tipase
AK of P. fluorescens origin forms similar crystals (typically of 1-Bm size, Figure 20F-H) as
lipases fromP. aeruginosa or P. cepacia. It is then understandable that the specific @gtiof the
enzyme decreases at higher enzyme loading duee tm¢heasing diffusion limitation within these
relatively large crystals. According to the morpigp) studies, the 1:10 enzyme-Celite ratio
provided thin and uniform coating on the surfaceCefite (Figure 20D) and was selected for the
further investigations. The SEM image of one of liest performing ternary sol-gel immobilized
preparations (Figure 20C; Celite:Lipase AK 10:1tra@mped in octylTEOS/PhTEOS/TEOS
0.7/0.3/1 sol-gel) indicated that surface coatih@elite remained uniform and thin after the sdl-ge

entrapping step as well.
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22
- 25KV X2,000_440um

octylITEOS/PhTEOS/TEOS 0.7/0.3/1 sol-gel (C) andotes amounts of Lipase AK precipitated onto Celite
[Celite/Lipase AK ratio: 10:1 (D), 4:1 (E), 10:5)(R:3 (G) and 1:1 (H)].

3‘5. RESULTS AND DISCUSSIONS



5.2.3.Binary precursor matrices

The effect of the silane precursor composition nantiomer selectivity and catalytic ability
were investigated in the kinetic resolution of race secondary alcohols (Figure 18). All binary
and ternary sol-gel preparations were tested whighselective acylation of 1-phenylethandcf
1d), in hexane-THF using vinyl acetate as acyl doftegure 20, Panels A in Tables 8 and 9).
Acylation of racemic 2-heptanoldc-1b), exhibiting moderate enantiomer selectivity witbe
Lipase AK, was also investigated with the binargr{® B of Table 8) and selected ternary sol-gel
preparations (Panel B of Table 9). To evaluateetfieiency of the immobilization and biocatalysts,
the specific activities (), and activity yields (X) and enantiomer selectivitieg)(with substrate
rac-la were compared df30% conversion in all cases. The enantiomer selBc{iE) and activity
of the free Lipase AK under identical reaction atinds and conversion ranges were the references
in all cases.

It had already been indicated that mixtures of RO&t); and Si(OEY at 1:1 molar ratio
provided ideal matrices for the sol-gel process ERE et al. 2003). Accordingly, the binary
systems [R-Si(OE$)TEOS=1:1] of eight different triethoxysilanes (@S, HexTEOS, OctTEQOS,
PFOCtTEQOS, DecTEOS, DodTEQOS, OctdTEOS, PhTEOS) weestigated first in the acylation
reaction of 1-phenylethanalgc-1a, Panel A of Table 8) and 2-heptancdd-1b, Panel B of Table
8). In the cases of HexTEOS, PFOCtTEOS and PhTH@Sactivity yield (Y1) for the binary sol-
gel entrapped Lipase AK exceeded 100% with bothak®hols (Table 8). The best enantiomer
selectivities E) were achieved with the binary systems of PrTEOStTEOS, DodTEOS and
PhTEOS forrac-1a (Panel A of Table 8) and with the binary sol-geébdatalysts containing
HexTEOS, OcTEOS, PFOCctTEOS and PhTEOS dorlb (Panel B of Table 8).

From the data with the R-Si(OEIfJEOS=1:1 systems, it was obvious that among tharki
systems the PhTEOS:TEOS=1:1 composition resultegimal properties regarding both activity
and selectivity.
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Table 8.Characterization of Celite supported Lipase AK inifized in binary sol-gel systems of alkyITEOS/TEOS
silane precursors. Specific activityg)) activity yield (Y,) and enantiomer selectiviti) of the free and immobilized
forms of Lipase AK are shown in Panel A (with 1-phethanolrac-1a) and Panel B (with 2-heptanaic-1b).

No. Silane Substrate  Time c = Us Ya
precursord (h) (%) Ugh (%)

Panel A

1 - (Lipase AK) rac-la 0.25 28 »200 154.2 100
2 PrTEOS:TEOS rac-la 8 24 »200 4.1 60
3 HexTEOS:TEOS rac-la 2 28 >200 19.0 181
4 OctTEOS:TEOS rac-la 4 25 »200 8.4 77
5 PFOCtTEOS:TEOS rac-la 2 24 >200 16.8 156
6 DecTEOS:TEOS rac-la 8 33 >200 57 54
7 DodTEOS:TEOS rac-la 8 27 »200 4.6 44
8 OctdTEOS:TEOS rac-la 8 29 >200 5.0 44
9 PhTEOS:TEOS rac-la 2 39 »200 26.8 242
Panel B

10 - (Lipase AK) rac-1b 1 28 13.8 38.4 100
11 PIrTEOS:TEOS rac-1b 8 0.3 1.2 0.1 7
12 HexTEOS:TEOS rac-1b 8 17 12.6 2.9 109
13 OctTEOS:TEOS rac-1b 8 8 10.8 1.3 49
14 PFOCtTEOS:TEOS rac-1b 8 22 12.2 3.7 139
15 DecTEOS:TEOS rac-1b 8 8 11.0 1.3 51
16 DodTEOS:TEOS rac-1b 8 4 10.6 0.6 25
17 OctdTEOS:TEOS  rac-1b 8 5 10.0 0.9 32
18 PhTEOS:TEOS rac-1b 8 30 14.7 5.2 187

@ Lipase AK was preadsorbed on Celite 545 at 1: Hyme:support ratio and entrapped with alkylTEOS: BEO
silane precursors at 1:1 molar ratio.

The enantiomer selectivitff was calculated from and egy.;/ €ggy-» (CHEN et al. 1982 and RAKELS et al. 1993)ue to
sensitivity to experimental errorg,values calculated in the 100-200 range are rep@se>100, values in the 200-500
range are reported as >200 and values calculatac &0 are given as »200.

5.2.4. Ternary precursor systems

The goal of this work was to provide an effectivd-gel immobilization method from an
economical point of view, therefore the fine-tunwgs achieved using ternary precursor system
(TEOS:OCTEOS:PhTEOS:) (Depicted on Figure 21 widitk). n

Next, by keeping the beneficial PhTEOS as one eftltinee silane precursors, we tried fineé
tuning of the sol-gel system by using ternary systeof alkylITEOS:PhTEOS:TEOS silaneg
precursors in various ratios. Thus, the alkyITE®SPOS molar ratio was varied from 0.1 to 0.9 inDo
0.1 steps while keeping the trialkoxysilane (alky0S:PhTEQS) : tetraalkoxisilane (TEOS) molar”

D

ratio at 1:1. The properties of the resulting seoéternary sol-gel biocatalysts were charactdrize

by testing their catalytic behavior in the kinetesolution of 1-phenylethanobc-1a (Figure 3).

AND

The specific activity (4), activity yield (Ya) and enantiomer selectivityE) values of the

S

enantiomer selective acetylation of racemic 1-plethgnolrac-1a, calculated at the initial part of Z
the reaction (at 4 h), were compared for the ternswl-gel Lipase AK biocatalysts, thea
PhTEOS:TEOS binary sol-gel immobilized Lipase AKdanee Lipase AK. Comparison of theﬁ
ternary systems to the best binary biocatalyst BS: TEOS=1:1) at 4 h indicated that propertie%—
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of numerous ternary compositions were superiohéoRhTEOS:TEOS binary system in all aspects
(Figure 21). In general, theglhnd Ya values, related to the productivity of the biobates with
racemic l-phenylethanaglac-1a, were the best for ternary compositions prepared fmedium
chain alkylsilane precursors (HexTEOS, OctTEOS, &FBOS), while enantiomer selectivities
(E) were sufficient for almost all longer alkyITEO®epursors (HexTEOS, OctTEOS, PFOCtTEQS,
DecTEOS, DodTEOS, OctdTEOS). Among all ternaryeayst, the perfluorinated chain containing
PFOCtTEOS series exhibited the best overall pedoca. Taking the price of PFOCtTEOS also
into account, however, the OctTEOS series provithexd best performance / price result in the

kinetic resolution of 1-phenylethancc-1a.
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Table 9. Characterization of the best performing Celite sufgal ternary sol-gel Lipase AK biocatalysts prepafrom
alkyITEOS/PhTEOS/TEOS silane precursors. Specitivily (Ug), activity yield (Ya) and enantiomer selectivitfg) of the free
and immobilized forms of Lipase AK are shown in 8af (with 1-phenylethanalac-1a) and Panel B (with 2-heptandc-1b)

No. Triethoxy silane Substrate  AIKYITEOS Time C EC Us Ya
precursors amount (%)  (h) (%) (Ugh (%)

Pand A

1 - (Lipase AK) rac-la - 0.25 28 »200 154.2 100
2 PrTEOS:PhTEOS rac-la 60 8 25 »200 4.3 52
3 HexTEOS:PhTEOS rac-la 60 4 35 >200 12.2 116
4 OctTEOS:PhTEOS rac-la 70 4 34 »200 11.8 109
5 PFOCtTEOS:PhTEOS rac-1a 90 2 24 »200 16.7 181
6 DecTEOS:PhTEOS rac-la 50 8 27 »200 4.6 18
7 DodTEOS:PhTEQOS rac-la 30 2 20 »200 13.6 53
8 OctdTEOS:PhTEOS rac-la 60 4 30 »200 10.2 99
9 PhTEOS rac-la 0 2 39 »200 26.8 242
Panel B

10 - (Lipase AK) rac-1b - 1 28 13.8 38.4 100
11 PrTEOS:TEOS rac-1b 60 8 4.7 11.6 0.8 40
12 HexTEOS:TEOS rac-1b 60 8 6 10.2 1.0 35
13 OctTEOS:TEOS rac-1b 70 8 19 12.3 3.2 64
14 PFOCtTEOS:TEOS rac-1b 90 8 27 12.3 4.7 205
15 DecTEOS:TEOS rac-1b 50 8 2.6 8.3 0.1 32
16 DodTEOS:TEOS rac-1b 30 8 21 13.5 3.6 128
17 OctdTEOS:TEOS rac-1b 60 8 16 15.6 2.8 108
18 PhTEOS rac-1b 0 8 30 14.7 5.2 187

? Lipase AK was preadsorbed on Celite 545 (1:10 mwezgupport ratio) and entrapped in a sol-gel frékgl@EOS:PhTEOS:TEOS
silane precursors at x:(100-x):100 molar ratio.

® Amount (x) of alkyITEOS in the triethoxysilane rhixe.

¢ The enantiomer selectivityE] was calculated frons and egy.; / €ggy.» (CHEN et al. 1982 and RAKELS et al. 1993pue to sensitivity to
experimental errorss values calculated in the 100-200 range are rep@$e>100, values in the 200-500 range are repaes200
and values calculated above 500 are given as »200.

,:“5. RESULTS AND DISCUSSIONS



Next, the OctTEOS series and a well performing memds each other alkylITEOS ternary
series (marked in black in Figure 20) were invedgd in the kinetic resolution of 2-heptamat-
1b, a moderate substrate of Lipase AK. Comparisoth@fdata from the kinetic resolutions of the
two different secondary alcohols, 1-phenyletharamla and 2-heptanotac-1b with the binary
(Table 8) and the selected ternary (Table 9) sbbgetems revealed that different silane precursor
compositions resulted in the best activities andctwities for the two substrateac-1a,b (Panels
A for rac-laand Panels B farac-1b in Tables 8 and 9, respectively).

In the case of the kinetic resolution of 1-phenydeiol rac-1a at around 30% conversion
(Panels A in Tables 8 and 9), the addition of Ph$EO longer chain alkyITEOS (OctTEOS,
PFOCtTEOS, DecTEQOS, DodTEQOS, OctdTEOS) resultddrimary sol-gel systems with enhanced
activity yield (Ya) and enantiomer selectivityg) (Entries 4-8 in Table 9) compared to the
corresponding binary systems (Entries 4-8 in Taple

In the case of the kinetic resolution of 2-heptaram-1b, encapsulation in all alkylITEOS
containing binary systems resulted in decreasextiséty (Entries 11-17 in Table E= 1.2 — 12.6)
compared to the free Lipase AK (Entry 10 in Tablé&8 13.8). Only the binary PhTEOS system
had a slight selectivity enhancement in acylatibmaz-1b (Entry 18 in Table 8E= 14.7). Not
surprising, that addition of PhTEOS to alkylITEOShe ternary systems enhanced the selectivity of
the encapsulated lipase in all cases except DecT{P@el B in Table 9). In the ternary systems,
the specific activity () and activity yield () were also significantly improved (Panel B in Tabl
9) compared to the pure alkylITEOS containing bireystems (Panel B in Table 8) with only two
exceptions, HexTEOS and DecTEOS (Entries 12 andh1bable 9). As found earlier with 1-
phenylethanolac-1a, there were ternary systems that surpassed thetisédly (E= 15.6, Entry 17
in Table 9) or productivity (X= 205 %, Entry 14 in Table 9) of the pure binaryTE®S:TEOS
system (Entry 18 in Table 8) in the kinetic resimintof 2-heptanotac-1b as well.
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Figure 21 Characterization of Celite supported ternary séltg@ase AK biocatalysts prepared from alkyITEOSIBIOS/TEOS silane precursors. Specific activity,

(A); activity yield, Y, (B) and enantiomer selectivit, (C) of the free and immobilized forms of Lipase Ake calculated at 4 h reaction time for enantioseézctive

acetylation of racemic 1-phenylethamat-1a. The octylITEOS series and representatives of ther @lkylITEOS systems included in Table 9 are showblack.
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5.2.5. Extension of sol-gel immobilization system

