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Immobilization of feruloyl esterases in mesoporous silica
Linking immobilization conditions, microenvironment and material properties to enzyme
activity

CHRISTIAN THORN
Industrial Biotechnology

Department of Chemical and Biological Engineering
Chalmers University of Technology

Abstract

Feruloyl esterases are a class of enzymes that can be used as biocatalysts for the modification
of bioactive hydroxycinnamic acids. In industry, enzyme immobilization is often necessary to
stabilize the enzymes and to allow their reuse. Mesoporous materials have become a popular
immobilization support due to advantages such as large surface area, high mechanical stability
and the possibility of adjusting the pore size to the dimensions of the enzyme. The hypothesis
investigated in this work was that mesoporous material would provide a robust
immobilization support for feruloyl esterases, and would not suffer from the problem of
enzyme inactivation reported in previous studies. As well as excellent reusability and high
yields in the transesterification of methyl ferulate to butyl ferulate, the feruloyl esterases
immobilized in mesoporous silica exhibited altered product selectivity. This indicated the
need for deeper studies into how enzymes are affected by the immobilization process, and
which factors and material properties influence enzyme activity. A novel method for real-time
studies of the immobilization process was therefore developed, based on quartz crystal
microbalance with dissipation monitoring. The immobilization process was found to occur in
two stages, with initial covering of the outer surface followed by filling of the pores. Proof
that the enzymes indeed enter the pores was also found, which is important as it is usually
assumed that the enzymes are located inside the pores. Furthermore, modeling of the enzyme
structure gave new insights on the structure-activity relationship as a function of pH, and was
linked to an apparent structural memory effect from the adsorption to the mesoporous
material. Differences in the microenvironment inside the pores were characterized by
developing a new method for measuring the local pH through fluorescent labeling of the
enzymes, which showed a buffering effect towards neutral pH inside the pores. The aim of the
present work was to link the new knowledge obtained on the microenvironment,
immobilization conditions and material properties of the mesoporous material to their effects
on enzyme activity. The use of immobilization as a means of controlling enzyme activity is
important for the development of more rationally designed biocatalysts based on enzymes
immobilized in mesoporous materials.

Keywords: Enzyme immobilization, Biocatalysis, Mesoporous materials, Silica, Feruloyl
esterases, Hydroxycinnamic acids, QCM-D, Protein modeling.
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Introduction

1 Introduction

All biological life depends on chemical reactions catalyzed by enzymes. Therefore, it is not
surprising that industry utilizes these natural catalysts in a broad range of applications. Most
of the enzymes produced are used either in household products such as detergents, or in the
food and beverage processing industry to change properties such as flavor and nutritional
value. Enzymes are also key components in the production of biofuels such as ethanol and

diesel.

Inorganic compounds with catalytic capacity have historically been dominant in classical
chemical synthesis requiring catalysts, however, these processes are often not sustainable
from an environmental point of view. If the same reactions could instead be catalyzed by
enzymes, this would allow for more sustainable processes. The fatty acids aspartame and
acrylamide are two examples of bulk chemicals that can now be produced through
biocatalysis [1]. Enzymatically catalyzed reactions are normally run under milder conditions
(pH often close to neutral and physiological temperatures), which should reduce the amount
of hazardous waste, lower the energy consumption and lead to overall safer processes [2].
Furthermore, enzymes are generally regio- and enantioselective, which means that the enzyme
can modify a certain part of a complex molecule, while at the same time allowing control of

its chirality and stereochemistry.

However, replacing an inorganic catalyst that has been used in the synthesis of a bulk
chemical for decades with an enzymatic catalyst is not a simple task. Many applications
employing enzymes, developed for industrial use during the past decade, have been directed
towards the production of compounds used in pharmaceuticals [3]. This is where the
advantage of enzymes being able to perform selective reactions on complex molecules
becomes most evident. The scope for cost reduction is also greater for complex molecules that
generally require multistep processes when synthesized with classical chemical catalysis. One
of the most famous examples is the synthesis of atorvastatin (Lipitor), where many of the
intermediate synthesis steps can now be catalyzed with enzymes (e.g. ketoreductases and
aldolases) [4]. Hydrolases are another class of enzymes that have attracted attention due to
their ability to cleave carbon-oxygen bonds. The lipase Candida antarctica lipase B is among
the most frequently used enzymes in biocatalysis, as it has a broad substrate specificity that

allows esterification of a wide range of compounds [5]. Feruloyl esterases, studied in the



present work, can sometimes be classified as lipases, and generally have a similar catalytic
triad. The reason for using feruloyl esterases is that, due to their specificity, they are suitable
for the modification of the antioxidant compounds called hydroxycinnamic acids. More
information on the bioactivity of hydroxycinnamic acids and the catalytic activity of feruloyl

esterases is given in Chapter 2.

Most enzymes used in chemical synthesis have been engineered to some extent to achieve
satisfactory activity, stability and selectivity [3, 6]. The structure of the enzyme is usually
altered through the deletion, replacement or addition of amino acids. The main challenge in
enzyme engineering is the lack of knowledge on how molecular interactions affect the
structure and activity of enzymes [3, 7]. This means that the rational design of new enzymes,
with novel activities, and the prediction of their activities and selectivity are still limited, and
a second round of structural optimization of the enzyme activity is often necessary. However,
the area of protein engineering is evolving rapidly thanks to the development of many
bioinformatics tools, which have made virtual screening of enzyme structure-activity

relationships more reliable [6].

An active enzyme is generally not sufficient to ensure a sustainable and economically feasible
biocatalytic process. Immobilization of the enzyme can facilitate enzyme reusability and
product purification and, in some cases, further improve enzyme activity and stability. The
process of developing a biocatalyst is illustrated in Figure 1, where the different topics of the
papers included in this thesis, and their relation to the design of a biocatalyst, are also
indicated. The iterative design process involves a typical trial-and-error approach. To allow a
more rational design of the immobilization process, and of the support material itself, it is
important that we have a better understanding of how the activity and function of the enzyme

are affected by its interactions with the support material.
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The starting point of this work was the choice of the class of enzymes known as feruloyl
esterases, which can modify antioxidant compounds. The initial aim, in Paper I, was to
create a biocatalyst from feruloyl esterases that provides high product yields that are
maintained over several consecutive synthetic reactions. When this study started, only a
few examples of the immobilization of feruloyl esterases had been published, generally
showing rapid inactivation of the enzymes, leading to poor reusability of the biocatalysts.
Mesoporous materials are a new type of immobilization support with robust mechanical
properties, a controllable pore size and a large pore volume allowing high enzyme loadings.
The hypothesis was that immobilizing the enzyme in a mesoporous support would solve the
problems associated with the inactivation of feruloyl esterases used in synthesis applications,
previously reported. A protocol was therefore developed for the immobilization of feruloyl
esterases in mesoporous materials (Paper I). Furthermore, immobilization itself can be seen as
part of the process design, as the enzyme activity can be altered and, ideally, controlled by
choosing the immobilization conditions carefully or by varying the material properties of the

mesoporous silica.

Interestingly, the product selectivity of the feruloyl esterases changed upon immobilization
into mesoporous silica, which gave rise to several questions and hypotheses that were
addressed in the other papers: What is actually happening during the immobilization, and does
this process affect the enzyme activity? Is the pH in the microenvironment inside the pores
different from that in the bulk solution? Could a structural model of the studied feruloyl
esterase provide additional information on how immobilization affects enzyme activity? How
can it be proven that the results observed are due to the immobilization of most of the enzyme
inside the pores, and not on the outer surface of the mesoporous particles? The questions that
arose after interpreting the results presented in Paper I were kept in mind in the planning and
execution of the studies described in Papers II, III and IV. At the same time, the different
papers constituting this thesis can be seen as breaking down the challenge of a more rational
biocatalyst design into problems of tangible pieces with the aim to fill the gaps in fundamental

knowledge within this area.

In the study described in Paper II, the aim was to develop a method that would allow
real-time studies of the enzymes entering the pores, to provide a better understanding of
the immobilization process itself and, at the same time, allowing the stability of

adsorption of the immobilized enzyme to be studied. The methods available when this
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study was performed had several limitations and immobilization into the pores was often
regarded as a black-box process. The method developed proved to be a useful tool for
providing enzyme-specific information on both the adsorption to the support and the stability

of the enzyme-support interactions.

In an attempt to elucidate the relation between immobilization conditions and enzyme
activity, the study described in Paper III was designed to answer the question of how the
enzyme activity is affected by pH during the immobilization process. Changes in enzyme
activity are often explained by conformational changes of the enzyme, without any real
evidence of this. The enzyme structure of the studied feruloyl esterase was therefore modeled
and related to the enzyme activity. Changes in enzyme activity could also be explained by the
microenvironment inside the pores differing from that in the bulk solution surrounding the

mesoporous particles.

The aim of the study presented in Paper IV was to test the hypothesis that the pH inside
the pores was different from that in the bulk solution. This required a new approach in
which the enzymes were labeled with a fluorescent probe to characterize the pH in the micro-
environment. Papers II-IV thus concentrate on the characterization of the biocatalyst, which is

necessary to understand the observed changes in activity of the immobilized enzymes.

The final paper, Paper V, presents a review on methods that elucidate the relation
between the immobilization conditions, the microenvironment and the material
properties, and enzyme activity, which can be seen as summary of the aims of this thesis.
A method of calculating the degree of pore filling was developed in order to provide a
straightforward means of comparing enzyme immobilization and pore utilization in different
mesoporous materials. If the methods described in Paper V are applied appropriately, it
should be possible to gain a better understanding of the interactions between enzymes and
support materials. Understanding the nature of these intermolecular forces has been identified
as a key factor in controlling enzyme activity by immobilization [9, 10]. Two new tools were
developed in this work for application in this field, namely the method of quartz crystal
microbalance with dissipation monitoring (QCM-D) (Paper II) and the measurement of pH
with a fluorescent probe (Paper IV). I am confident that the work presented in this thesis will
be useful building block in the development of more rationally designed biocatalysts, making

them a viable and competitive alternative to inorganic catalysts.
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2 Production of antioxidant compounds using feruloyl esterases

Certain diets rich on fruits and vegetables, are believed to be beneficial to health, partly due to
naturally occurring phenolic compounds [11, 12]. These beneficial effects are often linked to
the antioxidant ability of phenolic compounds, which protect the body from free radicals.
However, there is also evidence of a more advanced mechanism in which phenolic
compounds in the bloodstream interact in cell signaling, affecting the growth and apoptosis of
cells. Hydroxycinnamic acids, which are part of these antioxidant phenolic compounds, were

studied in this work, especially in the application of feruloyl esterases for their modification.

2.1  Antioxidant properties of hydroxycinnamic acids

Hydroxycinnamic acids are a class of phenolic compounds that occur naturally in plant
materials. They constitute the building blocks for the biosynthesis of a wide range of
compounds such as lignins, flavonoids and coumarins. The hydroxycinnamic acids them-
selves are synthesized by the transformation of phenylalanine or tyrosine into cinnamic acid
or p-coumaric acid, respectively, which can then be further modified into other hydroxy-

cinnamic acids, as illustrated in Figure 2.

The interest in hydroxycinnamic acids derives from their bioactivity, which is related to their
antioxidant and antimicrobial properties. Diets based on fruit and vegetables generally have
high concentrations of hydroxycinnamic acids, and health benefits have been linked to the
intake of these compounds [13]. Among the most studied compounds are ferulic acid, which
has been proposed to have many potential therapeutic effects, such as anti-inflammatory,
anticancer and neuroprotective [14, 15]. The common understanding is that these benefits
arise from the antioxidant property of ferulic acid, which acts as a scavenger for free radicals.
The ferulic acid radical formed is stabilized by its many resonance structures [14]. The
inhibition of glycation (non-enzymatic glycosylation) and stimulation of the growth of pro-

biotic bacteria are other suggested mechanisms behind the observed health benefits [16].
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Figure 2. Molecular structures illustrating the variety of hydroxycinnamic acids and the

ways in which they are related to each other. Caffeic acid, p-coumaric acid, ferulic acid

and sinapic acid, and ester derivatives of these compounds, are the hydroxycinnamic

acids most commonly modified using feruloyl esterases. The figure is adapted from [15]

with permission from Elsevier.
The bioavailability, solubility and potential pharmacokinetics of the various hydroxycinnamic
acids are very different [13-15]. Both the substituents on the benzene ring and any group that
is bound through esterification to the carboxylic acid end group will change these properties.
Generally, the antioxidant activity seems to increase with the number of substituents, but it
also depends on their type and location [17]. To enhance the antioxidant ability of hydroxy-
cinnamic acids, or to customize their solubility, some sort of modification is often necessary
[18], hence the need for feruloyl esterases that are active on a broad range of hydroxy-

cinnamic acids [19]. For a more extensive overview of bioactive ferulated compounds the

reader is referred to the review by Ou and Sun [16]. When complex sugar molecules are
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attached to the hydroxycinnamic acids, purification and isolation become difficult, and

enzymatic synthesis offers a simpler way of obtaining the desired compounds.

2.2 Modification of hydroxycinnamic acids by feruloyl esterases

The natural degradation of ester linkages in plant cell walls is generally performed by
esterases (also known as ester hydrolases), as shown in Figure 3. Feruloyl esterases (E.C.
3.1.1.73) are a subclass of carboxylic ester hydrolases, and are known to release ferulic acid
and other hydroxycinnamic acids through the hydrolysis of ester linkages to hemicellulose
[20]. The substrate specificity of feruloyl esterases is quite diverse. Therefore, it can be
difficult to find an active feruloyl esterase for a particular hydroxycinnamic acid, as the
structural variety among these compounds is broad, as shown in Figure 2. Feruloyl esterases
have only been characterized relatively recently, they have thus not been as well studied as
other hydrolases such as lipases [18]. The first classification of feruloyl esterases was based
on the hydrolysis profile of 4 synthetic hydroxycinnamic acid methyl esters [21]. However, a
new classification scheme has been proposed based on sequence-derived descriptors (patterns
in amino acid composition and physico-chemical composition) and testing of the activity on
an extended number of ester substrates in combination with modeling of the active site
structure [19, 22]. Being able to predict the specificity allows for the selection of a suitable

feruloyl esterase for a certain hydroxycinnamic acid.