Additionally important parameters influencing thetiaty of sol-gel encapsulated lipases
were investigated. Among others two different easinamely Celit®545 and Geduran silica gel
was compared (Table 10), furthermore the enzynreiecaatio were varied (1: 5 and 1:10) (Table
10) with three different lipases, Lipase AK (Talt@and 12), Lipase PS (Table 11 and 13) and CrL
(Table 14).
The composite-type immobilization were performedtwo ways; in one case the enzyme was
precipitated by acetone on the surface of the suppaterial followed by drying step before sol-gel
immobilization while in the other procedure durigglation the enzyme and the support material
were added at the same time to the sol systemtamaisi intensively mixed and shaken. Based on
our preliminary results the best binary (TEOS: PBED1) and ternary (TEOS: OcTEOS:PhTEQOS;
10:7:3) sol-gel systems were used in this study.
The efficiency of the prepared biocatalysts cancbaracterized by the same parameters (were
described earlier) as specific activityg), specific enzyme activityUg) and enantiomer selectivity
(E).
5.2.5.1.The influence of particle size of carrier moleculend enzyme/carrier ratio on
biocatalysts’ activity

The success and efficiency of the physical adsmmptf the enzyme on a solid support
depends on several parameters. The size of pritdie adsorbed, the specific area of the carrier
and the nature of its surface (porosity and pore)sare crucial. The use of porous support is
advantegous since the enzyme can be adsorped attitresurface of the material and within the
pores as well. Immobilization of an enzyme in agqosr carrier usually follows the moving front
theory; the enzyme molecules first occupy the ostell of the carrier and move slowly to the
interior of the carrier (CAO 2005b).
Celite has lower porosity thus the immobilizatiorolpably occurs on its surface resulting in a
monolayer type immobilization. While in case higlperosity silica gel the enzyme molecules can
reach the interior pores as well.
In general, three types of enzyme distribution @mriers can be distinguished: convex-type
(inclomplete adsorpion), uniform-type (complete@gsion) and concave-type (“overloaded”). The
activity expression is the highest with convex riisition thus it is suitable for enzymatic reacgon
suffer from diffusion constraints (CAO 2005b).
Based on our experiments it can be observed tratntimobilization on carrier has a beneficial
effect on the behavior of biocatalyst. Immobilipatiwith preadsorption (enzyme precipitated by

acetone on the carrier) resulted in increasedigctiVables 10-14).
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With applying higher porosity silica gel it was neged to exceed the results of Céli5even
without preadsorption. It seems in case of Lipase with the lower amount of enzyme (1/5)
demonstrated the concave-type immobilization ang thitigated the diffusion constraints as it was
resulted in 2-fold increase of specific enzymewisti(Table 10).

The impact of enzyme loading and carrier type wasenmoderately observable with Lipase PS
preparates (Table 11).

Table 10Kinetic resolution of 1-phenylethanala¢-1a) with native, commercial sol-gel and with or withsupported

sol-gel Lipase AK with vinyl acetate as acylatirgeat. For sol-gel immobilization using binary selgystem (TEOS:
PhTEOS=1:1) (TOMIN 2010c)

Biocatalysts E/C c E? Ug Ue
ratio (%) (Lmol miri'mg?) (umol miri*mg?)

Free Lipase AR - 49 »200 34.4 34.4
Without carrief - 51 >100 2.9 5.7

Celite 1/5 33 »200 1.9 12.2
Celiteyea 1/5 31 »200 1.8 12.2
Silica 1/5 40 >200 2.3 14.0
SiliCayrea 1/5 49 »200 2.9 19.7
Without carrief - 38 »200 2.2 8.2

Celite 1/10 45 »200 2.6 34.6
Celiteyea 1/10 31 »200 1.8 24.2
Silica 1/10 37 »200 2.1 29.2
Silicagrea 1/10 41 >200 2.4 32.3

2 If not stated otherwise, formation of tHe){esters were preferred. Enantiomer selectiilywas calculated frora and
eqr)-2(CHEN et al. 1982) Due to sensitivity to experimental erroEsyalues calculated in the 100-200 range are repase
>100, values in the 200-500 range are reportec®@6 and values calculated above 500 are given@®. »2

® Free Lipase AK, after 2 h reaction.

¢ Sol-gel immobilized Lipase AK without carrier (Chhe applied enzyme amount corresponds with 1/5 reefsarrier
ratio.

¢ Sol-gel immobilized Lipase AK without carrier (Ojhe applied enzyme amount corresponds with 1/19reetcarrier
ratio.

Table 11Kinetic resolution of 1-phenylethanalg-1a) with native, commercial sol-gel and with or withsupported sol-
gel Lipase PS with vinyl acetate as acylating ag€ot sol-gel immobilization using binary sol-getseem (TEOS:
PhTEOS=1:1TOMIN 20109.

% If not stated otherwise, formation of th@){esters were preferred. Enantiomer selectiijywas calculated frora and
eqg)-2 (CHEN et al. 1982)Due to sensitivity to experimental erroEsyalues calculated in the 100-200 range are regp@se
>100, values in the 200-500 range are reportec®@6 and values calculated above 500 are given@®. »2

® Free Lipase PS, after 2 h reaction.

¢ Sol-gel immobilized Lipase PS without carrier (The applied enzyme amount corresponds with 1/5 raeiarrier
ratio.

4 Sol-gel immobilized Lipase PS without carrier (The applied enzyme amount corresponds with 1/1Qreetcarrier
ratio.

Biocatalyst E/C Cc (= Us Ue

ratio” (%) (umol min*mg?) (umol min*mg?) 0
Free Lipase PS - 47 »200 32.5 32.5 =
Without carrief - 36 »200 2.1 5.4 9
Celite 1/5 36 »200 2.0 29.0 n
Celiteyea 1/5 15 »200 0.9 6.6 )
Silica 1/5 43 »200 2.5 20.2 )
Silicayea 1/5 32 »200 1.8 12.1 O
Without carrief - 36 »200 2.0 10.8 v
Celite 1/10 14 >200 0.8 10.2 )

Celiteyrea 1/10 13 >200 0.7 12.4
Silica 1/10 32 »200 1.8 27.8 2
Silicayea 1/10 23 »200 1.3 19.4 =
n
'_
—
-
n
Ll
o
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Table 12.Kinetic resolution of 1-phenylethanabg-1a) octan-2-ol (ac-1d) as members of multisubstarte “A” and “B”
systems with native, commercial sol-gel and witlwdhout supported sol-gel Lipase AK with vinyl 4a& as acylating

agent. In sol-gel immobilization of lipases usingary and ternary sol-gel systems. Specific enzglti¢ and biocatalyst
activity (Ug) and enantiomer selectivitf) of the free and immaobilized lipases are shown.

octan-2-ol 1-phenylethanol

Biocatalyst Silane c E? Ug Ue c E? Ug Ue

ratic® (%) (Ulg)  (Ulg) (%) (Ulg)  (Ulg)
Free Lipase AR - 47.8 7.8 22.7 22.7 49.5 >200 31.6 31.6
Commercial SG - 26.0 7.2 12.3 12.3 47.2 »20@30.1 30.1
Comm. on pumice - 1.2 2.3 0.6 0.6 5.7 >100 .6 3 3.6
Without carrief 1:1 49.3 6.9 5.9 1.8 50.8 »200 16.2 4.9
Silica 1:1 55.9 5.3 2.2 0.2 53.1 »200 2.8 30
Silicayrea 1.1 63.5 5.4 2.5 0.3 51.0 »200 8.1 0.9
Without carrief 1:0.7:0.3 48.6 6.4 1.9 0.5 35.7 »200 228 55
Silica 1:.0.7:0.3 62.6 5.3 2.1 0.2 53.4 »200 2.8 0.3
Silicayrea 1:.0.7:0.3 64.6 4.7 2.6 0.3 53.4 »200 2.8 30

2 If not stated otherwise, formation of th@){esters were preferred. Enantiomer selectiijywas calculated frora and
egr-2 (CHEN et al. 1982)Due to sensitivity to experimental erroEsyalues calculated in the 100-200 range are regp@se
>100, values in the 200-500 range are reportec®@6 and values calculated above 500 are given@s. »2

® Free Lipase AK, after 2 h reaction.

¢ Sol-gel immobilized Lipase PS without carrier (The applied enzyme amount corresponds with 1/5 raeiarrier
ratio.

Table 13.Kinetic resolution of 1-phenylethanabg-1a) octan-2-ol fac-1d) as members of multisubstarte “A” and “B”
systems with native, commercial sol-gel and witlwithout supported sol-gel Lipase PS with vinyltate as acylating
agent. In sol-gel immobilization of lipases usinmary and ternary sol-gel systems. Specific enzyidg and
biocatalyst activity (Jg) and enantiomer selectivit¥) of the free and immobilized lipases are shown.

octan-2-ol 1-phenylethanol

Biocatalyst Silane c E? Ug Ue c E? Ug Ue

ratio” (%) (Ug)  (Ulg) (%) (Ug)  (Ulg)
Free Lipase PS - 7.0 7.1 3.3 3.3 20.7 »200 132 13.2
Commercial SG - 8.3 9.5 3.9 3.9 24.0 »200 .315 15.3
Without carrief - 12.1 9.2 5.8 0.8 31.3  »200 20.0 2.8
Silica 11 14.0 8.3 3.3 0.4 36.7 »200 11.7 1.3
Silicayreac 1:1 115 9.6 5.5 0.5 314 »200 20.1 1.8
Without carrief 1:0.7:.0.3 29.1 11.9 13.8 4.3 51.0 »200 325 10.1
Silica 1:0.7:0.3 17.6 7.8 4.2 0.5 40.5 »20012.9 1.6
Silicayreac 1:0.7:0.3 12.6 8.6 1.5 0.2 31.7 »200 5.1 80

2 If not stated otherwise, formation of th@){esters were preferred. Enantiomer selectiijywas calculated frora and
eqg)-2 (CHEN et al. 1982)Due to sensitivity to experimental erroEsyalues calculated in the 100-200 range are regorte

as >100, values in the 200-500 range are reposte@@0 and values calculated above 500 are give@Gs
® Free Lipase PS, after 2 h reaction.

¢ Sol-gel immobilized Lipase PS without carrier (The applied enzyme amout corresponds with 1/5 eafarier ratio.

Generally it can be stated that for future expenitsesilica (Gedurdh Si60) is preferred without
preadsorption for lipase immobilization in betwde# and 1:10 carrier: enzyme ratio.

Villeneuve and co-workers (2000) published that whitization can sometimes protect lipase from
inactivation by chemicals produced during the enzygatalyzed reaction. The inactivating effect of
acetaldehyde toward some lipases has been eswblsgveral cases. This co-product is formed
when vinyl esters are used as irreversible acybdoin esterification reactions. Observation that

inactivation ofCandida rugosa lipase by acetaldehyde can be prevented by imimabdn of the
enzyme was confirmed by our results.
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Table 14.Kinetic resolution of 1-phenylethanab€-1a) octan-2-ol fac-1d) as members of multisubstarte “A” and “B”

systems with native, commercial sol-gel and withwathout supported sol-gel Lipase CrL with vinyledate as
acylating agent. In sol-gel immobilization of ligesusing binary and ternary sol-gel systems. Spemizyme (g) and
biocatalyst activity (Jg) and enantiomer selectiviti) of the free and immobilized lipases are shown.

octan-2-ol 1-phenylethanol

Biocatalyst Silane c E? Ug Ue C E? Ug Ue

ratio” (%) (Ug)  (Ulg) (%) (Ug)  (Ulg)
Free Lipase CrL. - 11.5 2.0 5.5 5.5 5.0 23 3.2 3.2
Commercial SG - 0.4 1.7 0.2 0.2 0.2 1.6 0.1 0.1
Without carrief 1.1 10.7 1.8 0.1 0.1 2.7 3.8 0.4 0.1
Silica 11 6.8 3.4 0.8 0.1 11.3 9.9 3.6 0.3
Silicayrea 1:1 6.1 0.8 0.2 0.02 6.5 9.4 0.3 0.03
Without carrief 1:0.7:.0.3 4.6 15 0.2 0.05 4.7 4.4 0.2 0.1
Silica 1:0.7:0.3 5.2 2.7 0.2 0.02 10.6 38.0 60 0.1
Silicayrea 1:0.7:0.3 11.8 3.9 0.5 0.06 7.6 10.8 2.4 3 0.

2 If not stated otherwise, formation of tHe){esters were preferred. Enantiomer selectiilywas calculated frorn and
€qr)-2 (CHEN et al. 1982)Due to sensitivity to experimental erroEsyalues calculated in the 100-200 range are rego
as >100, values in the 200-500 range are reposte@@0 and values calculated above 500 are givegQ&.

® Free Lipase CrL, after 2 h reaction.

rte

¢ Sol-gel immobilized Lipase PS without carrier (The applied enzyme amount corresponds with 1/5 raeigarrier

ratio.

5.2.5.2.Stability

The sol-gel entrapped lipases are highly stable aamdbe stored at room temperature

for

months without significant loss of activity. Foistance as literature data show (REETZ et al. 1995)

immobilized lipase from Pseudomonas cepacia in MTMS/PDMS (methyltrimethoxysilane

polydimethylsiloxane) gels has been repeatedly usdzhtch esterification reaction of lauric acid

with 1- octanol in isooctane.

We also performed a heat stability test from 40up@ 80 °C with sol-gel immobilized Lipase PS

in ternary silane precursor system (TEOS: OcTEOSIEW®WS) showed very promising results. T
biocatalyst was refluxed for one hour at five diéiet temperatures (40, 50, 60, 70, 80 °C)

he

in

octanol.Then it was filtered and tested in kinesisolution reactions of multisubstrate “A” and “B”

using vinyl acetate as acylating agent. The reshitsved that our sol-gel biocatalyst even at 80°C

retained at least ~50% its activity.

A storage test was also performed at ambient testyrer for half year our sol-gel immobilize

Lipase PS preadsorbed on silica kept its initisivag.

n
Z

O
d—

:‘,‘5. RESULTS AND DISCUSS



5.3. Bioimprinting

Bioimprinting effect in sol-gel immobilization ofijases was studied to develop efficient
novel immobilized biocatalysts with significantlynproved properties for biotransformations in
continuous-flow systems. The substrate mimics witthe active site in experimental lipase
structures (PDB) or structurally related compoun@se selected systematically as bioimprinting
candidates. Four lipases (from Lipase AK, Lipaselp8se B fromCandida antarctica and lipase
Candida rugosa) were immobilized by sol-gel process with nineilmiprinting candidates using
various combinations of tetraethoxysilane (TEOS)henyltriethoxysilane (PhTEQOS),
octyltriethoxysilane (OcTEOS) and dimethyldiethidse (DMDEQOS) as silica precursors. The
biocatalytic properties of the immobilized lipase®re characterized by enantiomer selective
acylation of various racemic secondary alcoholsmialtisubstrate systems (tests with a two
component systemac-1a,b and a five component systenac-1c-g). The biocatalytic usefulness of
the best preparations was demonstrated by the ikimesolution of racemic 1-(thiophen-2-
yhethanol ¢ac-1h) in batch and continuous-flow systems.

The sol-gel entrapment can ,freeze” the confornmatibthe enzyme; it is thus understandable
that the pre-immobilization conformation of the dge is very important. Furthermore the
conditions selected should be sufficient to resula more stable conformation on the enzyme
molecule. If the lid can be kept open, lipase ipexted to have a high activity in organic solvents
(HELLNER et al. 2011).

Based on these bioimprinting was investigated enfttiowing section.

5.3.1. Rational selection of the imprinting molecws for lipases

In 1990, the first 3D structures of lipases fra¥hizomucor miehei (BRADY et al.) and
human pancreatic lipase (WINKLER et akgre elucidated. In 1993, the interfacial activataf
the lipase fronmRhizomucor miehei was rationalized on structural basis with substli&e inhibitors
(DEREWENDA et al. 1992). Since then 121 lipase ctries have been deposited in the Protein
Data Bank (Brookhaven PDB). Among the 76 lipasecstires containing ligands, those structures
which included non-covalently bound ligands mimizkthe substrates were selected (Figure 22).

The non-covalently bound ligands mimicking the agement of substrates in the
experimental structures can be divided into thraegories. As it was expected, free fatty acids
were found within lipases in the close proximity tbk catalytically active Ser (stearic acid in
Figure 22 A and oleic acid in Figure 22 B). Notmigingly, non-ionic surfactants occupying the
active site were also found in lipases (hydroxyyetky-triethyloxy-octane in Figure 22 C and
methylpenta(oxyethyl) heptadecanoate in Figure 22Imerestingly, only the polyethyleneglycol

part of the non-ionic surfactant Triton X-100 issible in the structure of a thermoalkalophilic



Application of lipolytic enzymes of microbial origin as biocatalysts

lipase (Figure 22 E) and only the pentaethylenedallyvas also found as substrate mimic in the

structure of lipase A fror@andida antarctica (Figure 22 F).

Figure 22. Crystal structures of lipases including substeatalogues within the active sifg-F) For better visibility,
the catalytic triad is colored (Ser: magenta, Blae, Asp/Glu: orange) and the amphiphile preseithé active site is
repeated in the left down corner for better viigilA) Fulgidus sp. lipase with stearic acid (PDB code: 2ZYI) (QHE
et al. 2009);B) Thermomyces lanuginosa lipase with oleic acid (PDB code: 1GT6) (YAPOUDJIAN al. 2002 C)
Porcine pancreatic lipase - colipase with hydrothyexy-triethyloxy-octane (PDB code: 1ETH); (HERNBO et al.
1996) D) Candida antarctica lipase B with methylpenta(oxyethyl) heptadecangRieB code: 1LBT) (UPPENBERG
et al. 1995)E) Bacterial thermoalkalophilic lipase with Triton X064 (PDB code: 2W22CARRASCO-LOPEZ et al.
2009);F) Candida antarctica lipase A with pentaethylene glycol (PDB code: 3GUBRANDT et al.).
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Because our analysis of experimental lipase strestundicated various types of molecules as
substrate mimics, it was expected that the bestiimipg molecule may vary from one lipase to
another. Therefore, nine imprinting candidates (@dlb) have been selected for this systematic
study including substrate [olive oil (OA)], prodadiauric acid (LA) and oleic acid (OA)], non-
ionic surfactants [polyethylene glycol dodecyl etfBR1J-30) and polyethylene glycol p-(1,1,3,3-
tetramethylbutyl)-phenyl ether (Triton X-100)] apdlyethylene glycol derivatives [tetraethylene
glycol (TEG), polyethylene glycol 400 (PEG 400) a@600 (PEG 1000), and dilaurate of
tetraethylene glycol (L-TEG-L)].

Table 15. Structure of imprinting molecules selected for gel-entrapment of lipases (red color means oxygen

molecule)
Additives Name Structure
LA Lauric acid AAARAAA
OA Oleic acid M
TEG Tetraethylene glycol QAARAAD
PEG400 Polyethylene glycol 400 VAARAAARRAARRARAARA
PEG1000 Polyethylene glycol 1000 i
BRIJ BRIJ-30

(polyethylene glycol dodecyl ether) SAAARAARRANANRANRNS

L-TEG-L Tetraethylene glycol dilaurate

Triton X-100
TRX100 (polyethylene glycol p-(1,1,3,3-
tetramethylbutyl)-phenyl ether)

{o-‘/ PRGN RGN

Olive oil Triolein
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The imprinting properties of the rationally selettadditives were tested on four different
lipases of well documented properties to test #eecnlity of our approach. Lipases from diverse
types of microorganisms such as CalLB and CrL fraasys and Lipase AK and Lipase PS from
bacterial source were selected. Our selection Veasdiverse by the conformational mobility of the
lipases. Whereas CrL is the more sensitive to gaomdition changes, Lipase AK and Lipase PS and
especially CalLB and are more heat resistant angecgsely less mobile. The most dramatic
imprinting effects were expected in case of thef@onation sensitive lipases.

It was expected also, that encapsulation of thasp can “freeze” their conformation and
therefore an encapsulated lipase can “rememberintipeinting effect even after removal of the
template molecule. Studies on subtilisin revealet this behavior (ligand induced memory) is a
result of the decreased flexibility displayed byzymes in an apolar solvent, relatively to the
agueous situation (RUSSELL and KLIBANOV1988, LOU$&#Ral. 2011). Because the mobility of
the enzyme entrapped in rigid sol-gel matrix ig@xtely low, it is understandable that selection of
suitable imprinting additives might be crucial togrove the activity of the immobilized enzyme.

In a comprehensive study on sol-gel immobilizatdripases, enhancing effects of various
small molecules (Tween 80, 18-crown-6 and mefglclodextrin) and supporting materials such
as Celit were investigated simultaneously (REETZle2003). However, the enhancing effects in
sol-gel immobilization systems by small moleculex asolid supports may be different. The
enhancing effect in supported sol-gel techniquesamly due to formation of a thin enzyme layer
on the large surface of the supporting materialelomg the diffusion limits which are present in
enzyme aggregates. On the other hand, in case afl smolecules as additives induced
conformational changes of the proteins can mostlytrdoute to the enhancement of enzyme
activity. Although the supported sol-gel systemsvpd to be quite efficient in our previous studies
as well, (TOMIN et al. 2011) this study was desame non-supported sol-gel systems to detect,
solely the imprinting effect. To further simplifpe investigated sol-gel system, the most effectivg
binary precursor system [TEOS: PhTEOS (1:1)] of previous work (TOMIN et al. 2011) was
selected to study the imprinting effect of the stld additives.

5.3.2. Multisubstrate kinetic resolution as test sstem for the preliminary investigations

ND DISCUSSI

In order to distinguish the effects due to inducedformation change of the enzyme and dué

)

to the various hydrophobicity of encapsulating meas, tests of the imprinted biocatalysts were-
-l

designed with multisubstrate mixtures consisting series of racemic aliphatic alcohols of various
)

chain lengths (Figure 23). Another mixture was sggpto compare the behavior of an aliphatic and!
o
aromatic secondary alcohol directly. Thereafter tiwe substrate mixtures were tested with two .
Kp]

81



additional ternary sol-gel systems of different toghobicity. These two ternary systems were the
ones which proved to be the most effective in aup previous studies (TOMIN et al. 2011),
(WEISER et al. 2011). It was considered that canfiion-controlled effect can cause less
variation of the enzyme activity within the membest the homologous series than matrix
hydrophobicity dependent effects. If an effect igimhy due to matrix hydrophobicity, the relative
activity between substrates of different hydroplbapishould be more pronounced.

o OAc OH
lipase Kazla.us.kas; /k . /‘\
vinyl acetate selectivity R R
rac-lace (R)-2a-g (S)-la-g
Mixture A OAc oH
- Sy
c butyl (S)-2a-g (R)-1a-g
d hexyl Mixture B
e heptyl 1,2 | R
f octyl a pentyl
g decyl b | phenyl

Figure 23. Multiple kinetic resolutions with substrate mixtsrfor testing the various biocatalysts

Because the lipases may be sensitive to variatiotise nature and area of the forming aqueous-
organic interface, the sol-formation steps (mixing silane precursors with the aqueous phase, time
of the addition the enzyme and the NaF initiatonjtong or applying ultrasonication) were varied
with two enzymes (Lipase PS and CrL) in a serieprefiminary experiments. In case of CrL the
intensive emulsion formation was crucial and thitsasonication had beneficial effect on the
activity of the resulting biocatalyst. On the otlimand, variations in the sequence of sol-formation
resulted in no significant alterations in the pmtigs of the immobilized biocatalysts from Lipase
PS.

Next, initial experiments were carried out to invgste the effect of the amount of additive in
the sol-gel formation on the properties of the @satated lipases. In this case imprinting Lipase PS
and CrL with PEG400 as additive were selectedHisr tudy (Figure 24).
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Figure 24. Dependence of the specific activityg U g*) on the concentration of PEG 400 as imprintingitagsifor
Lipase PS (2h) and CrL (8h) (for details see AnBlex

Kinetic studies on various lipases with various sttdies demonstrated that the Michaelis
constants fall in the 0.1-40 mM range, dependinghennature of the lipase and substrte=2.2
mM andKp= 5.1 for lipase from porcine pancreas with sun#owil and palm oil, respectively;
(ARROYO et al. 1996K,,= 0.15 mM for lipase fronmPseudomonas aeruginosa on p-nitrophenyl
palmitatee MADAN and MISHRA 2010)Kn»=38 mM for lipase A fronCandida antarctica with p-
nitrophenyl butyrat¢éHE et al. 2010)K,,= 0.22 mM for pancreatic lipase @mitrophenyl acetate.
(WONG 1995, WHITAKER et al. 2003) Because the comicdion of the PEG 400 additive is ¢,

n
comparable with the Kvalues of the substrates, it may be hypothesibatl the first increase -

ONS

observable with both enzymes is related with thiesgate analogue-like behavior. The secon&
increase in the specific activity of the entrapppdses (k= 5-20 mM interval) can be the mutual o
effects of the substrate analogue-like habit ardrtipact of the additive on the quality of matiix. 2
is worthwhile to mention here that similar two stagincrease has been observed for porcirié
pancreatic phospholipase Aprinted by octylB-D-glucopyranoside (MINGARRO et al. 1995). E

In this work, the second observed increase waibuaiid to the appearance of interfaces, anE

n

activity increase was also saturable at higher eoinations. Based on these considerations, the
o
10
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further investigations have been performed at 10a®0 concentration of the designed imprinting
molecules.

5.3.3. Imprinting effect of the selected additiveen various lipases

To evaluate the imprinting effects in sol-gel imriigation of lipases, multisubstrate test
reactions were used and the resulting specificviies Ug), activity yields {a) and enantiomer
selectivities E) were compared (Table 16). Worth noting that aalrgel entrapped biocatalysts
even without imprinting additives were superiortihe corresponding commercially available sol-

gel lipases [SG (-) vs. SG comm. preparations ftgqpase AK, Lipase PS and CrL in Table 16)]

Table 16. Screening the imprinting effect of the additivessiol-gel immobilization of lipases using binary-gel
system (TEOS: PhTEOS=1:1). Specific activitys] and enantiomer selectivit{e) of the free and immobilized lipases
are shown with octan-2-ohc-1d (Panel A) and with 1-phenylethanac-1a (Panel B). Reaction times were 2 h for
Lipase AK, Lipase PS and CalLB and 8 h for CrL {fother reaction details, see Methods section amde& 4-11).