The direct industrial applications of feruloyl esterases are in the degradation of biomass and
the subsequent release of hydroxycinnamic acids. In the biofuel and pulp and paper industries
feruloyl esterases are mainly used in hydrolysis for the debranching (cleaving side groups) of
hemicellulose, thereby also breaking the linkages between lignin and hemicellulose, making
the material more accessible to the other enzymes in the mixture [20, 23]. Other important
areas of application are within the food processing industry and in pharmaceutical production.
The bioavailability of cereals can be increased through enzymatic pre-degradation. For
pharmaceuticals and cosmetic creams, the enzymes are applied in the release and subsequent

purification of hydroxycinnamic acids.
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COOH

Figure 3. Hemicellulose with arabinofuranosyl residues linked to ferulic acid or diferulic

acid. Cleavage sites for feruloyl esterases are indicated by the red circles. Reproduced

from [24] with permission from Springer.
The natural environments of feruloyl esterases are aqueous solutions. Interestingly, under
conditions of low water content, the hydrolytic activity of feruloyl esterases can be reduced or
completely eliminated. The enzymes can instead be used for esterification or
transesterification reactions, as shown in Figure 4, and to modify the properties of
hydroxycinnamic acids. The first example of the use of feruloyl esterases for synthetic
reactions was reported in 2001, when an enzyme from Aspergillus niger was used to esterify
ferulic acid with n-pentanol in a microemulsion reaction solution [25]. Other modifications
that have been demonstrated involve secondary alcohols [26, 27], glycerol [28] and di- and
oligosaccharides [29-31]. Reactions involving feruloyl esterases are summarized in Table 1.
In most of these examples, microemulsions with 1-3% water were used as the reaction
medium, and the major fractions were two different organic solvents. There are also examples
in which the organic solvents have been replaced by ionic liquids [32, 33], which allows a
broader range of substrates or products to be solubilized. The general trend regarding product

yields is that high yields can be achieved with modifications using alkyl alcohols, whereas the
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yields obtained when using ferulated saccharides are generally lower. It can also be concluded
that bulky alcohols groups on the hydroxycinnamic acid substrate reduce the
transesterification yield. The main challenge when using feruloyl esterases in biocatalysis is to
create conditions that favor esterification/transesterification and reduce hydrolysis, without

inactivating the enzyme or reducing its stability.

CH3OH Z
HO\/\/
o O A
(@)
Z | OH H
C
HO\/\/
(@)
B
OH
Z
CH30
(0]
| OH

Figure 4. (A) Transesterification of methyl ferulate to butyl ferulate, (B) hydrolysis of

methyl ferulate to ferulic acid, and (C) esterification of ferulic acid to butyl ferulate. The

enzyme assay was performed in tubes on a shaking incubator and the product was

quantified using HPLC (Paper I).
During the course of this work, the hydrophobic modification of ferulic acid to butyl ferulate
[34] was studied (Figure 4A) as a model reaction to investigate the activity of feruloyl
esterases in mesoporous materials (Papers I-IV). This system also allowed the substrate 1-
butanol to be used as the solvent for the other substrate (methyl ferulate), which minimizes

the number of components in the reaction mixture. Ferulic acid will generally be generated as

a side product as it is difficult to completely suppress the hydrolytic activity of the enzyme.

Some reactions performed with feruloyl esterases (Table 1) can also be catalyzed by lipases,
for example, the synthesis of ferulate sterols [35] and ferulate glycosides [36], and the esterifi-
cation of various hydroxycinnamic acids with octanol [37]. The specificity of lipases is often

broad, but in the case of hydroxycinnamic acids, certain configurations render low product

11
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yields [38]. Most examples of the use of lipases in the biocatalysis of hydroxycinnamic acids
involve the use of vinyl esters of hydroxycinnamic acids as substrates, which are generally not
commercially available, making custom synthesis of the substrate necessary. Additionally,
lipases can lose their regioselectivity at low substrate solubility for some hydroxycinnamic
acids causing the formation of unwanted side products [39]. For further details on reactions
catalyzed by lipases and feruloyl esterases the reader is referred to the review by Zeuner et al.

[38].

Table 1. Summary of synthetic reactions catalyzed by feruloyl esterases. (Supplementary information
is given in Table 2)

Product/reaction Organism/source of enzyme Yield" Reaction system Ref.
(%)

Pentyl ferulate Aspergillus niger (FacA) 60 Microemulsion  [25]

Transesterification of vinyl acetate ~ Humicola insolens 52 Aqueous [26, 27,

with a broad range of secondary (crude preparation) 40]

alcohols

Esterification of p-hydroxyphenyl-  Fusarium oxysporum F3 (Fae-II) 75 Microemulsion [41]

acetic acid with 1-propanol

Butyl ferulate Sporotrichum thermophile 75 Microemulsion  [30, 42]

Butyl coumarate (StFaeC); Fusarium oxysporum F3

Butyl sinapinate (FoFae-I)

Butyl caffeate

L-arabinose ferulate Sporotrichum thermophile 85 Microemulsion  [30, 43]
(StFaeC)

Transesterification of vinyl ferulate  Different commercial enzyme 60-95 A broad range of [36]

with different glycosides preparations with both lipase and organic solvents
feruloyl esterase activity

L-arabinobiose ferulate Sporotrichum thermophile 18 Microemulsion  [31]
(StFaeC)

Feruloyl D-arabinose Sporotrichum thermophile 45 Microemulsion  [44]
(StFaeC)

Glyceryl ferulate, glyceryl sinapinate, Aspergillus niger (Fae-PL) 80 Glycerol based  [28, 45]

glyceryl coumarate

Ferulated di- and oligosaccharides Commercial enzyme preparation 27 Microemulsion  [46]
(Depol 740L)

Diglycerol ferulate Aspergillus niger (Fae-PL) 95 Diglycerol-based [47]

Glycerol sinapate Aspergillus niger (AnFacA) 21 Ionic liquids [33]

*The yields are generally calculated as the molar amount of product formed compared to the initial
amount of substrate, but are sometimes reported as the fraction of the substrate converted.

12
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As feruloyl esterases are normally active in aqueous solutions, subjecting them to other
solvents is likely to affect their activity and stability [32, 48]. It is therefore important to find
solvents that do not cause inactivation. Enzyme immobilization is one way of preventing
enzyme inactivation, and may also lead to increased operational stability of the enzyme, as
discussed in Section 3.8. At the same time, immobilization generally facilitates the reusability
of the biocatalyst by facilitating separation from the reaction medium. Prior to this work, a
few studies had been carried out on the immobilization of feruloyl esterases through cross-
linked enzyme aggregates [32, 34, 49], which are summarized in Table 2. Although they were
active, the enzymes were relatively quickly inactivated, losing most of their activity after 2-5
synthetic runs; the only stable enzyme being that immobilized in a chitin gel. The hypothesis
tested in Paper I was that immobilization of feruloyl esterases in mesoporous particles would
improve enzyme stability, while maintaining activity and allowing the enzyme to be reused.
Continuing the work presented in this thesis, the studies described in Papers II, III and IV can
thus be regarded as different approaches to increasing our fundamental knowledge on how

feruloyl esterase activity is affected by immobilization in mesoporous materials.

Table 2. Immobilization of feruloyl esterases and their reusability from different solvents

Immobilization Enzyme Reaction Reusability Ref.
technique
Cross-linked AnFaeA from Transesterification of methyl No retained activity after two [34]
enzyme aggregates Aspergillus niger sinapate to butyl sinapate 96-h runs in n-hexane/1-
(other butyl esters butanol/water (47.2:50.8:2.0
synthesized at lower yields) v/v/v)
Cross-linked Ultraflo L Transesterification of methyl No retained activity after two [49]
enzyme aggregates Depol 740L ferulate to butyl ferulate 6-day runs in n-hexane/1-
Depol 670L butanol/water (47.2:50.8:2.0,
vIVIV)
Cross-linked AnFaeA from Esterification of sinapic acid No retained activity after five [32]
enzyme aggregates Aspergillus niger with glycerol to glycerol 2-h runs in the ionic liquid
sinapate [C5sO,mim][PFg] with 2.5 M
glycerol and 15% water
Cross-linked Fae-II from Aspergillus Release of ferulic acid from Not measured [50]
enzyme aggregates awamori ethyl ferulate
Chitin-gel Pectinase PL “Amano” Esterification of ferulic acid Stable after five 23-h runs in  [51]
(Chitopearl preparation containing to glycerol ferulate glycerol with 2% water
BCW3003) feruloyl esterases
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Enzyme immobilization in mesoporous materials

3 Enzyme immobilization in mesoporous materials

The obvious question when first studying this topic is why it is necessary to increase the cost
and complexity by immobilizing enzymes. In this chapter I will outline why mesoporous
materials are useful for enzyme immobilization, and explain how the immobilization process
can be characterized in some detail, as there are special considerations when using meso-
porous particles, as discussed in Section 3.2. The results and methods discussed in this chapter
should, however, be seen in the light of Chapter 4, where changes in the activity of the
enzymes upon immobilization are discussed. Both the immobilization material itself and the
conditions during immobilization can alter the specific enzyme activity. Hence, knowledge of
the immobilization process provides a basis for the better understanding of the changes in
enzyme activity upon immobilization. In order to create a robust biocatalyst, not only should
the activity of the immobilized enzymes be high for the desired reaction over several runs, but
it is also important to achieve a high pore loading so as to utilize the whole pore volume

efficiently, and thus minimize the amount of support material.

3.1  Why immobilize enzymes and what difficulties are encountered

It is generally difficult to separate free enzymes from a reaction solution, which limits their
reusability making complex product purification schemes necessary. Enzyme retention and
long-term operational stability must also be considered when using continuous reactions and
in industrial use, as enzymes are generally expensive to produce, substantially increasing the
cost of the processes in which they are used. When performing enzymatic reactions in organic
solvents, which is often necessary for hydrolases to exhibit their biosynthetic behavior, the
reusability of the solvent must also be considered to avoid expensive and unsustainable waste
handling. The immobilization of enzymes simplifies the separation of the enzymes from the
solvents, while at the same time the enzyme stability is generally increased. Furthermore, easy
enzyme recovery also simplifies product purification. The reason for enzyme immobilization
is to create a biocatalyst that retains a high catalytic activity, giving high product yields over

several reaction cycles.

Many enzymes are classified as allergenic as they can penetrate the skin [52]. This is

important as many people are exposed to enzymes, for example, when handling detergents.
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3.1 Why immobilize enzymes and what difficulties are encountered

Immobilizing the enzyme on a solid support reduces the risk of skin penetration as the
immobilization support particles are generally several times larger than the enzyme
molecules. However, some inactivation of the enzymes during immobilization can be
expected, as the binding or adsorption of the enzyme to the support may result in structural
changes rendering the enzyme inactive, or re-orientation of the enzymes such that the
entrance to the active site is blocked. Table 3 lists the main advantages and disadvantages of

enzyme immobilization.

Table 3. Advantages and disadvantages of different immobilization strategies [53-56]

Immobilization in general

Advantages

Disadvantages

The enzymes can be recovered

Downstream processing is easier as
the product stream does not contain
enzymes

Can improve overall enzyme stability
by stabilization of enzyme structure

Possibility of continuous reactions as
recovery of enzymes is easier

Potential diffusion limitations

Costs involved in the synthesis of the
supporting material and in the
enzyme immobilization process

Enzymes may be inactivated during
the immobilization process

Type of immobilization

Advantages

Disadvantages

Binding to support

Entrapment in gels,
capsules or membranes

Cross-linked enzyme
aggregates

Easy separation of support particles
from reaction solution (if particle size
is not too small)

The choice of support material and its
surface properties can be used to
control enzyme activity and stability

Well established with several
industrial applications

Protective environment for the
enzyme compared to the outer
surface of an immobilization support

The hydration of the enzyme can be
controlled to a larger extent

Lower cost as there is no need for the
synthesis of a support material

Insoluble aggregates allow for easy
enzyme recovery and increased
stability

Reuse of the support material is
difficult if the enzyme is inactivated

Most of the biocatalyst weight/
volume consists of the support
material and not the active enzyme

If the enzyme is not covalently bound
to the support, enzyme leakage may
be a problem

Can be difficult to find gelling or
encapsulation conditions under which
the enzymes remain stable

Diffusion of substrate and product
may be hindered

Optimal aggregation conditions are
highly dependent on the enzyme

Glutaraldehyde can cause inacti-
vation of some enzymes if certain
amino groups are cross-linked
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Enzyme immobilization in mesoporous materials

Although immobilization adds another level of complexity to the process, it also alleviates
several of the problems encountered when running processes with free enzymes, and should,
therefore, reduce the overall cost. Extensive research has been carried out on enzyme
immobilization over recent decades, however, a number of problems still remain to be solved.
There is considerable variation in the optimal immobilization conditions, with regard to
catalytic activity, between different enzymes. Therefore, a trial-and-error approach to process
design is often necessary for the development of a new biocatalyst, despite the fact that this is
time consuming and expensive. Establishing the right immobilization conditions while
maintaining catalytic activity is not always straightforward, as many factors influence both
immobilization and activity. It is also often necessary to tailor the support material to the

enzyme, although the synthesis of the material should preferably be as simple as possible.

The nomenclature used for various enzyme immobilization strategies in the literature is
inconsistent, resulting in number of different categories [53, 54, 57]. However, three main
categories can be distinguished: enzyme binding to the surface of a solid support; entrapment
of the enzyme in a polymer gel or matrix, and cross-linking of the enzymes themselves to
form aggregates, as illustrated in Figure 5. The number of categories can be expanded
depending on the type of interactions responsible for binding the enzymes to the support or
the type of entrapment. It is also possible to combine different approaches such as the cross-

linking of enzymes on a porous solid support to prevent leakage.
& = Enzyme

J < & S
. g ee ®
Binding to a carrier Entrapment Cross-linking
e.g. in SiO, sol gel e.g. CLEA

Figure 5. Three different approaches to enzyme immobilization. Figure reproduced from
[52] with permission from the Royal Society of Chemistry.
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3.2 Why use mesoporous materials as an immobilization support?

3.2 Why use mesoporous materials as an immobilization support?

A relatively new type of immobilization support, mesoporous materials, was studied in this
work. The main feature of these materials is their porous structure (pore diameter 2-50 nm),
which allows for high enzyme loadings, while at the same time providing a protective
environment for the enzymes. Table 4 lists the advantages and disadvantages of mesoporous
materials. Immobilization of enzymes in a mesoporous support (or carrier) is sometimes
referred to as encapsulation or entrapment, while others simply refer to it as normal binding to
a support (through any type of molecular interaction) [54, 55]. In this thesis, the whole
process of the enzyme molecules entering the pores and their subsequent adsorption onto the

pore walls will simply be referred to as immobilization.

Table 4. Advantages, disadvantages and other considerations in enzyme immobilization in
mesoporous materials, compared to other kinds of support

Material-related properties Advantages, disadvantages and other considerations

Porous structure Large surface area allows for the efficient utilization of the
support material in relation to its weight.

Offers a protective environment for the enzymes inside the
pores, similar to the enzyme being encapsulated in a gel.

The synthesis of a porous structure is generally more
expensive than, for example, solid beads.

Some mesoporous materials are not commercially available,
and in-house synthesis and access to equipment for material
characterization are thus required.

Large particle sizes may lead to some of the pore volume not
being filled.

Substrate/product diffusion inside the pores may be limited.

Controllable pore size and well- The pore size can be adjusted to match the size of the enzyme.

ordered structure Molecular crowding inside the pores and more molecular

interactions with the support due to the curvature of the pore
wall may increase or decrease enzyme activity (see Paper V).

Particle size/particle morphology The length of the pores and the pore size may influence the
specific activity of the immobilized enzyme.

Stable material The material will always be mechanically stable at the
conditions (pH, temperature, mechanical stress) under which
the enzyme is catalytically active.

Surface modifications Silica surfaces can easily be functionalized or modified to
adjust properties such as surface charge or hydrophobicity.

Material synthesis prior to enzyme  Synthesis conditions are not dictated by the conditions that are
immobilization suitable for the enzymes, which allows for a broader range of
possible materials.
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Enzyme immobilization in mesoporous materials

Different types of mesoporous materials have been studied, of which Santa Barbara
Amorphous material number 15 (SBA-15) is the most commonly used for enzyme
immobilization. SBA-15 is characterized by high mechanical and thermal stability, while the
pore size range and particle size can be varied in a relatively broad range [58]. Mesoporous
materials have been successfully used as immobilization supports for a broad range of
enzymes [9, 59]. Many areas of application of biocatalysts have been identified, for example,
as biosensors, in food processing, the production of pharmaceuticals, in biorefineries and
biofuel production [60]. However, prior to the present work there were no reports of the
immobilization of feruloyl esterases in mesoporous materials. The mesoporous materials

studied in this work are listed in Table 5.

Table 5. Characteristics of the different mesoporous materials used in this work

Material Pore diameter BET surface area Pore volume Paper
(nm) (m?/g) (cm’/g)

SBA-15° 5.0 924 0.73 I

SBA-15° 9.3 528 1.17 I

HMM" 9.4 463 0.91 1

SBA-15° 7.8 679 1.17 I and IV

*Santa Barbara Amorphous material number 15, with a well ordered hexagonal pore structure, and a
defined pore size distribution.

°Hiroshima mesoporous material with non-ordered structure and wider pore size distribution than
SBA-15.

‘BET: Barret-Joyner-Halenda theory

The synthesis of most ordered mesoporous materials, including SBA-15, is illustrated in
Figure 6. A block copolymer surfactant acts as a template by forming micelles. This is
followed by the addition of tetraethyl orthosilicate (TEOS) as a silica precursor which, upon
hydrolyzation, initiates the condensation of a silica oxide network around the template, and
induces the transition of micelles into rods that flocculate forming a hexagonal structure [61].
Finally, the template is removed through calcination (by heating in an oven at high
temperatures). Paper II describes another type of mesoporous particles, namely Hiroshima
mesoporous materials (HMM). The main characteristics of HMM are their very small particle
size, around 50 nm (compared to 1-2 um for SBA-15), and their non-organized porous
structure. The latter is the result of the method of synthesis, which differs in that an oil-in-
water emulsion consisting of water, octane, styrene and TEOS is used, and the particles are

formed by the polymerization of styrene and TEOS.

19



3.3 Choice of immobilization strategy

Addition of
silica precursor Flocculation

Precipitation of
hexagonal mesophase

SBA-15

- @Q
%

Figure 6. The current understanding of the synthesis of SBA-15, where the addition of
silica to the template micelles induces the formation of cylindrical silica pores that
flocculate forming hexagonal structures, and the removal of the template through
calcination. Figure reproduced from Hanna Gustafsson [62] with permission.

The structure of the material is normally characterized by small-angle X-ray scattering and
transmission electron microscopy. The pore volume, pore diameter and surface area are
generally determined by the adsorption (physisorption) of nitrogen gas and application of the
gas law in combination with Barret-Joyner-Halenda theory. For a more detailed description
of the materials and the characterization methods used in this work, the reader is referred to

Paper V.

3.3 Choice of immobilization strategy

Having chosen the type and material for immobilization, the question of how the enzyme
should be attached to the support must next be addressed. The enzyme can either be
physically adsorbed or covalently bound to the support surface, as illustrated in Figure 7.
Physical adsorption relies on molecular interactions, which may be any combination of van
der Waals, hydrophobic or ionic interactions. In practice, immobilization is generally per-
formed by simply mixing the support particles with the enzyme in a solution. The disadvan-
tage of this simple process is that the interactions may be weak, resulting in desorption or
leakage of the enzyme from the support material [55, 59]. This problem can be solved by

covalently binding the enzyme to the support. Any interactions in which an enzyme is
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Enzyme immobilization in mesoporous materials

involved can cause changes in its tertiary structure, and may therefore affect both the stability
and activity of the enzyme. In this work, physical adsorption was chosen as the
immobilization strategy as this approach is the most straightforward, as no modification of the
enzyme or the support was required. The adsorption process itself is often treated as a black
box, where active enzymes and high product yields after immobilization are considered to
provide sufficient information. Therefore, to expand current knowledge on how enzymes are
immobilized in mesoporous materials, a method was developed for real-time studies of this
process, which also allows leakage of the enzyme from the support material to be studied in

more detail. This is described below in Section 3.4.

(A) ’ (B) '

|
[1777777777777777777777 L1777777777777777777777
| @ | .

Figure 7. Schematic representation of (A) physical adsorption and (B) covalent binding of
the enzyme to the surface of a flat support. In theory, more interaction points are
generated when the enzyme is immobilized inside the pores through (C) physical
adsorption and (D) covalent binding. Typical enzyme dimensions are on the order of 5-8
nm, while the pore size is usually chosen to be a few nm larger than the enzyme.

In the case of mesoporous materials, the size of the pores is often of the same magnitude as
the enzyme, which means that the curvature of the pore will allow for more interaction points
(Figure 7C,D). This means an increase in the probability of the enzyme somehow being
affected by immobilization. It has been reported that the specific enzyme activity (i.e. the
activity per unit weight or volume of the enzyme) may increase or decrease upon immobiliz-
ation [59]. Similar trends were seen in the present work (Paper I), where the pore size was
found to influence the specific activity of the enzyme. This was explained by differences in

curvature at the enzyme adsorption site. Ideally, with full knowledge of how these interactions
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3.4 Studying enzyme immobilization — in real time

affect enzyme activity, the support material could be used as a means of controlling the
enzyme activity [55, 63]. Multiple interaction points may also stabilize the structure and allow
working temperatures at which the immobilized enzymes exhibit higher activity, but where

the free enzymes would quickly be inactivated.

3.4 Studying enzyme immobilization — in real time

The immobilization process is usually studied by collecting samples of supernatant and
measuring the protein concentration in order to calculate the loading of enzymes in the
support material [52]. For enzyme mixtures, it may be more appropriate to measure the
retained enzyme activity in the supernatant, as immobilization may be selective towards
certain proteins. Both these methods measure the amount of immobilized enzyme indirectly,
assuming that all the enzymes removed from the solution must have been immobilized on the
support. Measuring the activity retained in the supernatant also assumes that the support did
not affect the activity of the non-immobilized enzymes still in solution. In the case of feruloyl
esterases, most of the enzyme molecules are immobilized within the first few minutes, as can
be seen in Figure 8. As the procedure normally involves centrifugation, it is not possible to
follow the concentration in real time. In order to gain a deeper understanding of the
immobilization process it is desirable to be able to study it on a time scale of minutes or

seconds.

Quartz crystal microbalance with dissipation (QCM-D) is a surface-sensitive technique that
can be used to analyze mass adsorption onto a surface (a more detailed introduction to this
technique is given in Paper II). An alternating electric current is applied to a quartz crystal
causing it to vibrate, and the frequency of vibration decreases as material accumulates on its
surface. Dissipation monitoring is used to analyze the viscoelastic properties of the adsorbed
layer: an increase in dissipation indicating a more flexible layer, less tightly bound to the
surface. QCM-D is commonly used to study the formation of films, and it was hypothesized
that it could also be applied to study adsorption in porous particles, allowing real-time studies
of enzyme immobilization. To the best of the author’s knowledge, only porous films [64-66]
and not porous particles have been studied by QCM-D, and no real-time monitoring of the
immobilization process in mesoporous materials had been reported prior to the work

presented in Paper II.
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Figure 8. Protein concentration in the supernatant during the immobilization of a feruloyl

esterase preparation (Depol 740L) in SBA-15 with two different pore sizes: 5 nm (e) and

9 nm (o). The graphs have been time shifted slightly to avoid overlap. Adapted from

Paper L.
A protocol was developed for the binding of mesoporous particles (HMM) to the crystal,
which allowed enzyme immobilization to be studied in real time. Figure 9 shows the change
in vibrational frequency of the crystal and the change in dissipation as a function of time, i.e.,
as more particles are adsorbed onto the surface of the crystal. This technique proved to be
useful in comparing the immobilization conditions of different enzymes, as described in
Section 3.7. QCM-D measurements could also be used to study the stability of the
immobilized enzymes, as the desorption of small amounts of enzymes were easily detected
(see Section 3.8). This is not possible with traditional protein concentration measurements, as

the low concentrations are close to the detection limit where noise becomes dominant.

The dissipation data recorded during the QCM-D measurements also provided novel
information on the immobilization process, showing that the process consisted of two stages;
initial adsorption on the outside of the particles followed by filling of the pores. This is

discussed in more detail in Section 3.6.
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Figure 9. Results from QCM-D measurements showing the decrease in frequency (blue)

and the increase in dissipation (red) over time. This illustrates the binding of the HMM

particles to the crystal, followed by rinsing and changing of the buffer. Thereafter, the

immobilization of the enzyme (yellow particles) can be followed in real time. Finally, the

stability of immobilization was investigated by rinsing with buffer. The figure is based on

data given in Paper II.
It should be possible to apply the real-time approach developed in this work to other enzymes
and immobilization supports, as long as it is possible to bind the support material to the
QCM-D crystal. A method of estimating the pore volume of porous particles on the QCM-D
crystal was also developed as it is important to know the pore volume when comparing

enzyme immobilization on different types of particles. This further expands the applicability

of the method.

3.5 Calculation of pore filling for comparison of immobilization in different materials

The degree of enzyme immobilization, or enzyme loading, is often quantified by calculating
the weight (or amount) of enzyme per unit weight of the support material. Another option is to
determine the immobilization efficiency by comparing the specific activity of the immobilized
enzymes to that of free enzymes. However, neither enzyme loading nor immobilization
efficiency provides any information on the extent to which the theoretical pore volume of the
support is filled with enzymes. Without this information it is difficult to compare
immobilization in different mesoporous materials. When comparing the immobilization of

different enzymes it is also appropriate to consider the volume occupied by the enzyme and
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not only its molecular weight. This called for a method of calculating what was defined in this

work as pore filling.

The pore filling, i.e., how much of the pore volume is occupied by enzymes, P, was
calculated based on some simple assumptions. Firstly, it was assumed that the amount of
enzyme on the outer surface of the particles could be neglected, as the outer surface only
accounts for only 1-2% of the total surface area of the particles [67]. Secondly, the whole pore
volume is assumed to be accessible to the enzymes. The following are required in the
calculation: the dimensions of the enzyme (or its hydrodynamic radius, ,,.;, assuming that the
enzyme molecule can be approximated by a sphere), the molecular weight of the enzyme,
Mo, and the normal protein loading, Pp, defined as my.o/Mmesporous siticas and based on
indirect protein concentration measurements during immobilization (as described in Section
3.4). The density of the silica pore walls, pyiiica, and the specific pore volume, v,,.., Which is
normally obtained from the characterization of the material after material synthesis, are also
required. The density of the particles, pp.+, can be calculated from the density of silica and the
specific pore volume. This gives the following expression for the pore filling, as derived in

Paper V:

P — 41 - rps’mt "Ny~ Prp - ppart(vpore + ps_i%ica)
) =

3- Mprot *Vpore

An important consideration is that 100% pore filling of can never be achieved, as the
theoretical maximum close packing of enzymes assumed to be spheres in a cylinder
corresponds to 67% of the total volume [68]. More irregular shapes of the enzyme molecules

will lower this value.