Form (Additive) ™ Lipase AK Lipase PS CalLB CrL
Us gl Us glo! Us gl Us gl
(Ugh (Ugh (Ugh (Ugh

Panel A (rac-1d)
commercidf! 23 7.8 3 7.1 48 >100 2.2 flg
SG commt?! 13 7.2 4 9.5 29 06°! 0.1 2.4

SG (-) 23 6.2 23 10 9 »200 0.7 98
SG (LA) 12 4.0 25 10 11 >200 0.4 192
SG (OA) 20 5.1 21 9.5 15 >200 0.7 9.0
SG (TEG) 17 4.6 20 9.5 10 >200 0.4 9.9
SG (PEG400) 19 5.0 23 11 12 >200 0.5 9.8
SG (PEG1000) 20 5.2 19 9.2 16 >200 0.5 @20
SG (BRIJ) 11 4.2 11 5.7 22 »200 2.3 4.7
SG (L-TEG-L) 5 2.1 24 10 17 >200 0.3 4.9
SG (TRX100) 17 4.4 6 5.7 21 >200 2.4 6
SG (Olive oil) 15 4.3 11 6.4 18 >200 0.5 9.8

Panel B (rac-1a)
commercidf! 31 >200 13 >200 126 »200 1.6 2.4
SG comnt?! 30 »200 15 »200 81  »200° 0.05 2.5
SG (-) 31 >200 31 »200 16 >200 0.7 3.7
SG (LA) 30 >100 32 »200 14 »200 0.2 3.8
SG (0A) 26 >200 30 »200 19 »200 0.5 3.6
SG (TEG) 26 >100 31 »200 8 >200 0.3 3.9
SG (PEG400) 32 >200 31 »200 20 >200 0.5 3.1
SG (PEG1000) 29 >100 31 »200 13 >200 0.5 3.1
SG (BRIJ) 30 >100 25 >200 25 »200 2.2 3.5
SG (L-TEG-L) 29 >100 31 »200 10 >200 0.3 35
SG (TRX100) 30 >100 17 >200 17 »200 2.4 3.2

[1 SG (Qlive oil) 14 >100 26 »200 15 »00 05 7 3.
a

Sol-gel immobilized enzyme without or with additi(@5 v/v%).

If not stated otherwise, formation of tHe){esters were preferred. Enantiomer selectiviiywWas calculated frora
and egy., (CHEN et al. 1982) Due to sensitivity to experimental erroEsyalues calculated in the 100-200 range are
reported as >100, values in the 200-500 rangeegrerted as >200 and values calculated above 50Qieea as
»200.

The corresponding commercially available natipadie powder for Lipase AK, Lipase PS and CrL. FatK; the

commercial liquid enzyme (Novozym CALB L) was imnilited on Novozym carrier (1 mg carrier to 8 pl gme
solution).

The formation of §-2d is preferred.

The corresponding commercial sol-gel immobilizedzyene for Lipase AK, Lipase PS and CrL. For CalLB,
Novozym 435 was used for comparison.

[b]

[c]

(d
[e]
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Because the activities in the present work wereutaled from single time-point data, the
term “activity” must be considered only for compara evaluation of the catalytic efficiencies, not
for the real kinetic behavior of the biocatalyst.this comparison, the effective specific actigtie
(Ug) and enantiomer selectivitieB)(of the immobilized biocatalysts are included {figr data such
as activity yieldsYa) (TOMIN et al. 2011) are in the Appendix].

In the case of Lipase AK, the sol-gel entrapmestilted in robust immobilized biocatalysts
with the same effective specific activity as theeflipase powder. This represents more than 2.2-
fold increase in the activity of Lipase AK upon imhilization (Yfa= 224 %, in sol-gel matrix
without additive). Whereas the sol-gel immobilipatiof Lipase AK led to such a large activity
enhancement, none of the imprinting additives cadldieve further improvement. This result can
be explained in two ways. One explanation may la¢ thpase AK is not sensitive to imprinting.
Another explanation- which we feel more plausible may be that phenyltriethoxysilane or its
partially hydrolyzed derivatives play the same r@lgyure 25 B) as the imprinting additives (Figure
24. A). This assumption is supported by the faat tipases can accept alkoxysilanes as substrates
as indicated by the study on a lipid coated lipahech was able to catalyze the oligomerization of
dimethyldiethoxysilane. (NISHINO et al. 2001) Acdorgly, phenyltriethoxysilane at high
concentration can occupy the active site of theskp (Figure 25 B) and additives at lower

concentration could not achieve further imprinteftgct on this enzyme.

lipase
(open)

'777 H,0
&g%% 5 fgﬁo

lipase
(closed)

H,O

amphiphile (@)

i

silane precursors (Q)

B lipase
(open)

-&?3?‘ Esofy{jﬁp

Figure 25. lllustration of interfacial activation based moldar imprinting of lipase with amphiphile (A) orithv silane
precursors (B) (HELLNER et al. 2011)
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The sol-gel entrapment resulted in quite efficiBninobilized Lipase PS biocatalysts with
remarkably higher effective specific activity as finee lipase powdetg= 31 U g* vs. 13 U ¢ for
SG (-) and the Lipase PS powder, respectively, wdbrla as substrate). This remarkable
efficiency increase is even more pronounced whenatttivity yields are taken into accouiy[
~2500 % for SG (-) witmac-1d as substrate, see Supplementary Information].|&ilyito the case
of Lipase AK, it might be supposed that phenylletysilane or its derivatives possess imprinting
effect on Lipase PS during the sol-gel entrapmewnicgss. However, lauric acid as additive
exhibited a slight additional imprinting effect witipase PS [e.dJg= 23 U g* vs. 25 U ¢ for SG
(-) and SG (LA), respectively, wittac-1d as substrate]t is in agreement with the previous results
on the lipase fromBurkholderia cepacia in a sol-gel system from methyltrimethoxysilane
(MTMOS) and tetramethoxysilane (TMOS) precursoiig]dyng a bioimprinted lipase with 47.9-
and 2.5-fold increase in specific activity over tliee and non-imprinted immobilized lipases,
respectively (CAO et al. 2009).

In the sol-gel entrapment of lipases of yeast or{@alLB and CrL), BRIJ and TRX100 had
remarkable imprinting effect on the specific ad§vof the immobilized enzymes [e.gg= 9 U g*
vs. 22 U g for SG (-) and SG (BRIJ), respectively, for CaLBtwiac-1d as substrate; ddg= 0.7
U g'vs. 2.4 U dfor SG (-) and SG (TRX100), respectively, for Critiwrac-1d as substrate; in
Table 17)]. Not surprisingly, the polyethylene giyether structures of BRIJ 30 and Triton X-100
are highly reminiscent of the imprinting moleculesund in the related experimental lipase
structures (Figure 22 C,D,F). Interestingly, notlyothe specific activity but the enantiomer
selectivity of the sol-gel entrapped Lipase PS, Eaind CrL was enhanced also to some extent.
Such enhancement in enantiomer selectivity can dt®nalized by supposing that the new
conformations adopted by these lipases in the poesef the efficient imprinting molecules might
be even more favoring for the faster reacting énarers.

It is worthwhile to note that CrL preferred the ktipn of (§-enantiomers of the aliphatic
secondary alcoholsac-1a-f. This is not surprising, because earlier it wastbthat coating of CrL
with surfactant molecules affects the recognitioh am alcohol substrate and changes the
stereopreference (KAMIYA and GOTO 1998).
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5.3.4. Scaling up the imprinted sol-gel lipases farontinuous-flow applications

Lipases can be applied advantageously in continggstems (PATEL et al. 1996, CHEN and
TSAI 2000, UJANG et al. 2003, LIESE et al.2006, Q3&| et al. 2008, TOMIN et al. 2010a).
Although the free native lipases behave as enzyomaers in organic media and can be used as
fillings in packed-bed bioreactors (CSAJAGI et2008) one problem to overcome is the relatively
low activity and stability of the non-immobilizechzyme aggregates. High lipase input obviously
reduces the economic viability of the system andcheless feasible. Therefore, a packed-bed
reactor filled with robust sol-gel immobilized emag is an obvious alternative.

A recent study confirmed that lipases entrappedsahgel matrices from ternary silane
precursor systems surpassed the catalytic propeofiecorresponding immobilized biocatalysts
from binary silane precursor systems (TOMIN et28l11). It was also found that lipases in ternary
sol-gel systems with dimethyldiethoxisilane (DMDECsS one of the silane precursors had even
more beneficial properties (WEISER et al. 2011)erEffiore, based on the imprinting effects of
various additives with the investigated four lipage a binary sol-gel system, the best candidates
resulting in the most selective and most produdbieeatalysts were investigated further in ternary
sol-gel systems. Our further goal was to compaee floperties of the best combinations of
imprinted lipases in ternary sol-gel systems agdialysts in bath and in continuous-flow mode
kinetic resolutions with multiple substrates anthva single substrate on preparative scale.

First, scaling up the immobilization of the lipasesh the best performing additives in binary
sol-gel matrices from sub-gram scale to multi-gissale was performed and extended to the best
combinations of the ternary compositions [TEOS:O0BEFPhTEOS 10:7:3 (TOMIN et al. 2011)
andTEOS:PhTEOS:DMDEOS 4:1:1 (WEISER et al. 2011)] fdearlier (Table 17).

&0‘5. RESULTS AND DISCUSSIONS



Table 17. Comparison of lipases imprinted with the best grenfng additives as immobilized biocatalysts inarynand ternary sol-gel matrices. Specific
activity (Ug), activity yield (Y5) and enantiomer selectivit§g) of the free and immobilized forms of lipases ialtiple kinetic resolutions are shown in Panel
A (for octan-2-olrac-1d) and Panel B (for 1-phenylethanaic-1a). The reaction times were 0.5 h for Lipase AK,dsp PS and CaLB and 4 h for CrL in
hexane:THF 2:1 solvent (for further reaction dstaske Materials and Methods section and Annexs)2-1

Silane precursors(enzyme amount) Lipase AK® Lipase P$! CalLB™ CrL™
Ug Ya g Us Ya gl Us Ya gl Us Ya =
Ugh) (%) Ugh) ) Ugh) ) Ugh) )

Panel A (rac-1d)
- 34 100 5.2 4 100 4.3 186 100  >200 10.5 10.34
TEOS:PhTEOS 1:1 (1% 42 274 4.3 30 1854 7.1 63 2571  »200 2.8 37.092
TEOS:OcTEOS:PhTEOS 10:7:3 (%) 111 835 9.4 54 3741 6.7 85 2829  >200 0.4 43.59
TEOS:OcTEOS:PhTEOS 10:7:3 (J%) 118 409 12.0 120 3760 11.0 92 1459  »200 09 49 1.&"
TEOS:PhTEOS:DMDEOS 4:1:1 (1) 12 145 5.8 59 6063 8.3 79 4611 >200 0.6 481.34
TEOS:PhTEOS:DMDEOS 4:1:1 (2%) 58 327 5.6 101 5222 11.0 91 2095 >200 1.1 9 11171
Panel B (rac-1a)
-l 109 100 >200 23 100  >200 507 100 »200 4.4100 2.3
TEOS:PhTEOS 1:1 (1% 98 198 >200 94 1080  »200 86 1150 »200 2.3 75 3.1
TEOS:OcTEOS:PhTEOS 10:7:3 (%) 127 295 >200 118 1520  »200 76 843 >200 0.1 14 5.3

TEOS:OcTEOS:PhTEOS 10:7:3 (¥) 127 136 >200 128 737 >200 125 652 »200 0.8165 4.6
TEOS:PhTEOS:DMDEOS 4:1:1 (1%) 74 283 >200 125 2363 »200 117 2263 »200 0.8681 9.2
TEOS:PhTEOS:DMDEOS 4:1:1 (2%) 126 217 »200 126 1210 »200 113 857 »200 1.2 95 6.1
B Imprinting additives: no additive for Lipase AKA (0.5 v/v%) for Lipase PS, BRIJ (0.5 v/v%) forlGBRIJ for (0.5 v/vo%) for CaLB.
1 1f not stated otherwise, formation of tH@){esters were preferred. Enantiomer selectiijywas calculated frora and €fy-2 (CHEN et al. 1982)
Due to sensitivity to experimental errois,values calculated in the 100-200 range are regpaate>100, values in the 200-500 range are
reported as >200 and values calculated above %0§ieen as »200.

[l The corresponding commercially available nativadip powder for Lipase AK, Lipase PS and CrL. FdrBahe commercial liquid enzyme
(Novozym CALB L) was immobilized on Novozym carridr mg carrier to 8 pul enzyme solution).

" The formation of$)-2d is preferred.

] Normal (single) enzyme loading (for further distasee Experimental Section).

M Double enzyme loading (for further details, sepdtimental Section).
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Expectedly, the lipases performed better in theamr sol-gel systems than in the binary
TEOS:PhTEOS 1:1 systems using the additive whidved to be the most effective in the
preliminary tests (Table 17: no additive for Lipade, LA for Lipase PS, BRIJ for CrL and CaLB).
Although the doubled amount of the entrapped lipasgially resulted in higher specific activity
(Ug) of the forming sol-gel biocatalysts, this acivénhancement increased not proportionally with
the enzyme loading. In all cases, either of theasr sol-gel systems with the lower lipase loading
resulted in the higher activity yieldv{). Regarding the specific activityJg) and enantiomer
selectivity €) together, the most efficient systems were obthindrom the
TEOS:PhTEOS:DMDEOQOS 4:1:1 silane precursors withhHigase loading. It is also obvious, that
the microenvironment of the resulting matrix hadbeotaken into consideration. Correlation was
found between the order of specific activitys] for the various members of the homologous series
rac-1c-gand the hydrophobicity of the silane precursoeg @&ppendix).