The pore filling for the feruloyl esterase C from Fusarium oxysporum (FoFaeC) (simplified as
a cube with the dimensions 5 nm x 6 nm x 8 nm) was calculated and found to be 2.5-6.5%,
depending on the immobilization conditions (the variation in the amount of FoFaeC
immobilized as a function of pH is described in Section 3.7). At 6.5% pore filling, 81% of the
amount of enzyme added was immobilized, and no attempt was therefore made to optimize
the amount of immobilized FoFaeC in this work, apart from varying the pH. However, it is
reasonable to assume that the pore filling of FoFaeC could have been increased, by simply

increasing the enzyme concentration during immobilization. Paper V presents values of pore
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3.5 Calculation of pore filling for comparison of immobilization in different materials

filling calculated using data from several already published studies. Many of the values were
below 5% (Paper V), and it could be questioned whether most of the enzymes are actually
inside the pores or simply on the surface of the particles. Furthermore, the concept of a
“confining effect” of the pores on the immobilized enzymes can also be questioned if there is
no evidence that the enzyme is actually adsorbed inside the pores. Two possible explanations
of why the enzyme is only adsorbed on the outer surface are blocking of the pore entrance, or

too large a molecular size of the enzyme compared to the size of the pores.

It has also been shown that the specific activity of immobilized enzymes is affected by pore
loading, and this was partly explained by differences in molecular crowding in the pores [69-
71]. Molecular or macromolecular crowding is usually attributed to functional changes in
proteins and enzymes caused by high local concentrations, which is the case in most
biological cells. It has been suggested that molecular crowding was the cause of a factor of 2
higher specific activity of organophosphorus hydrolases at high protein loadings, than at low
protein loadings [70]. In contrast, the protein loading of lipases in three different materials
(HMM, particle size 40 nm, SBA-15 particle size 300 nm, and SBA-15 particle size 1000 nm)
showed almost identical results, while the specific activity differed by factors of 2-3, and the
pore filling varied from 2.3 to 3.7% ([72] and Paper V). These results indicate that there is no
correlation between pore filling and specific activity, and that the particle size governs the

specific activity.

The mechanisms by which molecular crowding in the pores alters the specific activity are still
the subject of much speculation, but when discussing molecular crowding, it is reasonable to
compare the results in terms of pore filling in order to avoid misinterpreting the results when
the enzymes are actually located on the outer surface of the particles. Higher transesterifica-
tion activity was seen when the feruloyl esterases were immobilized in particles with a larger
pore size (9 nm) than in those with a smaller pore size (5 nm), where most of the enzymes
were assumed to be on the outer surface of the particles as the pores were too small for the
enzymes to enter (Paper I). It appears that feruloyl esterases prefer to be in a less crowded
environment, as the specific activity of the enzymes in the particles with the larger pore size
was higher. In this case, there is more available volume around each enzyme molecule as the

whole pore volume is accessible.

26



Enzyme immobilization in mesoporous materials

3.6  Proofthat the enzymes are located inside the pores

The fact that there is often insufficient proof that the enzymes are actually inside the pores has
been identified as a problem that must be solved, suggesting new tools are needed for the
characterization of systems with enzymes in mesoporous particles [73]. The problem is that in
most cases, the interpretation of the results, speculations and the conclusions are based on the
assumption that most of the enzyme molecules are located inside the pores, although there is
no proof that this really is the case. It can be questioned whether the enzymes really are inside
the pores at low values of pore filling. The enzymes may, in fact, be partially or completely
adsorbed on the surface, as illustrated in Figure 10. If the total pore volume were filled with
enzymes, the amount adsorbed on the outer surface of the mesoporous particles could be

neglected.

Figure 10. Illustration of three possible distributions of enzymes on mesoporous particles:

immobilization only on the outer surface (left); a combination of immobilization on the

outer surface and inside the pores (center), immobilization only inside the pores (right).
The most obvious, though indirect, evidence that the enzymes are located inside the pores has
generally been that the amount of enzyme immobilized on mesoporous particles was
significantly higher than that immobilized on solid particles of the same size. More than twice
the amount of enzyme was immobilized in the particles with the larger pore size (73 mg
enzyme/g mesoporous silica) than in non-porous particles (31 mg enzyme/g non-porous
silica) (Paper I). Furthermore, the particles with the smaller pore size (assumed to be too small
for the enzymes to enter) showed very similar enzyme loading to the non-porous particles.
This is a clear indication that the enzymes do not enter the smaller pores during
immobilization, while they do enter the larger pores (Figure 8), although it does not provide

unquestionable proof.

Immobilization only on the outer surface (left); a combination of immobilization on the outer

surface and inside the pores (center), and immobilization only inside the pores (right).The
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3.6 Proof that the enzymes are located inside the pores

same trend, of higher loading in the porous particles, was observed in the QCM-D measure-
ments (Paper II), where the enzyme loading was more than 4 times higher than the loading on
non-porous particles (Figure 11). The dissipation data obtained from the QCM-D
measurements provide additional information that indicates immobilization inside the pores.
The increase in dissipation (Figure 11) can be divided into two stages, suggesting that the
immobilization is sequential. The first stage is interpreted as immobilization on the outer
surface, with an increase in dissipation due to the formation of a bulky enzyme layer. In the
second stage, the dissipation is more stable, which suggests that the enzyme molecules are
entering the pores. This conclusion is based on the assumption that enzymes inside the pores
do not contribute to the overall dissipation, but should still contribute to the decrease in
frequency. This is in line with other theories suggesting coverage of the outer surface
followed by pores being filled with enzyme [74]. An additional indication that the enzymes
are located inside the pores is the higher retention (percentage of enzymes still adsorbed to the
particles) of enzymes immobilized in porous particles than on the flat surface (see Figure 15
and Section 3.8). If the enzymes were on the outside of the particles, they would easily desorb

as from the flat surface.
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Figure 11. Results of QCM-D measurements on the immobilization of FoFaeC on
different silica particles and a flat surface (Porous = HMM particles; Porous-RH =
Rehydroxylated HMM particles; Non-porous = non-porous silica particles; Flat = flat
silica surface). The frequency decreases as the mass of the enzyme increases, i.e. as more
enzyme is immobilized on the various materials. The 1st stage is interpreted as
immobilization on the outer surface of the particles, and the 2nd stage as immobilization
in the pores when the increase in dissipation has flattened out. (The figure is based data
given in Paper II.)
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It is possible to prove mathematically that the enzyme molecules enter the pores by plotting
the number of enzyme molecules per particle as a function of particle diameter on logarithmic
scales, as shown in Figure 12. Data from the literature were compiled to create such a plot
(Paper V). A slope of 2 indicates that the enzyme molecules are located only on the outside of
the particles, whereas a slope of 3 indicates that the enzyme molecules are located only inside
the pores. The slope of the log-plot in Figure 12 is 2.5, indicating that the enzyme molecules
are distributed both on the surface and in the pores of the particles. The slope appears to be
steeper for smaller particle sizes, which suggests that the pore volume is used more efficiently
the shorter the pores are, indicating that it is difficult for the enzymes to reach the middle of

longer pores.
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Figure 12. Left: The number of protein molecules (Nproein) per support particle as a

function of particle radius (fparicie). The slope defines the geometrical dependence of the

immobilization, i.e. whether the enzyme is adsorbed on the surface or in the pores. The

data are based on the calculations presented in Paper V. Right: Visualization of how area

and volume scale if the length is doubled.
In Paper V, other means of proving that the enzyme molecules are located inside the pores are
summarized. One sophisticated approach involves labeling the immobilized enzyme
molecules with gold-conjugated antibodies, which are then detected by slicing the meso-
porous materials into thin layers and imaging them with transmission electron microscopy
[75]. Based on the above, there seems to be extensive evidence that the enzymes are adsorbed

inside the pores. However, at low enzyme loadings it is reasonable to assume that most of the

enzyme is located on the outer surface of the particles.
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3.7  Enzyme-dependent effects of pH on immobilization

Several factors related to enzyme immobilization are affected by changing the pH of the
enzyme solution. The protonation of the hydroxyl groups at the silica surface and the surface
charge of the enzyme itself are affected most directly. This means that the electrostatic
interaction will vary depending on the pH, and thus the amount of enzyme immobilized.
However, in the case of the feruloyl esterase FoFaeC, the relationship is the opposite to that
which could be expected (Paper III). If electrostatic interactions were dominant during the
immobilization process, the highest loading would be seen at the lowest pH, where the net
charge difference between the surface (negative) and the enzyme (positive) is greatest. The
results presented in Paper III instead show an increase in enzyme loading with increasing pH,
as shown in Figure 13. High amounts of immobilized enzymes are often found at a pH around
the isoelectric point (pI) of the enzyme [59, 73, 76]. This is explained by the minimization of
enzyme-enzyme repulsion, which increases the relative influence of the surface-enzyme inter-
actions, which could also provide a reasonable explanation of the higher amount of FoFaeC
immobilized at higher pH (pl 6.8 [77]). It could also be speculated that hydrophilic and hydro-

phobic interactions play a greater role for FoFaeC closer to the pl.
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Figure 13. Enzyme loading as function of pH for the immobilization of FoFaeC in SBA-
15 (9 nm pore size) expressed as weight of enzyme per weight unit of mesoporous silica.
Citrate phosphate buffer was used to control the pH. (From Paper I11.)
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The QCM-D measurements at different pH showed the same dependence of immobilization
on pH (see Figure 14). However, the same measurements with a lipase from Rhizopus oryzae
(ROL), showed the opposite pH dependence, despite the fact that its pI (7.6 [78]) is similar to
that of FoFaeC. In this case, electrostatic enzyme-surface interactions seem to be more
important than minimizing enzyme-enzyme repulsion. Immobilization is evidently highly
dependent on the enzyme, and further studies are required on the distribution of charge and
hydrophobicity on the surface of the enzymes. Two enzymes with a high pl, a cytochrome ¢
with a pl of 10.7 and a xylanase with a pl of 9.0, have totally different charge density and
distribution of charged amino acids on the surface, and subsequently exhibit different
immobilization behavior [79]. Therefore, the surface charge distribution of FoFaeC was
calculated and used to predict the orientation upon immobilization in order to relate the

surface properties to changes in enzyme activity (Paper III). This is described in Section 4.5.
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Figure 14. Dissipation as a function of frequency during the immobilization of (A)

FoFaeC and (B) ROL in HMM at different pH. Higher dissipation at a certain frequency

indicates a more rigid enzyme layer, and can be interpreted as more stable adsorption.

(From Paper I1.)
The dissipation data obtained from the QCM-D measurements during enzyme adsorption
show consistency between the two enzymes FoFaeC and ROL (Figure 14). Both enzymes
have low dissipation at low pH, which indicates that they have formed a rigid layer, and it can
be assumed that the adsorption to the silica surface is stronger than the adsorption at higher
pH. The stability measurements (washing with buffer, Figure 9) showed that the stability of
the immobilization of FoFaeC as a function of pH (Figure 15) was not correlated with the pH
at which the highest amount of enzyme had been immobilized (Figure 13). Rather, the
stability of the immobilization was correlated with the dissipation (Figure 14A). Thus, low

dissipation values obtained from QCM-D measurements indicate a rigid enzyme layer, and
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can be used as a predictor of the stability of immobilization. These results are further
discussed in Section 3.8, where various molecular interactions and their role during immobil-
ization are discussed in relation to the interactions that are important for stable immobiliza-
tion. The results presented in this section indicate that immobilization is highly dependent on
the enzyme, and that it is difficult to predict which interactions are most influential without

more information on the enzyme itself.

3.8 Reusability of feruloyl esterases immobilized in mesoporous silica

One of the main goals of enzyme immobilization is to increase the stability of the enzymes,
while at the same time improving the reusability of the enzyme. If mesoporous materials are
to be considered a robust immobilization support for feruloyl esterases, the stability of the
immobilization must be demonstrated. Combining the results presented in Paper I and Paper
I1, it can be concluded that the inactivation of feruloyl esterases inside mesoporous particles is
low, and that the enzymes are retained inside the particles over time in buffer solutions
(Figure 15) and in 1-butanol (Figure 16). It can thus be concluded that mesoporous materials
provide a robust immobilization support, with satisfactory reusability of the biocatalyst,
especially compared to previous immobilization attempts with feruloyl esterases (Table 2). In
comparison, it can be mentioned that cross-linked enzyme aggregates of Depol 740L (the
same enzyme that was used in the study described in Paper I), showed no activity after 2 runs

(6 days/run) in a 1-butanol/hexane/water microemulsion [49].

Interestingly, the condition that gave the best retention of the enzyme inside the pores, i.e. low
pH (Figure 15) was not correlated with the condition that provided the highest degree of
immobilization, i.e. high pH (Figure 13). Both the mesoporous particles and the flat silica
surface exhibited the highest retention at low pH, while the amount of enzyme immobilized
increased with pH. Based on the results obtained regarding the stability of adsorption to a flat
silica surface (Figure 15), it appears that the electrostatic interactions are mainly responsible
for determining whether the enzyme remains on the surface or not. The silica surface is
generally expected to be net negatively charged above pH 3 [59], while it has been reported
that SBA-15 has a pl of 3.8 [80]. FoFaeC, with a pl of 6.8 [77], has a net positive charge
below its pl, and it is reasonable to assume that the stable interactions at lower pH are due to
stronger electrostatic interactions. The same retention behavior was seen for enzymes

immobilized in the mesoporous particles, although it was less distinct than for the flat surface
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Enzyme immobilization in mesoporous materials

(Figure 15). This indicates that other forces or factors are of importance for the retention of
the enzymes. One possible explanation is that the cylindrical pore wall offers more surface-
protein interaction points (Figure 7C,D), which stabilize the adsorbed enzymes [81]. Another
may be that enzyme molecules that desorb from the surface of the pore wall are very likely to
re-adsorb on the opposite side of the wall. Enzyme molecules on the outer surface of the
porous particles will probably desorb first, as easily as those from the flat surface. If the
calculated values of pore filling are low, caution should be exercised when analyzing the
leaching problems often reported when using mesoporous particles [55, 73], as some of the
problems associated with enzyme leaching may be due to the fact that the enzyme molecules

are adsorbed on the outer surface of the particles and not inside the pores.
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Figure 15. Stability of enzyme immobilization, expressed as enzyme retention after 40
minutes of washing with buffer, using QCM-D frequency measurements. The frequency
before washing was defined as 100% and the subsequent increase in frequency was
subtracted from this value. (From Paper II.)
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Figure 16. Retained activity of Depol 740L immobilized in SBA-15 (9 nm pore size;
white bars) and non-porous silica particles (black bars) after six 6-day runs in 92.5% 1-
butanol. The enzyme-containing particles were removed after each run by centrifugation,
after which fresh substrate solution was added. The activity during the first run is defined
as 100%. (The graph is adapted from data given in in Paper I and shows the average of 4
replicates with error bars indicating one standard deviation.)

Two completely different supporting materials were studied, with regard to particle shape and
size, and pore arrangement. The more common SBA-15 particles with particle sizes of 1-2
um, which have a hexagonal pore alignment were used in the first study (Paper I), while
HMM particles (schematically illustrated in Figure 9) with a particle size around 50 nm with
randomly organized pores were used in the second study (Paper II). The feruloyl esterases
investigated seemed to be stably immobilized on both these supports. There was thus no need
for covalent binding or cross-linking of the enzyme, allowing the simplest possible

immobilization protocol of physical adsorption.
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3.9  Enzyme activity must be considered to fulfill the aim of a robust biocatalyst

The initial aim of immobilizing feruloyl esterases in mesoporous silica was to facilitate
reusability of the enzyme and to demonstrate that the enzyme is stable after several runs. The
results show that several factors must be considered in order to obtain satisfactory
immobilization. Not only is immobilization highly dependent on the enzyme, but enzyme

loading and immobilization stability are not necessarily correlated.

As discussed, pH affects both the amount of enzyme immobilized and its stability. However,
the results presented in Paper III show that the pH during immobilization has a significant
effect on the specific activity of the immobilized enzymes. This means that immobilization
protocols should be developed and optimized in parallel by measuring the enzyme activity

and studying how the enzyme activity is related to the immobilization conditions.

In this chapter, tools have been presented for the improved interpretation of immobilization
results that are useful for the understanding of differences in enzyme activity following
immobilization in mesoporous materials. The enzyme activity has not been discussed in this
chapter, however, as will be seen in the next chapter, ignoring the enzyme activity when
optimizing immobilization may lead to improved reusability of the enzyme, although it may

be less active
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4 Changes in enzymatic activity upon immobilization

It is well known that enzyme activity can be altered by immobilization in mesoporous
particles. The substrate specificity (i.e. the activity per amount or unit weight of enzyme) or
selectivity of the enzymes can also be affected [53, 63]. However, what actually causes these
changes is not always well understood. This is one of the main topics of Paper V, where
different approaches and methodologies to bridge this gap in knowledge are discussed. The
difficulty lies in the fact that different factors are often involved in altering the enzyme
structure, and determining the activity of the immobilized enzyme. Immobilization conditions,
pore filling, the surface properties of the support and the microenvironment inside the pores
are some of these factors, in addition to pH, temperature and ionic strength, which have a
more general effect on enzyme activity. If the mechanisms behind the changes in enzyme
activity could be understood in greater detail, immobilization could be used as a tool to
control or customize enzyme activity [63]. The most famous example is that of lipases, where
a hydrophobic support material can activate the enzyme by “opening” the lid that covers the
active site of the enzyme, increasing the specific activity of the enzyme compared to the free
enzyme [82]. It has been shown that the activity of lipases can be controlled by carefully
choosing the immobilization conditions and the type of functionalization of the support

material [83].

As different amounts of enzyme were used in the experiments, it was necessary to calculate
the specific activity to allow comparison with the activity of free enzymes. The
transesterification yield of the product (defined as the molar amount of butyl ferulate formed
compared to the initial amount of methyl ferulate, expressed as a percentage) is also discussed
as a complement to the specific activity. It is also important to bear in mind that using
different amounts of mesoporous particles in the reaction solution may change the viscosity of
the solution, which should be avoided as the viscosity may affect both substrate diffusion and

the flexibility of the enzyme configuration [84].

As the immobilization of feruloyl esterases in mesoporous materials had not been previously
attempted, there was some degree of uncertainty as to whether the immobilized enzymes
would be active or not. Initial experiments showed that the enzymes immobilized in the 9 nm
pore size particles were active, but that their initial specific activity was 40% lower than that

of free enzymes in the transesterification of methyl ferulate to butyl ferulate (Paper I).
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However, the overall transesterification yields when the reactions were run for 6 days were
always higher for the immobilized enzymes, exceeding 80%, whereas the yield with free
enzymes was only around 50% (Paper I). In this case, measuring the initial activity is not a
good indicator of the performance of the immobilized enzymes. This was also the first
indication of a change in product selectivity, in that the immobilized enzymes favored
transesterification over hydrolysis (see Section 4.2). This is important as not only the
substrate, methyl ferulate, can be hydrolyzed, but also the product, butyl ferulate, which could
explain the lower yields of free enzymes, despite their higher initial activity. It could be
concluded that it was better to immobilize the feruloyl esterases in Depol 740L as this
provided higher product yields, and the enzymes were firmly attached to the mesoporous
particles, allowing high reusability. The yields were comparable to those reported previously

(Table 2), and remained high after 6 runs.

It should be mentioned that during the course of this work, other feruloyl esterases were also
studied (unpublished results). There is considerable variation in product yields between the
different immobilized feruloyl esterases and in some cases almost complete inactivation of the
enzyme. It can, therefore, not be assumed that all feruloyl esterases will show satisfactory
activity upon immobilization. However, it may possible to remedy this by, for example,
optimizing the immobilization conditions such that the enzyme is oriented so the active site

accessible.

The enzyme activity measurements presented in this thesis are from feruloyl esterases
immobilized in SBA-15 type mesoporous materials. There are however several other types of
silica materials with different organization of the porous structure and particle geometry [85-
87]. The oxidation activity of a cytochrome ¢ immobilized in mesoporous silica with sheet
like geometry (disordered pore size distribution and shorter length of the pores) has been
shown to be 2.5 higher compared to enzymes immobilized in SBA-15 or free enzymes [88].
The higher activity was related to a higher turnover number and increased k.., with an overall
increase in catalytic efficiency (k../Ky), even though the substrate affinity was lower (higher
Ky). Interestingly, in the case of the feruloyl esterases in Depol 740L, the narrow pore size (5
nm) lowers the specific activity of the immobilized enzymes, but do not affect the product
selectivity. The connection between enzyme activity and the geometry of the mesoporous

material is an area where further studies are required.
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Differences in activity between free and immobilized enzymes are thoroughly discussed
below, as this information provides a deeper understanding of how enzymes are affected by
immobilization. Changes in the activity of feruloyl esterases upon immobilization have been
reported previously [34, 49]. It has also been shown that the exposure of feruloyl esterases to
other solvents can alter their substrate specificity [48]. It was speculated that this was due to
rearrangement of the active site. Changes in the specific activity of other enzymes have also
been coupled to pore size in a study where several structural changes were detected by
circular dichroism [89]. The results observed when studying immobilized feruloyl esterases
led to several questions. Why are the specific activity and yields different for the immobilized
enzymes? Could the immobilization conditions be influencing the enzyme activity?
Differences in microenvironment are often reported in mesoporous materials, but how could

these affect the immobilized feruloyl esterases?

4.1 Immobilization pH determines specific enzyme activity

The fact that the amount of immobilized feruloyl esterases is highly affected by pH was
described in Section 3.7. It is also known that the pH in the reaction solution affects enzyme
activity in general. The pH optima for hydrolysis and transesterification of hydroxycinnamic
acids have previously been shown to be different for a chlorogenate hydrolase [90].
Therefore, pH could be used to control the product selectivity, changing towards
transesterification when lowering the pH. In this section, it will also be shown that the specific
enzyme activity is also determined by the immobilization pH. After immobilizing the pure
feruloyl esterase, FoFaeC, at pH 5-8, the transesterification activity was compared to that of
free enzymes in the same buffers (Figure 17A). The optimum reaction pH for the immobilized
enzymes was shifted towards pH 6, with a clearly lower activity at pH 7-8. To separate the
effect of reaction pH from the effect of pH during immobilization, the enzymes immobilized
at different pH were all tested for transesterification at pH 6. Unexpectedly, the enzymes
immobilized at pH 4 and pH 8 showed no improvement in activity when run at pH 6 (Figure
17B), which indicates some kind of memory effect from immobilization. It is probable that
the enzymes adsorb onto the support with different strengths, as the strength of the enzyme-
support interactions varies with pH. Once adsorbed, the enzyme structure may be stabilized in
different ways. Other researchers have also reported immobilization conditions to be import-
ant for the final enzyme structure, especially if the enzymes are used in organic solvents with

low water contents [91, 92].
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4.1 Immobilization pH determines specific enzyme activity

The immobilization process can, thus, not be optimized without considering the enzyme
activity. Selecting the appropriate immobilization pH is therefore of greater importance than
using the correct reaction pH. If pH 8 is used for immobilization, twice the amount of enzyme
will be immobilized as at pH 6, but the overall yield will be lower due to the considerable
decrease in specific activity, which means that it is better to immobilize the enzymes at pH 6
or pH 7 to obtain higher yields. The choice of buffer can also be used to control the
transesterification activity. The specific activity was almost 3 times higher at pH 6 when the
buffer was changed from citrate phosphate to 3-morpholinopropane-1-sulfonic acid (MOPS)
buffer. To better understand the structure-activity relationship of the immobilized enzymes,
the structure of FoFaeC was modeled. Using this model, the charge distribution on the
enzyme surface could be evaluated in relation to the measured specific activities, and the
active site could be characterized, allowing studies on the docking between the substrate and

the MOPS molecule (as discussed in Section 4.5).
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Figure 17. Transesterification of methyl ferulate with 1-butanol (92.5% v/v) into butyl
ferulate (BFA) using: (A) FoFaeC (™) immobilized at the same pH as that used during
the enzyme reaction, and the free enzyme (V) at the corresponding pH (buffered with
citrate phosphate buffer). (B) FoFaeC immobilized at different pH values in citrate
phosphate buffer, and the transesterification at pH 6 in citrate phosphate buffer (1) and
MOPS buffer (B). (Adapted from Paper III.)
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4.2 Changes in product selectivity towards transesterification

Apart from changing the specific activity, immobilization can alter both the substrate
specificity and the product selectivity of enzymes [63]. In the case of hydrolases, there are
will be two possible products from synthetic reactions, as there will always be some degree of
hydrolysis of methyl ferulate into ferulic acid (Figure 18). The analysis of the results
presented in Paper I showed that the immobilized enzymes generally seemed to exhibit a
lower degree of hydrolysis, discussed here in terms of a change in product selectivity. The
fraction of the hydrolysis product, ferulic acid, was reduced and the enzymes instead favored
the transesterification product, butyl ferulate, as illustrated in Figure 19. At the same time, this
allowed for higher overall transesterification yields. The previously reported examples of
immobilized feruloyl esterases catalyzing transesterification reactions do not state the extent
to which ferulic acid or sinapic acid was generated in the reactions (Table 2; [34, 49]).
Therefore, it is difficult to determine whether the immobilization of feruloyl esterases through
the formation of cross-linked enzyme aggregates showed a similar shift in product selectivity.
Hence, it is suggested that the formation of the corresponding acids should always be reported
when hydroxycinnamic esters are used as substrate. This would allow better interpretation of
the results, as a low transesterification yield could be caused by either increased hydrolysis or

an overall decrease in the specific activity of the enzyme due to immobilization.

MFA

Hydrolysis Transesterification

FA BFA

100 - [BFA] ona
[MFA]start

Transesterification yield or BFA yield =

[BFA] end

BFA/FA ratio =
[FA]end

Figure 18. Definition of the different terms discussed regarding the change in activity of
immobilized feruloyl esterases. The BFA/FA ratio is the ratio between the concentration
of butyl ferulate and ferulic acid.
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Figure 19. The change in transesterification yield compared to hydrolysis yield

schematically represented by HPLC graphs for free and immobilized Depol 740L. The

colors represent the substrate and products as follows: (green) ferulic acid, (red) methyl

ferulate and (blue) butyl ferulate. (Adapted from the graphical abstract of Paper I.)
It is clear that there is a change in product selectivity upon immobilization, but the question is
which factors cause this change. To establish whether the change in selectivity was associated
with the enzyme being adsorbed inside the pores, enzymes immobilized on non-porous silica
particles were studied, showing the same trend as for the mesoporous particles. The enzymes
immobilized on mesoporous particles with a 5 nm pore size (assumed to be too small for the

enzymes to enter) also showed the same results. Thus, the observed behavior is not a direct

result of the enzyme being adsorbed in the pores.

The water content must be as low as possible, to avoid the hydrolytic activity of feruloyl
esterases [30]. The water content must be set so as to obtain a compromise between keeping
the enzyme active, while restricting the hydrolysis activity. At low water contents a higher
BFA/FA ratio (i.e., the ratio between the concentration of butyl ferulate and ferulic acid)
would be expected, manifested as an increase in transesterification relative to hydrolysis
(Figure 20). However, the overall transesterification yield is close to zero at water contents

from 0 to 2.5% (Paper I), while free enzyme shows a relatively high yield at a water content
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of 1%. The examples of previous synthetic reactions with feruloyl esterases using cross-linked
enzyme aggregates were almost exclusively performed in microemulsions with a water
content around 1-3% [30, 34, 49], which correspond to the results of the present work
obtained with free enzyme that increase the synthetic activity at these water contents. Free
feruloyl esterases performing hydrophilic esterification of ferulic acid with diglycerol at water
contents above 10% have previously been shown [47]. Using mesoporous silica as the
immobilization support allows high reaction yields also at higher water contents, which
reduces the amount of organic solvents needed. Additionally, the choice of reaction solution
components becomes more flexible, as it is not necessary to form a microemulsion.
Interestingly, the BFA/FA ratio varies between free and immobilized enzyme but has a
similar profile as a function of the water content (Figure 20), but the ratios for the
immobilized enzymes are factors of 5-9 higher than for the free enzymes. Furthermore, the
difference in the BFA/FA ratio suggests that the availability of water, or hydration of the

enzyme, is different when the enzyme is immobilized in a mesoporous silica structure.
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Figure 20. BFA/FA molar ratio as a function of water content for Depol 740L
immobilized in SBA-15 of two different pore sizes: () 5 nm, (o) 9 nm; and as free
enzyme sampled at two different time points (M) 46 h and (o) 168 h during the reaction.
(From Paper 1.)
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Figure 21. BFA/FA molar ratio for FoFaeC immobilized at different pH, and transester-
ification reactions run at the same or different pH. The enzyme was immobilized at
different pH in citrate phosphate buffer (CPB) while the transesterification reactions were
as follows: (@) the same pH as immobilization, (o) at pH 6 in CPB, and () at pH 6 in
MOPS buffer. (BFA/FA ratios were calculated using the data presented in Figures 2 and 3
in Paper II1.)