After selecting the lipases with high lipase loadin TEOS:PhTEOS:DMDEOS 4:1:1 silane
precursor systems containing the best imprintindemdes (no additive for Lipase AK, LA for
Lipase PS, BRIJ for CrL and CaLB), the productivity and enantiomer selectivit§) in kinetic
resolutions with the sol-gel lipases were companeldatch mode and in continuous-flow reactor.
The tests were performed with the multisubstrastesygs (Mixture A and B in Figure 26) and with
the single racemateac-1h (Figure 26). The solvent system for this seriesnekstigation was
hexane: TBME: vinyl acetate 6:3:1, which is morenpatible with the usual pump sealings than

the systems consisting of THF.

T

OH  vinyl acetate OAc ?H
)\R _Mlipase filled reactor O—> /kR + /\R
(R)-2a-h (S)-1a-h
Mixture A Mixture B
1,2| R 1,2 | R 1,2 | R
¢ butyl a pentyl h S
d hexyl b phenyl é‘@
e heptyl
f octyl
g decyl

Figure 26. Multiple substrater@c-1a,bandrac-1c-g) and single substrateag-1h) kinetic resolutions in continuous-
flow reactors.if: pump;~~ temperature control unit].
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The comparison of batch mode and continuous-flowlenweith the multisubstrate systems for
the four selected sol-gel lipases preparationsaledethat independently of the substrate{la-g)
or enzyme (Lipase AK, Lipase Ps, CaLB or CrL), fineductivity (specific reaction rate) of the
continuous-flow system always exceeded the corretipg value for the batch mode with the same
enzyme preparation (Figure 27). These results weegreement with our previous data obtained
for kinetic resolutions of single racemates withmobilized lipases in continuous-flow reactors
(CSAJAGI et al. 2008 and TOMIN et al. 2010a).

Lipase AK Lipase PS CalLB CrL

octan-2-ol 1-phenylethanol octan-2-ol 1-phenylethanol octan-2-ol 1-phenylethanol octan-2-ol 1-phenylethanol
12— 20 g 122 ym—— 3qr————

Obatch

10 1 10 1 Hflow

15
10 -

5

Productivity (umol min g)
N~ O

N ey o 0o
L L L L
o

0 - 0 - 0 - 0 -

Figure 27.Comparison of the productivity (specific reactiater;r) for the best performing imprinted sol-gel lipages
batch mode and in continuous-flow packed-bed reactsing multiple kinetic resolutions as test reams
Representative data for octan-2+al¢-1d and 1-phenylethanofac-1a with each biocatalysts are shown. [Lipase AK
(TEOS:OCTEOS:DMDEOS 4:1:1, 2x, no additive); Lipd38 (TEOS:OcTEOS:DMDEOS 4:1:1, 2x, 0.5 viv% LA);
CalLB (TEOS:PhTEOS:DMDEOS 4:1:1, 2x, 0.5 v/iv% BRIQyL (TEOS:PhTEOS:DMDEQOS 4:1:1, 2x, 0.5 viv%
BRIJ)]. The reaction times were 1 h for Lipase AKpase PS and CalLB and 4 h for CrL in the batch enod
hexane:MTBE 2: solvent (for further reaction detalee Materials and Methods section and Appe/direx 16).

To demonstrate the synthetic capabilities of ouprinted sol-gel lipases in real kinetic
resolution, the enzymatic acylation of the lessneix@d racemic 1-(thiophen-2-yl)ethanaic-1h
was chosen (Figure 26). First, the kinetic resotutf this alcohotac-1h was investigated with all
the four ternary systems [TEOS:OcTEOS:PhTEOS 10(1» and 2x enzyme loading) and
TEOS:OcTEOS:DMDEOS 4:1:{1x and 2x enzyme loading)] for the four imprintédases
(Lipase AK without additive, Lipase PS with LA, Cdnd CalLB with BRIJ) (Figure 28 and Table
18). Comparison of the the productivity (specifeaction ratey) data revealed again that the
biocatalysts were always more productive in cordusiflow system (gray bars in Figure 28) than
in the corresponding batch mode reactions (black inaFigure 28).

Results with the lipases of sufficient enantiometlestivity (E) in kinetic resolution of
racemic 1-(thiophen-2-yl)ethanobc-1h indicated that higher enzyme loading resulted iorem
active immobilized biocatalysts (Table 18). Notsigingly, the same ternary sol-gel biocatalysts
(TEOS:PhTEOS:DMDEOS 4:1:1, high lipase loading)veto be the most efficient in the single

racemate r@c-1h) based kinetic resolutions which were the besthm multiple substrate tests
(Table 17).
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Table 18. Comparison of lipases imprinted with the best ganing additives as immobilized biocatalysts im&ay
sol-gel matrices in batch mode kinetic resolutionsl-(thiophen-2-yl)ethanalac-1h. The specific activity Jg) and
enantiomer selectivity ) of the free and immobilized forms of lipases afeown. (Reaction time 4 h, in
hexane:MTBE; 2:1, for further reaction details, bésgerials and Methods section).

Silane precursors(enzyme amount) Lipase AK® Lipase P! CalLB™
Ug E[b] Ug E[b] Ug E[b]
(Ugh (Ugh (Ugh
-l 70 >100 28 >100 70 »200
TEOS:OcTEOS:PhTEOS 10:7:3 (1%) 23 90 44 >100 25 >100
TEOS:OcTEOS:PhTEOS 10:7:3 () 71 89 73 73 66 >200
TEOS:PhTEOS:DMDEOS 4:1(1x) 31 81 33 >100 23 >100
TEOS:PhTEOS:DMDEOS 4:1(2x)® 70 »200 70 >100 54 >200

[ mprinting additives: no additive for Lipase AKAL(0.5 v/v%) for Lipase PS, BRIJ for (0.5 v/v%) f6alLB.

1 The enantiomer selectivitfEf was calculated from and €fy-2 (CHEN et al. 1982) Due to sensitivity to experimental
errors,E values calculated in the 100-200 range are rep@se>100, values in the 200-500 range are repeged
>200 and values calculated above 500 are give2@G. »

The corresponding commercially available natiyg$ie powder for Lipase AK and Lipase PS. For Caihe,
commercial liquid enzyme (Novozym CALB L) was imnilided on Novozym carrier (1 mg carrier to 8 pl gme
solution).

Normal (single) enzyme loading (for further detagee Methods section).

Double enzyme loading (for further details, seehdds section).

[c]

[d]
[e]

Lipase AK Lipase PS CalB CrL
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Figure 28. Comparison of the productivity (specific reactiate,r) for the best performing imprinted sol-gel lipages
batch mode and in continuous-flow packed-bed reactkinetic resolution of 1-(thiophen-2-yl)ethanalc-1h. [Lipase
AK (TEOS:PhTEOS:DMDEOS 4:1:1, 2%, no additive); age PS (TEOS:PhTEOS:DMDEOQOS 4:1:1, 2x, 0.5 v/iv% LA);
CalLB (TEOS:PhTEOS:DMDEOS 4:1:1, 2x, 0.5 viv% BRIQyL (TEOS:PhTEOS:DMDEQOS 4:1:1, 2x, 0.5 viv%
BRIJ)].

Finally, the two most selective sol-gel entrappdgubdes (Lipase AK, 2x loading in
TEOS:PhTEOS:DMDEOS 4:1:1 system without additived ar€aLB, 2x loading in =
TEOS:PhTEOS:DMDEOQOS 4:1:1 system with BRIJ) wereliago perform the kinetic resolutions Ug)
of 1-(thiophen-2-yl)ethanotac-1h in continuous-flow reactors on preparative scdlab(e 19). ‘g
Although the enantiomer selectivity for both biadgsts was reasonably high in the batch modg
tests E >200, see Table 18), the enantiomeric excess @fidblated acetateR)-2h from the -
preparative scale continuous-flow experiment waleralow. In a next experiment, however, then
(9-1h of 99.2 %ee was acetylated quantitatively 8-2h using the non-selective CalLA in<Zz

continuous-flow reaction. The fact, th&®-h had only 92.0 %ee after the same chromatograprf@

-
o

the sensitivity of the product to racemization thiha insufficient selectivity of the lipases in theﬂ

purification indicated the low enantiomeric exceasskthe acetate®)- and §)-2h are rather due to

continuous-flow system. -
Kp]
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Table 19 (9-1-(thiophen-2-yl)ethanolg)-1h and R)-1-(thiophen-2-yl)ethyl acetat®)-2h prepared by kinetic
resolutions with sol-gel immobilized imprinted IgEs in continuous-flow reactorsag-1h, 5 mg mL* in
hexane: TBME.vinyl acetate 6:3:1, 0.2 mL/min, 24dwftime]

Compound Lipase (precursors, additive, enzyme amount; temperature) Y ed"”
(%) (%)
(S-1h Lipase AK (TEOS:PhTEOS:DMDEOS 4:1:1, -, 2; 30 °C) 35.0 99.2
(R)-2h CalLB (TEOS:PhTEOS:DMDEOQOS 4:1:1, BRIJ, 2x; 30 °C) 0.8 88.8
(9-2h CaLA (immobilized on I1B-150 carrier; 50 °€) 95.8 92.0

@l Yields refer to isolated products after chromaapgyic separation.
) Theee values were determined by enantioselective GC.

I Non-selective acylation with full conversion frd)-1h of 99.2 %ee using immobilized CaLA-filled biorearct
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Figure 29. Demonstration of sol-gel bioimprinted CalB (BR&Hd Lipase AK (-) stability in continuous-flow f@4 h
on conversion (%) and enantiomer excess (%) ofgyegjve kinetic resolutions reactions

It was demonstrated during continuous-flow operetithat our biocatalysts, CaLB imprinted with

BRIJ 30 and Lipase AK without additive were impresky stabile in a 24h time period (Figure
29).
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Based on the results of experiments the followiteys be concluded. As a new application of
biocatalysts one-pot synthesis is attractive fonyn@asons including the minimization of handling
procedures, consequent reduction in reagent udegans in volumetric productivity.

As it already has been demonstratedns-free fat alternatives for various food applicatidyy
enzymatic routes are possible (CAMP et al. 1998NKAH and AKOH 2000). Thus, it can be
assumed that a fully enzymatic process that avchidsnical interesterification may be superior to
the existing methods (MOREAU et al. 2002). Consetlye the physical and physiological
properties of enzyme-made “value-added” produatsexpected to be identical or superior to the
blend of chemically made structured lipids and phigrol esters.

Screening lipases and sterol esterases as bicgtatdlyr enzymatic one-pot processes to
produce mixtures of specific structured lipids gid/tosterol esters starting from a mixture of
phytosterol, caprylic acid and sunflower oil rewshkhat this valuable food component could be
prepared purely enzymatically in organic-solveeefr medium. The process applied an
esterification reaction of phytosterol with fredtyaacids catalyzed by sterol esteraségdergillus
oryzae and lipase catalyzed transesterification with irbitived lipase fromMucor miehei
(Lipozyme) resulted in 92.1% conversion to phytadtester and 44.1% conversion to MLM /
MML triacylglycerols. The final product could be taimed by simple filtration of the biocatalysts
from the reaction product followed by removal ok tfree fatty acids by vacuum distillation.
Because chemical transesterification has been egapithis process resulted in no increase in the
initial trans-fatty acid content of the mixture.

As the integrated enzymatic process developed flier groduction of structured lipid -
phytosterol ester blends applies only food-gradedialysts, suitable industrial applications of the
fully enzymatically produced compositions in footdlseyerages, pharmaceuticals and nutraceuticals
could provide an alternative way to combat obeBityimproving the quality of lipid intake (ST- ,
ONGE et al. 2003, AKOH and LAI 2005).

SSION

The beneficial properties of the sol-gel immobitiZzgpases may be significantly influenced-
by the nature of the R’ substituent in binary sel-gystems of trialkoxy- and tetraalkoxysilane((,))
precursors [R’-Si(OR)and Si(ORj] (REETZ et al. 1995, KAWAKAMI and YOSHIDA 1996) Ibu o
ternary sol-gel systems of a tetraalkoxysilane amd different trialkoxysilane precursors R
Si(OR), R-Si(OR); and Si(OR)] had not been studied for lipase immobilization.

The lipase fromPseudomonas fluorescens (Lipase AK) proved to be a good lipase model fog
studies of factors influencing the sol-gel immatilion of lipases. (PETER et al. 2005, ZARCULAS

AND D

)
et al. 2009). Because the esterification activitynamobilized lipases can be enhanced by forming!

o
the entrapping-gel on the surface of Celite (KAWAKWRand FURUKAWA 1996, FURUKAWA

[o]
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and KAWAKAMI 1998), fine tuning the sol-gel immokahtion process of Lipase AK deposited on
Celite 545 was selected as the subject for thidysflihus, the properties of Celite-supported Lipase
AK immobilized with ternary silane precursor systenof various alkyltriethoxysilanes
(alkylTEOS),phenyltriethoxysilane (PhTEOS) and tetraethoxysil@hEOS) were investigated in
this work.

Effects of the surface coverage and fine-tuningoerties were investigated for the sol-gel
entrapment of Celite-supported Lipase AK.