To investigate whether the water content inside the pores was different from that in the bulk
solution, a Karl-Fischer titration was performed on the supernatant after the addition of the
mesoporous particles (Paper IV). The measurements showed no difference in water content
before and after the addition of mesoporous particles, indicating that the overall water content
inside the pores was probably the same as in the surrounding bulk solution. It has been
suggested that the organization of water and butanol molecules may be different inside the
pores [93]. Another factor that can affect enzyme activity is the solubility of the substrate and
product. Differences in solubility have been shown to affect the activity of lipases used for the
esterification of hydroxycinnamic acids, where a low substrate solubility relative to the
product solubility was found to be beneficial for the overall product yield [37]. It can be
speculated that the solubilities of ferulic acid, methyl ferulate and butyl ferulate are different
in the microenvironment close to the silica surface from that in the bulk solution. This
difference in solubility depending on the microenvironment is further discussed in Section 4.4

and in Paper V.
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The difference in BFA/FA ratio between immobilized and free enzyme is maintained when
using pure FoFaeC (Paper III) instead of the crude feruloyl esterase preparation Depol 740L
(Paper I). However, the ratios are different in absolute terms, which shows that the effect of
immobilization is enzyme dependent (the BFA/FA ratio for Depol 740L is = 9 and for
FoFaeC = 4, at a water content of 7.5% buffered with MOPS). It is also reasonable to assume
that structural changes in the enzyme are not the only cause of the shift in product selectivity,
as it is improbable that similar changes would be induced in enzyme structure in the two

different feruloyl esterases by immobilization.

Immobilization at different pH also had a considerable effect on the product selectivity of
FoFaeC (Figure 21). The pH during immobilization seems to have a greater influence than the
pH during the enzyme reaction. Hence, both specific activity (see Figure 17) and selectivity
are influenced by the immobilization pH. Again, these results show that the choice of
immobilization conditions will be a tradeoff between improving transesterification and

maintaining the overall yield.

MOPS buffer generally led to both higher yields and a larger fraction of butyl ferulate than
reactions run in citrate phosphate buffer (Figure 21). To further study the dependence of
product selectivity on the buffer, two other buffers, MES and PIPES, were also investigated
(unpublished results). These buffers have structural similarities with MOPS (Figure 22), and
have also been shown to be useful in biological systems [94]. It was found that the choice of
buffer greatly influenced the selectivity of the enzyme (Table 6). However, it is difficult to
draw any direct conclusions related to the properties of the buffer molecules. Nevertheless, it
can be speculated that the buffer molecules interact with the support surface in different ways,
possibly shielding the surface charge to different extents. Differences in charge density at the
surface may affect the enzyme during immobilization, which in turn could change the
orientation of the enzyme molecule or give rise to structural changes. Additionally, the buffer
molecule itself may interact with the enzyme. This hypothesis was tested through a study of

the docking between MOPS and a model structure of FoFaeC, as described in Section 4.5.
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Table

Changes in product selectivity towards transesterification
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Figure 22. Molecular structures of the three buffers: PIPES, MES and MOPS.

6. BFA/FA molar ratios in reactions with free and immobilized FoFaeC in different buffers.

Immobilization was performed in the same buffer as that used for the enzyme reactions.

Buffer BFA/FA molar ratio
Immobilized Free enzyme

MES* 2.4 0.9
PIPES® 4.6 2.5
MOPS* 43 1.2
Citrate phosphate buffer” 0.3 1.1
*Unpublished data

®Data taken from Figure 21.

An additional explanation could be local differences in pH inside the pores, which could
influence the selectivity. The microenvironment was studied in terms of apparent pH by
fluorescent labeling of the enzyme with a pH-sensitive probe to determine the extent to which
the enzymes experience a different pH compared to free enzymes (Paper IV). Studying
functionalized mesoporous silica (e.g. hydrophobization) or other types of materials (e.g.

alumina or titanium) could provide additional information on the material properties that are

important for the selectivity of feruloyl esterases.
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The various factors influencing the BFA/FA ratio are summarized in (Table 7). Based on the
results of these studies, it is not possible to determine conclusively what causes the shift in
product selectivity of feruloyl esterases upon immobilization. However, the solvent dynamics
in the microenvironment close to the silica surface seem to be important, as are the immobil-
ization pH and the choice of buffer. Therefore, the structure of FoFaeC was modeled together
with the MOPS molecule to further study the effect of the structure of the buffer molecule, as
discussed in Section 4.5 and Paper III. It would be interesting to investigate whether the
product selectivity is similar for other reactions with other substrates, for example, the
saccharification of other hydroxycinnamic acid esters. Other mesoporous materials, based on
for example alumina, titania or carbon, should also be studied. These materials vary in the
composition of their molecular surface, which means that both the hydrophobicity and
isoelectric point of the surfaces will be different. Gaining better knowledge on which
interactions influence the product selectivity of feruloyl esterases is the key to high transester-

ification yields and the reduction of side product formation through hydrolysis.

Table 7. Summary of the factors that influence product selectivity, defined as the BFA/FA ratio, in
comparison with the BFA/FA ratio of free feruloyl esterases in solution

Factor/property

Effect on BFA/FA ratio

Comments

Water content

pH

Buffer

Silica surface

Pore diameter

Enzyme

Increases with decreasing water
content.

Increases with decreasing
immobilization pH.

MOPS and PIPES buffer give
the highest ratios.

Both porous and non-porous

silica surfaces increase the ratio.

Minor effect on the ratio.

Varies for different feruloyl
esterases.

Similar BFA/FA vs. water profiles for free and
immobilized enzyme, but a generally higher
ratio for immobilized enzyme.

Both the pH during immobilization and the pH
during the enzyme reaction influence the ratio.

The choice of buffer has a considerable
influence. Structural similarity of the buffer
molecule and the substrate molecule seems
favorable.

The effect on the ratio is due to the enzymes
being close to a silica surface, rather than being
confined in the pores.

The charged silica surface and the micro-
environment close to the surface have a greater
influence than the porous structure.

The ratio is highly enzyme specific, but is
generally higher for immobilized feruloyl
esterases.
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4.3 Studies of local pH inside the pores using a fluorescent enzyme-linked probe

It is known that the microenvironment close to surfaces, and thus also inside porous struc-
tures, is different from that in the surrounding bulk solution [55, 63]. This means that immob-
ilized enzyme molecules experience different local reaction conditions at their immobilization
site [63]. A change in the specific activity upon immobilization may therefore not necessarily
be related to structural changes of the enzyme, but could be explained by the microenviron-
ment. It is less clear how the microenvironment differs from that in the bulk solution, and how

these differences can be studied.

The amount of immobilized feruloyl esterases in mesoporous silica was found to be highly
influenced by the choice of pH during immobilization (Paper III). The specific activity and
product selectivity of the enzymes are also influenced by pH during both immobilization and
the enzyme reactions (as shown in Figures 17 and 21, respectively). Based on these results it
was hypothesized that the pH inside the pores could be different from that in the bulk, which
would mean that the enzymes experienced a different pH from that set by the buffer. In order
to test this hypothesis, a protocol was developed for labeling enzymes with a fluorescent
probe (Paper 1V). Briefly, the probe was attached to the enzyme (FoFaeC) with a reactive
succinimidyl ester derivative of Seminaphtharhodafluor-1 (SNARF-1) prior to immobilization
in the mesoporous particles (Figure 23). A reference curve was then created based on the
response of free SNARF-1-labeled FoFaeC in solution (Figure 24A). The apparent pH inside
the pores could then be determined (Figure 24B).

Previous attempts to study local differences in pH in mesoporous materials using other pH-
sensitive fluorescent probes have shown variation in the pH inside the pores, indicating
neutral or weak acidic conditions [95]. However, the approach used in that study required
surface functionalization of the mesoporous silica, which significantly altered the surface
properties of the material, and thus also the microenvironment at the surface. This would
probably also affect the immobilization behavior of the enzymes as both the hydrophobicity
and charge density at the surface would be changed. The method using SNARF-1 to label the
enzyme, on the other hand, leaves the material itself unchanged, and the local pH is only
measured at the sites where the enzyme molecules are located. This method is thus more

suitable for studying applications involving immobilized enzymes.
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Figure 23. Binding of SNARF1 to FoFaeC prior to immobilization in mesoporous silica.
The figure also illustrates the requirement that the pore size (typically 8-9 nm) should
match, or be slightly larger than, the dimensions of the enzyme.
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Figure 24. (A) Fluorescence emission spectra from free SNARF-1-labeled FoFaeC free in
citrate phosphate buffer at different pH 5 (black); 6 (red); 7 (green) and 8 (blue). (B)
Fluorescence emission spectra from SNARF-1-labeled FoFaeC immobilized in SBA-15
in citrate phosphate buffer (solid lines) or in 92.5/7.5% 1-butanol/buffer mixtures (dashed
lines) at different pH. The spectra were normalized at 618 nm. (From Paper IV.)
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To determine whether the probe had any direct effects on the enzyme itself, the enzyme
activity of SNARF-1-labeled FoFaeC was measured (Paper IV, Supplementary material). The
activity of FoFaeC was not affected by the attachment of SNARF-1 and, therefore, it is likely
that the overall tertiary structure is maintained. Furthermore, the fluorescence spectra obtained
with SNARF-1-labeled FoFaeC are similar to those from SNARF-1-labeled bovine serum
albumin (BSA), used as a standard protein and control in setting up the method. This indicates
the fluorescence response of the probe has little dependence on the enzyme. This
methodology will probably also be suitable for studying the local pH when other enzymes are
immobilized in other support materials, assuming that the material does not quench or
interfere with the fluorescence. The sensitivity of the method allows the detection of at least
100 times lower protein concentrations than used in the present experiments, which further
increases the applicability of the method. It is also reasonable to assume that the protocol for

labeling enzymes prior to the immobilization can be generalized to other enzymes.

4.4  Shift of the fluorescence spectra of SNARF-1 in butanol

The results obtained by labeling FoFaeC with SNARF-1 in different buffer solutions indicate
that the mesoporous material SBA-15 has a buffering effect towards neutral pH (compare
Figure 24A with B). Based on a titration curve for SNARF-1-labeled BSA (Paper IV), it was
found that at pH 6 in the buffer, the pH in the pores was 6.4, and at pH 8 in the buffer, the pH
in the pores was 7.7. This indicates that the pH in the microenvironment of the enzymes in the

pores is different from that in the bulk solution, although the difference is small.

The response of the probe in the reaction mixture (92.5/7.5% 1-butanol/buffer) is very similar
to that in the solution containing only buffer (Figure 24B). This could be an indication of a
high water content inside the pores as the pH values were similar. However, the Karl-Fischer
titrations, mentioned in Section 4.2, showed that the overall composition of the solution in the
pores should be the same as in the bulk solution. The spectra obtained from free labeled
FoFaeC and BSA in the same 1-butanol/buffer solution were distinctly different from those
obtained from immobilized enzymes, indicating an acid environment between pH 6 and 8
(Figure 25). The shift in the spectra is independent of the presence of the enzyme, as free
SNARF-1 (not attached to an enzyme) exhibited the same behavior. Spectral shifts of
SNARF-1 have been reported previously in organic solvents including 1-butanol [96]. The

results of these studies show that the environment inside the pores is quite different from that
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in the bulk, but further studies are required to obtain a more detailed understanding of how the

microenvironment affects enzyme activity.
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Figure 25. Emission spectra from free SNARF-1-labeled BSA in 92.5% 1-butanol and

7.5% citrate-phosphate buffer at different pH 6 (red); 7 (green), and 8 (blue). The spectra

were normalized at 570 nm. SNARF-1-labeled FoFaeC showed the same response. (From

Paper IV.)
The difference in product selectivity upon immobilization of feruloyl esterases can probably
also be linked to the different microenvironment. The viscosity and density of the solution,
substrate diffusion and solubility, and the orientation and dynamic organization of molecules
are some of the factors directly affected by changes in the microenvironment, and which may
alter enzyme activity [97]. Product solubility should also be taken into account, as low
product solubility has been posed as an explanation to low yields for the formation of feruloyl
glycerol [28]. Finding a solution composition that allows high solubility of both the product

and the substrate may therefore be necessary. Additionally, layering of molecules and the

arrangement of alcohols inside the pores can create concentration gradients [93, 97].

The transesterification of methyl ferulate to butyl ferulate is highly water dependent. How-
ever, at water contents > 5%, the transesterification yields are relatively stable for immobi-
lized feruloyl esterases (Paper I). This indicates that the environment inside the pores, or in
the proximity of the silica surface, is more controlled, i.e., the enzyme in this environment is

not as responsive to changes pH in the bulk solution as free enzymes, which show varying
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yields at the same water contents. It can be speculated that the small buffering effect of the
material on the pH could also be due to differences in the organization of the molecules inside
the pores. Based on the same reasoning, the increased stability of enzymes immobilized in
mesoporous materials reported previously [59, 73], could be the result of a more stable
environment inside the pores in terms of pH and water. This differs from the common
perception that greater enzyme stability is due to an increase in the number of interaction
points between the enzyme molecule and the support material. Changes in enzyme activity
have also been linked to different degrees of hydration of the enzymes inside confined spaces

[98, 99].