SEM investigations showed that preparations of fokipase AK:Celite ratio (1:10 and 1:4)
had uniform and thin enzyme coverage, whereas higheyme loading (1:2, 3:4 or 1:1 ratios)
resulted in thick enzyme layers containing largestal-like particles. The enzyme-containing layer
remained uniform and thin after the sol-gel entraptof the Celite-supported Lipase AK of low
enzyme loading (1:10) resulting in significant ieases in activity yields (¥> 200 %) by lowering
the diffusion limitations which are more pronounaedhe larger aggregates of free Lipase AK.

The study of the catalytic behavior of binary amdnary sol-gel biocatalysts in kinetic
resolutions of 1-phenylethanalac-la and 2-heptanokac-1b using silane precursor systems
consisting of alkyITEOSPhTEOS and TEOS indicated the possibility of fineitg with and the
importance of ternary sol-gel systems for lipaseagment. For both substrateac-1ab, there
were found one or more alkylITEOS : PhTEOS : TEO®a® systems which surpassed the
catalytic properties of any alkylITEOS : TEOS or BIUS : TEOS binary systems. Our study also
indicated that different sol-gel compositions weptimal for the two different substrates. Although
the medium-chain octylITEOS- and perfluorooctylTEGSHaining ternary systems performed the
best in general, this study indicated that indiaidfine-tuning might develop the best biocatalyst

for each individual substrate.

The study on bioimprinting effects of substrate-msking molecules selected systematically
with the aid of experimentally verified cases in-gel immobilization of lipases with binary and
ternary silane precursor compositions indicated thdependently from the nature of sol-gel
matrix, the most pronounced imprinting effects wikmend with such additives which were found
mimicking the substrates in the experimental stmas of the lipases. Our case study revealed, that
lauric acid being the most effective imprinting dde for lipase PS (the crystal structure of lipas
from Burkholderia cepacia included stearic acid) while in case @andida species (CaLB, CrL)
tetraethylene glycol dodecyl ether (BRIJ 30) exieibithe most significant imprinting effect (the
porcine pancreatic lipase resembling similarityCit. included tetraethylene glycol octyl ether and

the crystal structure of CalLB included methylpeoxgéthyl)heptadecanoate).
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The high efficiency of sol-gel systems containiriglkoxysilanes OcTEOS or PhTEOS may
be explained by assuming these silanes or theilapppydrolyzed forms having imprinting effect
as well. This can rationalize also why the mosicedht biocatalysts from Lipase AK (lipase from
Psudomonas fluorescens) did not contain imprinting additives.

The rational selection of imprinting molecules ¢ecombined with proper compositions of
silane precursors in large scale production ofgeblimmobilized lipases for various applications.
The robust sol-gel entrapped forms of the selefdadlipases (from Lipase AK, Lipase PS, lipase
B from Candida antarctica and Candida rugosa lipase) proved to be ideal biocatalysts in
biotransformations such as kinetic resolution oheemic alcohols in batch and continuous-flow

systems.

8‘5. RESULTS AND DISCUSSIONS
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6. NEW SCIENTIFIC RESULTS

I.  Enzymatic one-pot synthesis of specific structdngds and phytosterol esters.

T1. It was revealed that specific structured ligidl phytosterol ester mixture as valuable
food component could be prepared starting from rahttompounds in an enzyme
catalyzed one-pot synthesis under solvent-freeitiond.

T2. It was stated/concluded that the best procesmnt using a sequence of sterol
esterase AoSSF)-catalyzed esterification reaction of the fiedty acids and
phytosterols, followed by water removal in vacuunmd a lipase-catalyzed
transesterification with immobilized lipase froRhizomucor miehei (Lipozyme)
resulted in 92.1% conversion to phytosterol estansl 44.1% conversion to
triacylglycerols containing two caprylic esters (MIMML). Furthermore as
chemical transesterification had been avoided,glosess resulted in no increase in

the initial trans-fatty acid content of the mixture

Il.  Fine-tuning the precursor composition for sol-geiriobilization of lipases
T3. It was revealed by SEM investigations that prapons of lower Lipase AK:Celite
ratio (1:10 and 1:4) had uniform and thin enzymeecage, whereas higher enzyme
loading (1:2, 3:4 or 1:1 ratios) resulted in thiekzyme layers containing large
crystal-like particles. The enzyme-containing laggmained uniform and thin after
the sol—gel entrapment of the Celite-supported 4epaK of low (1:10) resulting in
significant increases in activity yieldsYA>200%) by lowering the diffusion

limitations which are more pronounced in the laraggregates of free Lipase AK.

T4. The importance of fine tuning was confirmedthg ternary sol-gel systems as them
catalytic properties of the best ternary composgiovere superior to any of the™
binary systems.

It was indicated that among binary systems the TPOBEOS=1:1 composition
resulted in optimal properties regarding both aistiand selectivity. Thus these
results were used in the fine-tuning of the terrsystems.

It was revealed the best ternary composition canptepared from HexTEOS,
OctTEOS, PFOCtTEOS precursors, while enantiomexcseities were sufficient for
almost all the longer alkylITEOS precursors (HexTE@®tTEOS, PFOCITEOS,
DecTEOS, DodTEOS, OctdTEOS). Among all the ternasystems, the
perfluorinated chain containing PFOCITEOS seriesileted the best overall

NEW SCIENTIFIC RESUL
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T5.

performance. Taking the price of PFOCtTEOS also aticount, however, the TEOS:
OCcTEOS:PhTEOS system provided the best performapdee result in the kinetic
resolution reactions of 1-phenylethanol.

Successful improvements in the supported slbirgaobilization of Lipase AK were
developed. The new biocatalysts prepared by ourabiimation methods showed
better catalytic properties then the commerciatgsbllipases. The activity yields
(Ya) of our biocatalysts showed upto 1.4-fold actiwtgld increaseYa were varied

between 109-242 %) compared to the commercial ones.

lll.  Preparation of novel sol-gel lipases by designediprinting

T6.

T7.

T8.

T9.

It was verified that rationally selected sult mimicking molecules resembling to
those found in experimental X-ray structures oésigs showed the most pronounced
imprinting effects. Lauric acid was the most effeetimprinting additive for Lipase
PS (the crystal structure of lipase frddarkholderia cepacia included stearic acid)
while in case ofCandida species (CalLB, CrL) tetraethylene glycol dodedyiee
(BRIJ 30) exhibited the most significant imprintirggfect (the porcine pancreatic
lipase resembling similarity to CrL included tettagdene glycol octyl ether and the
crystal structure of CaLB included methylpenta(dky®heptadecanoate).

It was concluded that the high efficiency o0b6l-gel systems containing
trialkoxysilanes OcTEOS or PhTEOS may be explaimgdssuming these silanes or
their partially hydrolyzed forms have an imprintieffect as well. This assumption
can explain why Lipase AK (lipase fromAsudomonas fluorescens) required no
imprinting additives for maximal performance.

A novel method for testing the biocatalytioperties of the immobilized lipases was
developed based on enentioselective GC analysiheoflipase-catalyzed acylation
reactions of racemic multisubstrate mixtures ircband in continuous-flow reactors.
It was the first application of multisubstrate gyss for comparison of productivity
and selectivity of sol-gel entrapped enzymes.

The biocatalytic usefulness of the two modedee sol-gel entrapped lipases
(Lipase AK, 2x loading in TEOS:PhTEOS:DMDEOQOS 4:kystem without additive
and CalLB, 2x loading in TEOS:PhTEOS:DMDEOS 4:1:steyn with BRIJ) was
confirmed by the kinetic resolution of racemic higphen-2-yl)ethanolréc-1h) in

batch and continuous-flow systems reactors on paéiga scale.



Application of lipolytic enzymes of microbial origin as biocatalysts

/. SUMMARY

As it was targeted in the objectives, my thesiskwfocused mainly on biocatalysis which is
an effective tool for providing environmentally éndly processes for all life science industries
(pharma, food, feed, agro). In the first part of thesis, the integrated enzymatic production of
specific structured lipids and phytosterol estensgosition has been discussed. In which a special
emphasis was given to the usage of starting métefiam natural sources and using solely
enzymatic methods in organic solvent-free mediavimid the increase of the unwantedns-fatty
acid content. This was rather the application sidegocatalysis.

Hereafter my attention was shifted toward a morallehging part that is how to engineer
biocatalysts from enzymes as biological entitiesnttustrial reactors. As it has been known that
preparing effective, suitable biocatalysts is veanportant as the catalytic activity, selectivity,
specificity and enzyme stability are the key fastaffecting biocatalysis efficiency. Thus the
second major part was branching in two from thisiewn root. In our first experiments within this
topic attempted to carry out a systematic studysoligel immobilization. Since earlier results
showed that it is an easy and effective way toterezbust biocatalysts with improved stability and
activity thus this was selected for further optiatian. The systematic studies were carried out on
Pseudomonas fluorescens lipase (Lipase AK). The method (normal and comgossbl-gel
respectively) was extended for Lipase PS and differcarriers as well using ternary silane
precursor systems of various alkyltriethoxysilankesprovements of the sol-gel immobilization
method of lipases were successfully developed. Hesv biocatalysts prepared by our
immobilization methods showed better catalytic grtips then the commercial lipases prepared by
similar methods.

Finally an interesting and unconventional immolaitian method, bioimprinting effect in sol-
gel immobilization of lipases was studied to depeddficient novel immobilized biocatalysts with
significantly improved properties for biotransforiieas in continuous-flow systems. Four lipases
were immobilized by sol-gel process with nine bipimting candidates using various
combinations of silica precursors. The biocatalyiroperties of the immobilized lipases were
characterized by enantiomer selective acylation vafious racemic secondary alcohols in
multisubstrate systems. The most significant agtiehhancement was found with those imprinting
molecules which were found mimicking the substratethe experimental structures of the lipases:
The biocatalytic usefulness of the best preparatisas demonstrated by the kinetic resolution o?[r:

racemic 1-(thiophen-2-yl)ethanol in batch and cwnus-flow systems.

8‘7. SUMM



As a future perspective it can be suggested tleatdtionally selected imprinting molecules
can be combined with proper supporting materiath a1s silica-gel in large scale production of sol-
gel immobilized lipases for various applications.



Application of lipolytic enzymes of microbial origin as biocatalysts

7. OSSZEFOGLALAS

Doktori értekezésemben a biokatalizis vagyis enatallkzalt modszerekre helyeztem a
hangsulyt, melyek hatékony eszkozkeént Iéhétteszik a kornyezetbarat technoldgia alkalmazasat
gyogyszeripar, élelmiszeripar, és régazdasag tertletén egyarant. Dolgozatorh Eldejezetében
specifikus strukturalt lipid és ndvényi szterinészteverék integralt enzimessallitasat tiztem ki
célul. Kilénos hangsulyt fektettem a kiindulasi aggk természetes eredetére €s a nemkivanatos
transz-zsirsavak kéfidésének visszaszoritasara, melyet az alkalmazafirdtag enzimatikus
modszerrel, szerves oldoszermentes kézegben gikeeghvaldsitanom.

Ertekezésem masodik részében nagyobb kihivast magalp témakor felé fordultam, és azt
vizsgaltam, hogyan fejlessziink enzimékipari reaktorokban felhasznalhaté biokatalizakato
Hatékony, alkalmazés-specifikus biokatalizator efgjtése nagy jelefgéggel bir, mivel a
katalitikus aktivitas, szelektivitas, specifitAs émzimstabilitds mind kulcsszerepet jatszanak a
biokatalizis hatékonysagaban.

Ezen témakoron belll @zor szisztematikus (prekurzor / hordozo / rogeikésilmenyek /
adalékok hatasai) szol-gél enzimrogzitési kisédateégeztiink, mivel kordbbi eredményeink azt
mutattdk, hogy ez egy konnyen kivitelezhdtatékony, robusztus biokatalizatorolédlitasara
alkalmas modszer. A lipaz enzimek szol-gél rendszadrté stabilizalasaval a biokatalizator
eltarthatdésaga, dstabilitdsa és UOjrafelhasznalhatésaga megigy a tovabbi optimalizalasi
kisérleteink megvaldsitdsahoz ezt a mddszert \alisk.

A szisztematikus vizsgalatok 0Osszehasonlithatéségatt a kisérleteket zomében a
Pseudomonas fluorescens altal termeltlipazzal (lipdz AK) végeztik. A modszer (normall, il
kompozit szol-gél) mas lipazra (lipaz PS, CrL) éerdozora tortédh kiterjesztésével is
foglalkoztunk. Eredményesen fejlesztettiik tovablyesglipazok szol-gél rendszerben toétén
immobilizalasat. Az altalunk elkészitett, 0], réigti enzimkészitmények katalitikus tulajdonsagai
meghaladjak a kereskedelmi forgalomban kaphatont@soeodon rogzitett biokatalizatorokeét.

Végul egy érdekes, nem megszokott enzimrbgzitésilsagy, a bioimprinting szol-gél
rogzitésre gyakorolt hatasait vizsgaltuk. Neégyféfgzt rogzitettiink kilencféle bioimprinting
molekulaval a szilankomponensek valtoztatasa nellét rogzitett lipazok biokatalitikus
tulajdonsagat enantiomer szelektiv, racém szekuséleholok multiszubsztrat rendszerben tt’)dﬁtén*f
kinetikus rezolvalasi reakciojaval teszteltik. Ajentsebb aktivitAsnovekedést azon imprintingf
molekuldk esetében tapasztaltuk, amelyek eredetilegmegtalalhatéak voltak a Iipézokg
kristalyszerkezetében. A legjobb, bioimprintinggddallitott biokatalizatorok hatékonysagat egyi
korlatozottan szelektiv racém alkohol, a tiofénaksszos és folyamamtos UZenacilezeési D'j

reakciojan keresztil vizsgaltuk. 0

N~
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Javaslatként, tavlati tervként eredményeink tovajlegztése céljabdl a racionalisan
kivalasztott imprinting molekuldk szol-gél renddzem val6 rogzitését lehetne otvozni a
hordozéhoz, példaul szilikagélhez toérdgzitéssel, amely elméletiink szerint még robgsitio,

stabilabb és dstabilabb biokatalizatort eredményezne.
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9. APPENDIX

Annex 1. HPLC chromatograms of the synthetic structureglyiceride standards. A: LML; B: MLM; C: LLM; D:

MML
LML

MLM

LLM

. - Lt LML

Annex 2.NMR spectral data

Dodecan-2-yl-acetate

'H NMR (300 MHz, CDC4-d6): § 0.88 (1 5.84; 3H, t, CH), 1.20 ( 6.21; 3H, d, Ch), 1.27 (14H,
m, 7xCH), 1.43-1.612H, m, CH), 2.03 (3H, s, Ch), 4.82-4.95 (1H, m, CH)**C NMR (75 MHz,
CDCls-d6): 6 14.28 (CH), 20.15 (CH), 21.57 (CH), 22.85 (CH), 25.60 (CH), 29.43 (2x CH),
29.66 (2xCH), 29.80 (CH) 33.06 (CH), 36.14 (CH), 71.28 (CH), 170.97 (C);

Decan-2-yl-acetate

'H NMR (300 MHz, CDC}-d6): § 0.89 ( 6.40; 3H, t, CH), 1.20 ( 7.16; 3H, d, CH), 1.27 (12H,
m, 6xCH), 1.41-1.61 (2H, m, Ch), 2.03 (3H, s, Ch), 4.88-4.95 (1H, m, CH)**C NMR (75 MHz,
CDCl;-d6): 6 14.11 (CH), 19.97 (CH), 21.39 (CH), 22.70 (CH), 25.43 (CH), 29.34 (3xCH)),
31.93 (CH), 35.97 (CH), 71.10 (CH), 170.80 (C);
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Nonan-2-yl-acetate

'H NMR (300 MHz, CDC}-d6): § 0.88 ( 6.03; 3H, t, CH)), 1.20 ( 6.22; 3H, d, CH), 1.27 (10H,
m, 5xCH), 1.41-1.64 (2H, m, Ch), 2.03 (3H, s, Ch), 4.83-4.96 (1H, m, CH)**C NMR (75 MHz,
CDCl;-d6): 6 14.27 (CH), 20.16 (CH), 21.58 (CH), 22.83 (CH), 25.61 (CH), 29.40 (CH),
29.62 (CH), 31.99 (CH), 36.14 (CH), 71.29 (CH), 171.00 (C);

Octanol-2-yl-acetate

'H NMR (300 MHz, CDC4-d6): 8 0.89 (0 5.65; 3H, t, CH), 1.21 (0 6.22; 3H, d, Ch), 1.28 (8H, m,
4xCH,), 1.44-1.62 (2H, m, Cp), 2.03 (3H, s, Ch), 4.84-4.95 (1H, m, CH)**C NMR (75 MHz,
CDCl;-d6): 8 14.26 (CH), 20.15 (CH), 21.59 (CH), 22.81 (CH), 25.57 (CH), 29.33 (CH),
31.95 (CH), 36.14 (CH), 71.28 (CH), 171.00 (C);

Heptan-2-yl-acetate

'H NMR (300 MHz, CDC}-d6): 5 0.89 ( 5.65; 3H, t, CH), 1.20 (0 5.65; 3H, d, Chj), 1.28 (6H, m,
3xCH,), 1.40-1.61 (2H, m, C}), 2.02 (3H, s, Ch), 4.84-4.95 (1H, m, CH):*C NMR (75 MHz,
CDCl>-d6): § 14.16 (CH), 20.14 (CH), 21.56 (CH), 22.73 (CH), 25.25 (CH), 31.83 (CH),
36.07 (CH), 71.25 (CH), 170.97 (C);

Hexan-2-yl-acetate

'H NMR (300 MHz, CDC4-d6): 8 0.89 (0 6.78; 3H, t, CH), 1.20 (0 6.21; 3H, d, CH), 1.29 (4H, m,
2xCHp), 1.43-1.62 (2H, m, C}), 2.02 (3H, s, Ch), 4.84-4.95 (1H, m, CH)**C NMR (75 MHz,
CDCl;-d6): 8 13.98 (CH), 19.97 (CH), 21.39 (CH), 22.55 (CH), 27.59 (CH), 35.66 (CH),
71.08 (CH), 170.81 (C);

1-(Thiophen-2-yl)ethanol

'H NMR: 1.62 01 4.71;J2 1.70; 3H, dd, CH3), 2.11 (1H, s, OH), 5.185(22; 1H, g, CH),
6.96-7.28 (3H, m, Ar-CH);

13C NMR: 25.45 (CH3), 66.45 (CH), 123.38 (CH), 124(6H), 126.86 (CH), 150.08 (C);

1-(Thiophen-2-yl)ethyl acetate

'H NMR: 1.66 (16.59; 3H, d, CH3), 2.08 (3H, s, CH3), 6.1%6(41; 1H, q, CH), 6.97-7.29
(3H, m, Ar-CH);

13C NMR: 21.49 (CH3), 22.24 (CH3), 67.75 (CH), 125(8%), 125.46 (CH), 126.77 (CH),
144.71 (C), 170.42 (C=0).
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1-Phenylethyl acetate

'H NMR: 1.57 (6.59; 3H, d, CH3), 2.10 (3H, s, CH3), 5.9%6(59; 1H, q, CH), 7.28-7.39
(5H, m, Ar-CH)

13C NMR: 21.38 (CH3), 22.25 (CH3), 72.35 (CH), 126(24CH), 127.91 (CH), 128.54
(2xCH), 141.75 (C), 170.33 (C=0)

Tetraethylene glycol dilauroyl ester,(L-TEG-L)

'H NMR: 0.89 (6.97; 6H, t, 2xCH3), 1.27 (32H, s, 16xCH2), 1.88.07; 4H, m, 2xCH?2),
2.34 (07.54; 4H, t, 2xCH2), 3.67 (8H, s, 4xCH2), 3.2%(90; 4H, t, 2xCHZ2), 4.244.71,
4H, t, 2xCH2);

13C NMR: 14.31 (2xCH3), 22.88 (2xCH2), 25.11 (2xCH29,35 (2xCH2), 29.45 (2xCH2),
29.53 (2xCH2), 29.67 (2xCH2), 29.81 (4xCH2), 3224CH?2), 34.42 (2xCH?2), 63.54
(2xCH2), 69.43 (2xCH2), 70.77 (2xCH2), 70.84 (2xGHZ4.06 (2xC=0).

Annex 3. Dependence of the specific activityg, U g*) on the concentration of PEG 400 as imprintingiti for
Lipase PS (2h) and CrL (8h) (referring to Figureir2®Results and Discussion)
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Annex 4. Screening of the additives for bioimprinting in dfatmode and characterization of sol-gel immobiliégimprinted lipase AK in binary sol-gel systemsTEOS:

PhTEOS silane precursors. Specific activitpg) activity yield (Y4) and enantiomer selectivity (E) of the free andhimbilized forms Data of LAK represent 2hrs.

[ corresponding commercial native form of enzyfiecorresponding commercial sol-gel immobilized eneyfnsol-gel immobilized non-imprinted! sol-gel immobilized
bioimprinted with LA;® sol-gel immobilized bioimprinted with OA? sol-gel immobilized bioimprinted with TEG sol-gel immobilized bioimprinted with PEG400; sol-gel

immobilized bioimprinted with PEG100#; sol-gel immobilized bioimprinted with BRE:sol-gel immobilized bioimprinted with L-TEG-t sol-gel immobilized bioimprinted
with TRX100;" sol-gel immobilized bioimprinted with olive oil @Rerring to Table 16 in Results and Discussion)
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Application of lipolytic enzymes of microbial origin as biocatalysts

Annex 5Screening of the additives for bioimprinting in ttamode and characterization of sol-gel immobilibemprinted Lipase PS in binary sol-gel systef$B0S: PhTEOS
silane precursors. Specific activityg) activity yield (Ya)and enantiomer selectivity (E) of the free and whitized forms Data of LPS represent 2hrs.

[ corresponding commercial native form of enzyfiegcorresponding commercial sol-gel immobilized eneyfnsol-gel immobilized non-imprinted! sol-gel immobilized
bioimprinted with LA;® sol-gel immobilized bioimprinted with OA? sol-gel immobilized bioimprinted with TEG sol-gel immobilized bioimprinted with PEG400; sol-gel

immobilized bioimprinted with PEG100#; sol-gel immobilized bioimprinted with BRE:sol-gel immobilized bioimprinted with L-TEG-t sol-gel immobilized bioimprinted
with TRX100;" sol-gel immobilized bioimprinted with olive oil @Rerring to Table 16 in Results and Discussion)
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Annex 6. Screening of the additives for bioimprinting intdta mode and characterization of sol-gel immobdizeoimprinted lipase CaLB in binary sol-gel systeof TEOS:
PhTEOS silane precursors. Specific activitig) activity yield (Ya)and enantiomer selectivity (E) of the free and whitized forms Data of CaLB represent 2hrs.

@ Novozym carrier :liquid CaLB (1:8)” commercial Novozyme 438;sol-gel immobilized non-imprinte sol-gel immobilized bioimprinted with LA® sol-gel immobilized
bioimprinted with OA sol-gel immobilized bioimprinted with TE® sol-gel immobilized bioimprinted with PEG400;sol-gel immobilized bioimprinted with PEG10dbsol-
gel immobilized bioimprinted with BRIY; sol-gel immobilized bioimprinted with L-TEG-: sol-gel immobilized bioimprinted with TRX108; sol-gel immobilized bioimprinted
with olive oil (Referring to Table 16 in Resultsdabiscussion)
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Application of lipolytic enzymes of microbial

origin as biocatalysts

Annex 7. Screening of the additives for bioimprinting intdta mode and characterization of sol-gel immobdizeoimprinted lipase CaLB in binary sol-gel systeof TEOS:
PhTEOS silane precursors. Specific activitig) activity yield (Ya)and enantiomer selectivity (E) of the free and whitized forms Data of CaLB represent 2hrs.

@ Novozym carrier :liquid CaLB (1:8)” commercial Novozyme 438;sol-gel immobilized non-imprinte sol-gel immobilized bioimprinted with LA® sol-gel immobilized
bioimprinted with OA sol-gel immobilized bioimprinted with TE® sol-gel immobilized bioimprinted with PEG400;sol-gel immobilized bioimprinted with PEG10dbsol-
gel immobilized bioimprinted with BRIY; sol-gel immobilized bioimprinted with L-TEG-: sol-gel immobilized bioimprinted with TRX108; sol-gel immobilized bioimprinted

with olive oil (Referring to Table 16 in Resultsdabiscussion)
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Annex 8. Screening of the additives for bioimprinting intdfa mode and characterization of sol-gel immobdibéoimprinted LAK in binary sol-gel systems of TEOPhTEOS
silane precursors. Specific activityd) activity yield (Ya)and enantiomer selectivity (E) of the free and whitized forms Data of LAK represent 2hrs. (Refegrio Table 16 in
Results and Discussion)

2a 2b 2c 2d 2e 2f 29
c (%) ee (%) E c (%) ee (%) E c (%) ee (%) E c (%) ee (%) E c (%) ee (%) E c (%) ee (%) E c (%) ee (%) E

Lipase AK 38.8 79.6 14 49.5 97.7 97.7 44.4 87.7 32 47.8 63.0 7.8 48.3 78.1 18 45.7 87.7 34 39.9 77.1 13
Lipase AK jmm 20.3 87.4 18 47.2 99.5 99.5 28.4 95.4 62 26.0 70.2 7.2 28.8 87.1 21 28.1 93.5 43 20.8 82.3 13

Blank 33.2 78.4 12 48.9 97.2 97.2 46.5 84.1 25 48.7 57.4 6.2 47.5 76.8 16 42.6 85.9 25 33.9 74.7 10
LA 29.9 77.6 11 46.5 96.9 96.9 27.8 86.9 20 24.8 54.5 4.0 25.1 79.5 11 21.7 87.5 19 14.8 69.6 6.3
OA 16.8 78.6 9.8 40.1 98.1 98.1 39.7 85.2 22 42.1 55.3 5.1 42.9 75.9 13 38.2 85.5 22 30.8 72.3 8.5
TEG 18.7 7.7 9.5 40.8 97.5 97.5 38.4 85.8 22 36.3 54.9 4.6 36.4 77.5 12 31.1 86.4 20 225 71.2 7.3
PEG 400 36.7 78.5 13 49.6 97.1 97.1 40.7 85.1 22 41.0 55.4 5.0 41.5 76.8 13 36.6 86.1 22 28.0 74.1 8.9
PEG 1000 25.7 78.9 11 45.6 97.4 97.4 39.8 86.0 23 42.1 55.9 5.2 43.0 77.5 14 38.9 86.7 24 31.0 73.6 9.0
BRIJ 29.1 76.4 10 46.7 96.8 96.8 28.0 87.9 22 23.7 56.0 4.2 24.1 82.0 13 20.4 89.6 23 13.7 72.6 7.1
L-TEG-L 27.4 77.3 10 45.6 97.0 97.0 11.7 87.8 17 10.4 34.0 2.1 9.0 79.3 9.4 7.5 84.3 13 5.1 55.1 3.6
TRX100 30.8 77.9 11 47.7 97.0 97.0 37.8 83.7 19 36.8 53.3 4.4 36.5 75.6 11 31.7 85.1 18 23.1 71.5 7.4
Qlive oil 6.4 77.8 8.5 21.4 97.6 97.6 33.0 85.8 20 32.4 53.9 4.3 33.1 77.0 11 28.3 85.9 18 21.0 70.2 6.9

Multisubstrate ,A” system (2c-g) and MultisubstrgB¥ system (2a,b).