Attempts have been made by others in our research group to develop fluorescent probes
whose spectra change depending on the polarity of the solution, in order to provide comple-
mentary information to that obtained with the pH probe (unpublished results). This would be
especially useful in determining whether the enzymes experience a more hydrophilic or
hydrophobic environment inside the pores compared to the bulk solution. However, these
attempts have so far not been successful due to difficulties in creating a standard curve based
on probe spectra obtained from a range of solutions with different polarity. The synthetic
performance of hydrolases (i.e., avoiding hydrolysis) depends to a large extent on the
equilibrium concentrations of the substrate and products [100]. Information on the apparent
polarity inside the pores would allow a better understanding of the causes of differences in
enzyme activity, as well as aiding in the prediction of substrate solubility and partitioning.
Several methods of characterizing the microenvironment are reviewed In Paper V. No single
approach can be used to determine the solvent composition inside the pores. Therefore, a
combination of different methods will be necessary to obtain a more complete understanding
of the microenvironment inside mesoporous materials. The density of silanol groups on the
surface, and the hydration of enzymes and support surfaces are examples of factors that

require further study.
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4.5 Modeling of the enzyme structure

Enzyme activity is closely related to its structure, and the interactions between the enzyme
and the immobilization support may induce changes in the structure that could alter the
specific activity or selectivity of the enzymes. If changes in enzyme activity upon immobiliz-

ation are to be understood in greater detail, analysis of the enzyme structure is necessary.

The structure of FoFaeC was modeled with the I-TASSER structure predictor, which uses
multi-template modeling and alignment of secondary structures based on homology with
known structures in the protein database (PDB) (Paper III). The location of the active site was
determined by performing studies on the docking between the substrate, methyl ferulate, and
FoFaeC. The surface charges were also calculated at different pH (Figure 26). At pH 4,
positively charged patches were found to dominate close to the entrance of the active site,
which is probably the site of immobilization, as the silica surface is negatively charged (pl
3.0-3.8 [59, 80, 101]). Blocking of the entrance to the active site could thus explain the almost
complete inactivation of the enzymes immobilized at pH 4 (Figure 17). At higher pH, the
orientation of FoFaeC upon immobilization is less predictable as the distribution of negative

and positive charges is more random.

As discussed in Section 4.2, the product selectivity is buffer dependent, and many studies on
feruloyl esterases have employed MOPS as buffer, at a pH close to neutral. It had been
hypothesized that the similar structures of MOPS (Figure 22) and hydroxycinnamic acids
(Figure 2), could allow MOPS to interact with the enzyme. Therefore, the docking of MOPS
in the active site of the enzyme was studied using the model structure of FoFaeC (Paper III).
An interaction was seen with the active site residues, although with a lower affinity, and it
was speculated that these interactions could induce structural changes in the enzyme. Further
modeling of the enzyme structure showed differences in the backbone structure in the
presence of MOPS. It would be interesting to model the structure in the presence of the other
buffers used in this work (MES and PIPES) to expand our knowledge of how the structure of
the buffer molecule affects the structure of FoFaeC, and whether the same effect can be

expected on other feruloyl esterases.
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Charge
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Figure 26. Net theoretical surface charge of FoFaeC as a function of pH. Negatively

charged amino acids are depicted red and positively charged ones blue. (From Paper I11.)
Knowledge of the enzyme structure provides additional knowledge on how the activity is
affected by immobilization that cannot be obtained through experimental studies alone.
Models can never fully explain reality, and must to some extent be applied in the light of
experimental results. Although they may be imperfect, models still provide insights into the
mechanisms behind altered enzyme activity that cannot be obtained with other approaches.
The next step in the modeling of enzyme structures is to include a porous silica structure. This
would allow modeling of the adsorption process, and structural changes in the enzyme and its
orientation to be accurately predicted. Changes in specific activity or selectivity could also be
explained in detail when structural changes upon adsorption to the surface are taken into
consideration. Attempts have been made to model the adsorption of proteins to on a flat silica
surface [102], and to model proteins in confined spaces [103]. Models of porous
nanostructures have been developed and used in molecular dynamics simulations [103-105].
However, these models must be adapted to better resemble mesoporous materials with a

defined silanol density on the surface.

Simulations of porous structures generally lack experimental validation, which is necessary

for the correct interpretation of the models. Paper V provides a detailed discussion on this
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topic, describing which methods can be applied to study how the interactions between
enzymes and the support material can bring about structural changes in the enzyme itself.
Examples of techniques, complementary to simulations of molecular dynamics, which can
give further insights into structural changes upon immobilization, are circular dichroism (CD),
Fourier transform infrared spectroscopy (FTIR) and tryptophan fluorescence measurements.
FTIR and variants of nuclear magnetic resonance (NMR) and X-ray photoelectron
spectroscopy could also be used to study the surface of the support, and to determine which

protein-surface interactions take place during immobilization.
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5 Conclusions

Immobilization of feruloyl esterases in a mesoporous support material provides a biocatalyst
with excellent reusability, allowing high yields (>80%) in the modification of methyl ferulate
over at least six 6-day runs in a butanol solution. This fulfills the aims set out in Paper I and
validates the initial hypothesis that immobilization in mesoporous silica would solve the
problems associated with enzyme inactivation and poor reusability reported previously.
Mesoporous silica is evidently a robust immobilization support for feruloyl esterases,
especially considering that the simplest possible immobilization technique, physical
adsorption, could be used. This approach is both practical and economical for industrial
applications, as no functionalization of the material nor cross-linking of the enzyme is

necessary.

The aim of the study described in Paper II, was to gain a deeper understanding of the
immobilization process through the development of a method that allows this process to be
studied in real time. The results obtained with QCM-D revealed that the immobilization
process consisted of two stages: initial covering of the outer surface of the particles, before
the pores are filled. This study also demonstrated the importance of confirming that most of
the enzyme is immobilized inside the pores when interpreting the results. Paper V presents a
new way of calculating the extent to which the pores are actually filled with enzymes (pore
filling). This allows the comparison of enzyme immobilization in different mesoporous
materials, and makes the interpretation of the results more relevant as they are closely linked
to the utilization of the pore volume, rather than the weight of the support material. The
calculation of pore filling from published data can also be used as mathematical proof of
enzyme immobilization inside the pores. However, there is still a need to define the degree of
pore filling at which the amount of enzyme on the outer surface can be neglected compared to
the amount inside the pores. In an ideal case, the fraction of enzyme molecules inside the

pores could be defined.

The dependence of the amount of enzyme immobilized on pH, is surprisingly not correlated
with stability once the enzyme is adsorbed on the pore wall. The stability of immobilization is
probably determined by the degree of electrostatic interaction, while the interactions causing
the enzyme to enter the pores are more likely to be hydrophobic and less strictly related to

attractive electrostatic interactions between the enzyme and the surface.
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The change in product selectivity towards transesterification and the change in optimal pH
show that immobilization can be used as a means of controlling enzyme activity. The overall
higher transesterification yields of immobilized feruloyl esterases compensate for the general
decrease in initial specific activity. The pH during immobilization has a considerable
influence on the activity, and measuring activity of enzyme immobilized at one pH is,
therefore, not sufficient. The electrostatic interaction can be strong enough to inactivate the
enzymes through structural changes when immobilization is performed above the isoelectric
point of the material (negative net charge), but below that of the enzyme (positive net charge).
The aim of the study presented in Paper III was to explain the effect of immobilization pH on
the enzyme activity, and to link this to the enzyme structure through modeling of the structure
of FoFaeC. The results showed that the orientation of the enzyme molecules and accessibility
to the active site are important in determining the specific activity of the immobilized enzyme.
It was also revealed that enzyme loading must be optimized in parallel with optimization of

the reaction conditions, which are likely to be different for free and immobilized enzymes.

The experimental setup for the synthetic use of feruloyl esterases can also be considered
robust in terms of the composition of the reaction solution since high transesterification yields
were observed for a broad range of water contents >5%, while the hydrolysis yields were low.
Previous studies have usually been limited to microemulsions with water contents below 5%,
which reduces the flexibility in the choice of reaction solution. The environment inside the
pores appears to be more controlled in terms of solvent composition, and does not reflect the
environment of free enzymes in the bulk solution. The specific transesterification activity will
always be higher than the hydrolytic activity at low water contents in the reaction solution.
However, lowering the water content too much will decrease the transesterification activity in
absolute terms, while hydrolysis of the substrate is almost completely inhibited. Therefore,
optimization of the reaction conditions is a tradeoff between avoiding hydrolysis and ensuring

there is enough water for the enzyme to be sufficiently active.

The microenvironment surrounding the enzymes inside the pores is clearly different from that
of the free enzymes in the bulk solution. A new approach for pH measurements inside the
pores was developed involving the labeling of enzymes with a fluorescent probe (Paper IV).
This method causes no modification of the support material itself, and can be generalized to

any immobilization application. The hypothesis that the pH inside the pores differed from that
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in the bulk solution was confirmed, as a slight buffering effect inside the pores towards
neutral pH was observed. The difference in pH can probably partially explain why the pH
optima for immobilized and free feruloyl esterases are different. Synthesis reactions with
feruloyl esterases require careful control of the pH and water content in the reaction solution,
and an understanding how these factors differ inside the pores is the key to optimizing the

yield.

Much of the research presented in this thesis was focused on a particular class of enzymes,
feruloyl esterases. However, the methods developed can, to a large extent, be generalized and
applied to immobilization applications with other enzymes. The QCM-D method can be
applied to any enzyme that adsorbs onto any type of mesoporous particles, as long as the
particles themselves can be bound to the QCM-D crystal to allow detection of adsorption.
Similarly, the approach of labeling enzymes with a pH-sensitive dye further expands the tools

available to characterize the complex environment inside the pores.
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6 Future perspectives

Awareness of biocatalysts and their potential is constantly increasing, and environmental
considerations are likely to force more chemical reactions to be catalyzed by enzymes in the
future. This work can be seen as a step closer to making feruloyl esterases a viable option for
the synthesis of a broad range of hydroxycinnamic esters with antioxidant properties. An
interesting continuation of this project would be to demonstrate the ability of immobilized
feruloyl esterases to catalyze reactions in a real process, followed by purification of the
synthesized product. The mesoporous particles on which the enzymes are immobilized could
be packed in a column for use in a continuous process, to show that high yields and good
reusability can be obtained in a setup that is more commercially relevant. Applying the
enzyme-containing mesoporous particles in the catalysis of reactions with other hydroxy-

cinnamic acids is another important task that remains to be done.

Being a relatively new class of enzymes, there are still many annotated but uncharacterized
feruloyl esterases. It will be necessary to explore the substrate specificity of these
uncharacterized feruloyl esterases to have enzymes available that can modify the whole range
of hydroxycinnamic acids with their broad diversity in subgroup substitution. Studies on the
kinetics of the immobilized enzymes should also be performed. Studies on substrate affinity
or catalytic efficiency can help in the interpretation of changes in enzyme activity and in
understanding the mechanisms involved. It is also important to be able to distinguish between
changes in enzyme structure and differences in activity resulting from the microenvironment
inside the pores. This determines whether the reaction conditions should be changed to
control the enzyme activity, or if the properties of the support material should be altered.
Using an enzyme that is inactivated upon immobilization and finding the conditions or
support material in which the enzyme is active, would probably provide more information

than simply optimizing the activity of an already active enzyme.

If research on mesoporous materials as an immobilization support is to follow the direction of
more rationally designed biocatalysts that show good reusability and high yields, more
fundamental knowledge is required to explain the changes in enzyme activity upon immobil-
ization. Modeling of the enzyme structure in the proximity of the support surface will be
necessary. Key steps have been taken, but simulations of the molecular dynamics of an

enzyme adsorbing onto a curved silica pore wall remain to be performed. In an ideal situation,
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it would be possible to alter conditions such as the pH, or hydrophobically functionalize the
support surface in the model, to provide accurate predictions of enzyme orientation and
structural changes. These models could also give valuable insights to the mechanisms and the
nature of the interactions between the enzyme and the surface at a fundamental level, which

are not easily studied with existing experimental methods.

Interdisciplinary collaboration will be necessary, as obtaining the full picture of the confining
effect of pores on enzymes will require a combination of physical chemistry theory and
further modeling of the enzyme structure, together with the development of new character-
ization methods. Thermogravimetric analysis of the solvent composition inside the pores or
NMR diffusometry measurements of the dynamics of molecules are two techniques that can
be used to study mesoporous particles, preferably in connection with molecular dynamics
simulations. In conclusion, there is still plenty of scope for studying the physical and chemical
properties of the special environment in mesoporous particles that determine the function of

immobilized enzymes.

The driving force causing the enzymes to enter the pores is an important research question.
Finding the answer to this question would help, for example, when choosing the pore size, or
whether the support material should be hydrophobically functionalized in order to promote
enzyme entrance into the pores. Potential limitations on substrate diffusion inside the pores
should also be investigated, as knowledge of the enzyme activity as a function of particle size

(or pore length) would be useful in the optimization of material synthesis.

This thesis and the appended papers can be seen as a guide to further studies on the effects of
immobilization on enzymes. It is necessary to determine the relations between immobilization
conditions, the microenvironment of the pores, material properties and enzyme activity for the

application of feruloyl esterases in commercial biocatalysis processes.

62



Acknowledgements

Acknowledgements

Firstly, I would like to thank Professor Lisbeth Olsson for believing in me, and for offering
me a position as a PhD student. [ have very much appreciated your supportive supervision and
honest feedback, which have helped me to develop, not only scientifically, but also

personally.

My colleagues in the Industrial Biotechnology Group made my years at Chalmers very
enjoyable. Their general willingness to help made it possible for me to solve many problems
along the way; a group that often goes to Italy for retreats must be the right one to be in!
Special thanks to Hampus Sunner for dealing with our flexible working hours in an inspiring

manner.

I really appreciate the collaboration of the “enzyme cluster”. It could not have been easier or
more enjoyable to realize research ideas together with Hanna Gustafsson and Nils Carlsson.
Support and help in writing manuscripts from Krister Holmberg and Bjérn Akerman also

proved invaluable, and a much appreciated asset in many of my projects.
I would also like to thank Evangelos Topakas and Paul Christakopoulos for their willingness

to share their knowledge regarding feruloyl esterases, for discussing the results with me, for

producing enzymes, and for running courses.