Theee values are determined by enantioselective GC.

The enantiomer selectivity (E) was calculated meQR)_ZD. Due to sensitivity to experimental errors, E eslialculated in the 100-200 range are reported @8, values in the
200-500 range are reported as >200 and valueslagdwabove 500 are given as »200.

Annex 9. Screening of the additives for bioimprinting intttamode and characterization of sol-gel immobdizgéoimprinted LPS in binary sol-gel systems of TE®hTEOS
silane precursors. Specific activityy) activity yield (Ya)and enantiomer selectivity (E) of the free and mhitized forms Data of LPS represent 2hrs. (Refigrtio Table 16 in
Results and Discussion)

2a 2b 2c 2d 2e 2f 29

c (%) ee (%) E c (%) ee (%) E c(%) ee (%) E c (%) ee (%) E (% ee (%) E c (%) ee (%) E c (%) ee (%) E
Lipase PS 5.0 85.2 13 20.7 99.5 >200 6.8 84.7 13 7.0 74.1 7.1 8.0 85.0 13 3 7.831 12 51 0.7 6.2
Lipase PSimm 5.4 88.6 18 240 996 >>200 25 87.8 16 8.3 79.8 9.5 9.6 85.5 14 8.8 82.9 12 55 0.7 7.0
Blank 37.9 83.2 18 49.0 99.1 >>200 48.8 74.2 15 48.7 67.0 10 49.5 73.415 48.7 68.6 11 33.7 83.9 18.0
LA 43.0 80.6 18 49.6 98.9 >>200 51.6 73.4 16 52.3 65.5 10 53.4 71.315 53.3 66.6 11 38.9 83.7 19.6
OA 28.8 85.0 18 49.0 97.8 >>200 43.3 76.8 15 43.3 67.6 9.2 446 0 76. 15 43.6 71.8 12 30.0 84.3 17.5
TEG 34.3 83.6 17 49.2 99.3 >>200 43.6 77.3 14 42.0 69.2 9.0 440 3 77. 14 42.1 73.5 11 27.7 84.5 16.3
PEG 400 44.7 80.8 19 48.7 99.0 >>200 39.6 73.2 13 47.6 70.1 11 50.5 74.316 50.5 69.6 12 36.3 85.0 20.2
PEG 1000 34.2 84.4 18 49.0 99.3 >>200 34.7 78.2 13 40.4 70.4 9.2 43.3 9 78. 15 42.5 74.7 12 29.1 86.1 19.0
BRIJ 19.0 815 12 38.8 99.0 >200 285 72.9 8.6 23.9 63.6 5.7 232 575 91 20.5 68.8 6.5 121 71.1 6.7
L-TEG-L 374 82.7 18 49.4 99.1 >>200 50.3 74.7 16 50.4 67.1 10 51.8 72915 51.0 68.4 11 36.2 84.6 19.2
TRX100 7.6 82.0 11 26.0 99.3 >200 14.8 76.3 8.6 12.1 66.9 5.7 12.4 84.414 10.7 80.5 10 6.7 70.9 6.9
Olive oil 19.9 84.7 15 40.9 99.3 >>200 24.8 80.9 12 23.7 67.5 6.4 243 6 79. 12 21.3 78.8 10 12.7 81.0 10.9

Multisubstrate ,A” system (2c-g) and MultisubstrgB¥ system (2a,b).

Theee values are determined by enantioselective GC.

The enantiomer selectivity (E) was calculated froegg)- Due to sensitivity to experimental errors, E eslicalculated in the 100-200 range are reported @8,
values in the 200-500 range are reported as >20@anes calculated above 500 are given as »200.

2[ (CHEN C. S., 1982)]
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Annex 10.Screening of the additives for bioimprinting intdlamode and characterization of sol-gel immobdibéoimprinted CalLB in binary sol-gel systems ofO& PhTEOS
silane precursors. Specific activityy) activity yield (Ya)and enantiomer selectivity (E) of the free and whitized forms Data of CaLB represent 2hrs. (Réfgrto Table 16 in
Results and Discussion)

2a 2b 2c 2d 2e 2f 29

c (%) ee (%) E c(%) ee (%) E c (%) ee (%) E c(%) ee (%) E c(%) ee (%) E c (%) ee(®) E c(%) ee (%) E
1:8ratio 49.4 90.3 58 48.5 99.1 >>200 52.1 88.3 63 50.7 93.6 >100 52.0 .2 94>>200 50.5 95.2 >100 50.1 95.9 >100
Novozyme 435 51.7 91.2 98 49.0 99.5 >>200 50.6 89.9 62 50.4 92.8 96 51.2 93.3100 51.0 94.6 >100 50.0 94.4 >100
Blank 39.9 99.2 >200 25.5 99.2 >200 325 99.8 >>200 19.9 99.8 >>2006.5 1 98.2 >100 15.4 98.8 >100 13.6 93.3 34
LA 37.3 99.3 >200 22.8 99.5 >>200 37.9 99.2 >200 23.3 99.4 >200 .2 19 98.9 >200 18.1 99.1 >200 15.5 93.3 34
OA 35.9 99.2 >200 29.5 99.7 >>200 47.9 99.0 >>200 31.4 99.0 >2002.9 2 98.8 >200 17.5 99.0 >200 10.6 93.4 33
TEG 27.6 98.9 >200 12.9 99.5 >200 34.9 99.0 >200 21.3 98.8 >200 7 17.98.7 >100 17.0 99.5 >200 15.4 94.1 39
PEG 400 38.9 99.6 >>200 31.2 99.2 >200 44.8 98.6 >200 25.6 98.9 >200 517 97.4 93 11.7 98.4 >100 5.0 83.8 12
PEG 1000 34.3 99.5 >>200 20.7 99.4 >200 449 99.3 >>200 34.0 99.1 >2000.3 3 989 >200 28.1 99.3 >200 22.6 96.8 81
BRJ 44.6 98.7 >200 38.6 99.6 >>200 48.5 98.4 >200 47.1 99.0 >>2005.3 4 98.6 >200 43.3 99.5 >>200 39.1 97.7 >100
L-TEG-L 325 99.2 >200 16.5 99.2 >200 43.0 99.3 >>200 36.1 98.9 >200 .6 32 99.0 >200 31.4 99.4  >>200 26.8 97.3 >100
TRX100 42.4 98.6 >200 26.8 99.4 >>200 48.3 98.8 >>200 445 98.9 >2002.0 4 989 >200 41.5 99.2 >>200 38.1 97.7 >100
Olive oil 38.2 99.2 >200 23.1 99.5 >>200 46.2 99.4 >>200 38.5 99.1 >2004.6 3 98.9 >200 32.8 99.2 >200 27.6 97.4 >100

Multisubstrate ,A” system (2c-g) and MultisubstrgB¥ system (2a,b).

Theee values are determined by enantioselective GC.

The enantiomer selectivity (E) was calculated floegg)., Due to sensitivity to experimental errors, E eslicalculated in the 100-200 range are reported @8,
values in the 200-500 range are reported as >20@anes calculated above 500 are given as »200.

[ (CHEN C. S., 1982)]

Annex 11.Screening of the additives for bioimprinting inttla mode and characterization of sol-gel immobdibéoimprinted CrL in binary sol-gel systems of TRCAPhTEOS
silane precursors. Specific activityg) activity yield (Ya)and enantiomer selectivity (E) of the free and whitized forms Data of CrL represent 8hrs. (Refegrto Table 16 in
Results and Discussion)

2a 2b 2c 2d 2e 2f 2e

c (%) ee (%) E c (%) ee (%) E c (%) ee (%) E c (%) ee (%) E c(%) ee (%) E c(%) ee(%) E c (%) ee(%) E
CcL 18.0 36.4 2.3 9.7 39.5 2.4 26.1 33.4 2.2 18.4 28.4 1.9 16.4 22.41.6 15.1 26.1 1.8 13.5 23.4 1.7
CcL imm 0.5 19.6 1.5 0.3 42.8 2.5 0.9 34.5 2.3 0.8 34.5 2.1 0.7 35.4 2.1 0.6 31.0 1.9 0.9 46.0 2.7
Blank 4.5 30.6 1.9 2.2 56.4 3.7 4.4 315 2.0 2.9 28.0 1.8 2.3 19.4 15 0 2 203 15 1.9 27.3 1.8
LA 1.4 23.2 1.7 0.8 57.3 3.8 2.0 28.0 1.8 1.6 35.7 2.2 1.2 28.4 1.8 .1 1 197 15 1.2 42.3 2.5
OA 2.8 27.9 1.8 1.6 55.3 3.6 4.0 34.5 2.1 2.8 325 2.0 2.6 23.8 16 2 2 236 1.6 2.0 31.0 1.9
TEG 15 26.7 1.8 0.9 58.2 3.9 2.1 24.9 1.7 1.5 30.0 1.9 1.2 19.1 15 2 1 262 1.8 1.2 37.8 2.3
PEG 400 2.7 30.3 1.9 15 50.4 3.1 3.9 31.8 2.0 2.3 28.2 1.8 2.0 25.4 1.7 8 1 242 1.6 1.7 28.8 1.8
PEG 1000 2.8 26.9 1.8 1.6 50.3 3.1 3.2 30.0 1.9 2.1 32.2 2.0 1.7 22.4 16 4 1 273 1.8 1.3 31.5 1.9
BRIJ 11.3 29.2 1.9 7.0 54.4 3.5 155 27.9 1.9 9.5 23.5 1.7 7.6 16.8 4 1. 6.3 20.5 1.5 4.4 20.7 15
L-TEG-L 15 22.7 1.6 0.8 54.4 3.5 1.9 29.9 1.9 1.4 30.8 1.9 1.3 24.8 1.7 0 1 283 1.8 1.1 39.1 2.3
TRX100 10.9 25.1 1.7 7.5 50.8 3.2 15.7 21.7 1.6 8.1 23.3 1.6 5.7 164 4 1. 4.4 18.1 1.5 3.2 22.8 1.6
Oliveoil 2.5 27.9 1.8 1.4 56.7 3.7 3.2 29.8 1.9 2.3 27.7 1.8 5.5 245 1.7 8 1 203 15 1.6 33.4 2.0

Multisubstrate ,A” system (2c-g) and MultisubstrgB¥ system (2a,b).

Theee values are determined by enantioselective GC.

The enantiomer selectivity (E) was calculated froegg, | HEN & 5+ 19821 Dye to sensitivity to experimental errors, E ealealculated in the 100-200 range are reported @8,
values in the 200-500 range are reported as >20@anes calculated above 500 are given as »200.
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Annex 12 Comparison of the best performing sol-gel enteapand bioimprinted lipase AK in biner and ternére
matrices in batch mode (in hexane:THF; 2:1). Speeiftivity (Ug), activity yield (YA) and enantiomer selectivity (E)
of the free forms of lipases Data of Lipase AK,esamt 0.5h results

TEOS was kept in constant while alkylITEOS and giillkOS were varied in the precursor systems TEOBFOS
(1:1) TEOS:OCTEOS:PhTEOS (1:0:7:0.3), TEOS:OCTEQ&EIEOS (4:1:1)

Normal (single) enzyme loading (see it detaileéxperimental part)

21 Enzyme loading was double than normal (Referringable 17 in Results and Discussion)
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Application of lipolytic enzymes of microbial origin as biocatalysts

Annex 13.Comparison of the best performing sol-gel entrapaed bioimprinted lipase PS in biner and ternansi
matrices in batch mode (in hexane:THF; 2:1). Speeiftivity (Ug), activity yield (YA) and enantiomer selectivity (E)
of the free forms of lipases Data of Lipase PSgsgnt 0.5h results (Referring to Table 17 in Resantd Discussion)
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Annex 14. Comparison of the best performing sol-gel entrapped bioimprinted CalLB in biner and terner silane
matrices in batch mode (in hexane:THF; 2:1). Speeiftivity (Ug), activity yield (YA) and enantiomer selectivity (E)
of the free forms of lipases Data of Lipase PSgsgnt 0.5h results (Referring to Table 17 in Resantd Discussion)
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Annex 15.Comparison of the best performing sol-gel entrapged bioimprinted lipase CrL in biner and ternére
matrices in batch mode (in hexane:THF; 2:1). Speeiftivity (Ug), activity yield (YA) and enantiomer selectivity (E)
of the free forms of lipases Data of Lipase PSgsgnt 4h results (Referring to Table 17 in Resuits Discussion)
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Annex 16. Comparison of the best performing sol-gel entrdpped bioimprinted lipases’ productivity (specific
reaction ratef™) tested in multisubstrate systems (,A&c-1c-g and ,B”, rac-1a,b) of batch and continuous-flow
packed-bed reactor (in hexane: TMBE; 2:1). (Refiertd Figure 27 in Results and Discussion)
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