63



64



References

Rozzell JD. Commercial scale biocatalysis: Myths and realities. Bioorgan Med Chem.
1999;7:2253-61.

Sheldon RA. Fundamentals of green chemistry: efficiency in reaction design. Chemical Society
Reviews. 2012;41:1437-51.

Bornscheuer UT, Huisman GW, Kazlauskas RJ, Lutz S, Moore JC, Robins K. Engineering the
third wave of biocatalysis. Nature. 2012;485:185-94.

Patel JM. Biocatalytic synthesis of atorvastatin intermediates. J] Mol Catal B-Enzym.
2009;61:123-8.

Idris A, Bukhari A. Immobilized Candida antarctica lipase B: Hydration, stripping off and
application in ring opening polyester synthesis. Biotechnology Advances. 2012;30:550-63.
Bommarius AS, Blum JK, Abrahamson MJ. Status of protein engineering for biocatalysts: how
to design an industrially useful biocatalyst. Curr Opin Chem Biol. 2011;15:194-200.
Strohmeier GA, Pichler H, May O, Gruber-Khadjawi M. Application of Designed Enzymes in
Organic Synthesis. Chemical Reviews. 2011;111:4141-64.

Schmid A, Dordick JS, Hauer B, Kiener A, Wubbolts M, Witholt B. Industrial biocatalysis
today and tomorrow. Nature. 2001;409:258-68.

Zhou Z, Hartmann M. Recent Progress in Biocatalysis with Enzymes Immobilized on
Mesoporous Hosts. Top Catal. 2012;55:1081-100.

Zhou Z, Hartmann M. Progress in enzyme immobilization in ordered mesoporous materials and
related applications. Chemical Society Reviews. 2013;42:3894-912.

Crozier A, Jaganath IB, Clifford MN. Dietary phenolics: chemistry, bioavailability and effects
on health. Nat Prod Rep. 2009;26:1001-43.

Balasundram N, Sundram K, Samman S. Phenolic compounds in plants and agri-industrial by-
products: Antioxidant activity, occurrence, and potential uses. Food Chem. 2006;99:191-203.
El-Seedi HR, El-Said AMA, Khalifa SAM, Goransson U, Bohlin L, Borg-Karlson AK, et al.
Biosynthesis, Natural Sources, Dietary Intake, Pharmacokinetic Properties, and Biological
Activities of Hydroxycinnamic Acids. J Agric Food Chem. 2012;60:10877-95.

Srinivasan M, Sudheer AR, Menon VP. Ferulic acid: Therapeutic potential through its
antioxidant property. J Clin Biochem Nutr. 2007;40:92-100.

Zhao ZH, Moghadasian MH. Chemistry, natural sources, dietary intake and pharmacokinetic
properties of ferulic acid: A review. Food Chem. 2008;109:691-702.

Ou J, Sun Z. Feruloylated oligosaccharides: Structure, metabolism and function. Journal of
Functional Foods. 2013.

Natella F, Nardini M, Di Felice M, Scaccini C. Benzoic and cinnamic acid derivatives as
antioxidants: Structure-activity relation. J Agric Food Chem. 1999;47:1453-9.

Faulds CB. What can feruloyl esterases do for us? Phytochem Rev. 2010;9:121-32.

Udatha DBRKG, Mapelli V, Panagiotou G, Olsson L. Common and Distant Structural
Characteristics of Feruloyl Esterase Families from Aspergillus oryzae. Plos One. 2012;7.
Topakas E, Vafiadi C, Christakopoulos P. Microbial production, characterization and
applications of feruloyl esterases. Process Biochemistry. 2007;42:497-509.

Crepin VF, Faulds CB, Connerton IF. Functional classification of the microbial feruloyl
esterases. Applied Microbiology and Biotechnology. 2004;63:647-52.

Udatha DBRKG, Kouskoumvekaki I, Olsson L, Panagiotou G. The interplay of descriptor-based
computational analysis with pharmacophore modeling builds the basis for a novel classification
scheme for feruloyl esterases. Biotechnology Advances. 2011;29:94-110.

Pinelo M, Arnous A, Meyer AS. Upgrading of grape skins: Significance of plant cell-wall
structural components and extraction techniques for phenol release. Trends Food Sci Tech.
2006;17:579-90.

Wong DWS. Feruloyl esterase - A key enzyme in biomass degradation. Applied Biochemistry
and Biotechnology. 2006;133:87-112.

65



[39]

[40]

66

Giuliani S, Piana C, Setti L, Hochkoeppler A, Pifferi PG, Williamson G, et al. Synthesis of
pentylferulate by a feruloyl esterase from Aspergillus niger using water-in-oil microemulsions.
Biotechnol Lett. 2001;23:325-30.

Hatzakis NS, Smonou [. Asymmetric transesterification of secondary alcohols catalyzed by
feruloyl esterase from Humicola insolens. Bioorganic Chem. 2005;33:325-37.

Hatzakis NS, Daphnomili D, Smonou I. Ferulic acid esterase from Humicola Insolens catalyzes
enantioselective transesterification of secondary alcohols. J Mol Catal B-Enzym. 2003;21:309-
11.

Tsuchiyama M, Sakamoto T, Fujita T, Murata S, Kawasaki H. Esterification of ferulic acid with
polyols using a ferulic acid esterase from Aspergillus niger. Biochim Biophys Acta-Gen Sub.
2006;1760:1071-9.

Couto J, Karboune S, Mathew R. Regioselective synthesis of feruloylated glycosides using the
feruloyl esterases expressed in selected commercial multi-enzymatic preparations as
biocatalysts. Biocatal Biotransfor. 2010;28:235-44.

Topakas E, Vafiadi C, Stamatis H, Christakopoulos P. Sporotrichum thermophile type C
feruloyl esterase (StFaeC): purification, characterization, and its use for phenolic acid (sugar)
ester synthesis. Enzyme Microb Technol. 2005;36:729-36.

Vafiadi C, Topakas E, Christakopoulos P. Regioselective esterase-catalyzed feruloylation of L-
arabinobiose. Carbohydr Res. 2006;341:1992-7.

Vafiadi C, Topakas E, Nahmias VR, Faulds CB, Christakopoulos P. Feruloyl esterase-catalysed
synthesis of glycerol sinapate using ionic liquids mixtures. J Biotechnol. 2009;139:124-9.
Zeuner B, Stahlberg T, van Buu ON, Kunov-Kruse AJ, Riisager A, Meyer AS. Dependency of
the hydrogen bonding capacity of the solvent anion on the thermal stability of feruloyl esterases
in ionic liquid systems. Green Chem. 2011;13:1550-7.

Vafiadi C, Topakas E, Alissandratos A, Faulds CB, Christakopoulos P. Enzymatic synthesis of
butyl hydroxycinnamates and their inhibitory effects on LDL-oxidation. J Biotechnol.
2008;133:497-504.

Chigorimbo-Murefu NTL, Riva S, Burton SG. Lipase-catalysed synthesis of esters of ferulic
acid with natural compounds and evaluation of their antioxidant properties. ] Mol Catal B-
Enzym. 2009;56:277-82.

Mastihubova M, Mastihuba V, Bilanicova D, Borekova M. Commercial enzyme preparations
catalyse feruloylation of glycosides. J Mol Catal B-Enzym. 2006;38:54-7.

Katsoura MH, Polydera AC, Tsironis LD, Petraki MP, Rajacic SK, Tselepis AD, et al. Efficient
enzymatic preparation of hydroxycinnamates in ionic liquids enhances their antioxidant effect
on lipoproteins oxidative modification. New Biotechnol. 2009;26:83-91.

Zeuner B, Kontogeorgis GM, Riisager A, Meyer AS. Thermodynamically based solvent design
for enzymatic saccharide acylation with hydroxycinnamic acids in non-conventional media.
New Biotechnol. 2012;29:255-70.

Katsoura MH, Polydera AC, Katapodis P, Kolisis FN, Stamatis H. Effect of different reaction
parameters on the lipase-catalyzed selective acylation of polyhydroxylated natural compounds
in ionic liquids. Process Biochemistry. 2007;42:1326-34.

Hatzakis NS, Smonou I. Enantioselectivity and diastereoselectivity in the transesterification of
secondary alcohols mediated by feruloyl esterase from Humicola insolens. Tetrahedron Lett.
2004;45:2755-7.

Topakas E, Stamatis H, Biely P, Kekos D, Macris BJ, Christakopoulos P. Purification and
characterization of a feruloyl esterase from Fusarium oxysporum catalyzing esterification of
phenolic acids in ternary water-organic solvent mixtures. J Biotechnol. 2003;102:33-44.
Topakas E, Stamatis H, Mastihobova M, Biely P, Kekos D, Macris BJ, et al. Purification and
characterization of a Fusarium oxysporum feruloyl esterase (FoOFAE-I) catalysing
transesterification of phenolic acid esters. Enzyme Microb Technol. 2003;33:729-37.

Vafiadi C, Topakas E, Suckling ID, Christakopoulos P. Mapping the hydrolytic and synthetic
selectivity of a type C feruloyl esterase (StFaeC) from Sporotrichum thermophile using alkyl
ferulates. Tetrahedron: Asymmetry. 2005;16:373-9.



[46]

[47]

[48]

[49]

[62]

[63]

[64]

[65]

Vafiadi C, Topakas E, Alderwick LJ, Besra GS, Christakopoulos P. Chemoenzymatic synthesis
of feruloyl D-arabinose as a potential anti-mycobacterial agent. Biotechnol Lett. 2007;29:1771-
4.

Tsuchiyama M, Sakamoto T, Tanimori S, Murata S, Kawasaki H. Enzymatic synthesis of
hydroxycinnamic acid glycerol esters using type A feruloyl esterase from Aspergillus niger.
Bioscience Biotechnology and Biochemistry. 2007;71:2606-9.

Couto J, St-Louis R, Karboune S. Optimization of feruloyl esterase-catalyzed synthesis of
feruloylated oligosaccharides by response surface methodology. J Mol Catal B-Enzym.
2011;73:53-62.

Kikugawa M, Tsuchiyama M, Kai K, Sakamoto T. Synthesis of highly water-soluble feruloyl
diglycerols by esterification of an Aspergillus niger feruloyl esterase. Applied Microbiology and
Biotechnology. 2012;95:615-22.

Faulds CB, Perez-Boada M, Martinez AT. Influence of organic co-solvents on the activity and
substrate specificity of feruloyl esterases. Bioresource Technol. 2011;102:4962-7.

Vafiadi C, Topakas E, Christakopoulos P. Preparation of multipurpose cross-linked enzyme
aggregates and their application to production of alkyl ferulates. ] Mol Catal B-Enzym.
2008;54:35-41.

Fazary AE, Ismadji S, Ju YH. Biochemical studies on native and cross-linked aggregates of
Aspergillus awamori feruloyl esterase. International Journal of Biological Macromolecules.
2009;44:240-8.

Matsuo T, Kobayashi T, Kimura Y, Tsuchiyama M, Oh T, Sakamoto T, et al. Synthesis of
glyceryl ferulate by immobilized ferulic acid esterase. Biotechnol Lett. 2008;30:2151-6.
Sheldon RA, van Pelt S. Enzyme immobilisation in biocatalysis: why, what and how. Chemical
Society Reviews. 2013;42:6223-35.

Hanefeld U, Gardossi L, Magner E. Understanding enzyme immobilisation. Chemical Society
Reviews. 2009;38:453-68.

Sheldon RA. Enzyme immobilization: The quest for optimum performance. Adv Synth Catal.
2007;349:1289-307.

Lee C-H, Lin T-S, Mou C-Y. Mesoporous materials for encapsulating enzymes. Nano Today.
2009;4:165-79.

Asgher M, Shahid M, Kamal S, Igbal HMN. Recent trends and valorization of immobilization
strategies and ligninolytic enzymes by industrial biotechnology. J Mol Catal B: Enzym.
2014;101:56-66.

Brady D, Jordaan J. Advances in enzyme immobilisation. Biotechnol Lett. 2009;31:1639-50.
Kruk M, Jaroniec M, Ko CH, Ryoo R. Characterization of the porous structure of SBA-15.
Chem Mat. 2000;12:1961-8.

Hudson S, Cooney J, Magner E. Proteins in Mesoporous Silicates. Angew Chem-Int Edit.
2008;47:8582-94.

Lee SY, Lee J, Chang JH, Lee JH. Inorganic nanomaterial-based biocatalysts. Bmb Reports.
2011;44:77-86.

Manet S, Schmitt J, Imperor-Clerc M, Zholobenko V, Durand D, Oliveira CLP, et al. Kinetics
of the Formation of 2D-Hexagonal Silica Nanostructured Materials by Nonionic Block
Copolymer Templating in Solution. J Phys Chem B. 2011;115:11330-44.

Gustafsson H. Enzyme Immobilization in Mesoporous Silica [PhD thesis]. Géteborg, Sweden:
Chalmers University of Technology; 2013.

Rodrigues RC, Ortiz C, Berenguer-Murcia A, Torres R, Fernandez-Lafuente R. Modifying
enzyme activity and selectivity by immobilization. Chemical Society Reviews. 2013;42:6290-
307.

Claesson M, Ahmadi A, Fathali HM, Andersson M. Improved QCM-D signal-to-noise ratio
using mesoporous silica and titania. Sensors and Actuators B: Chemical. 2012.

Harms HA, Tetreault N, Gusak V, Kasemo B, Gratzel M. In situ investigation of dye adsorption
on TiO2 films using a quartz crystal microbalance with a dissipation technique. Phys Chem
Chem Phys. 2012;14:9037-40.

67



[79]

[80]

[81]

[82]

68

Palaniappan A, Li X, Tay FEH, Li J, Su XD. Cyclodextrin functionalized mesoporous silica
films on quartz crystal microbalance for enhanced gas sensing. Sensor Actuat B-Chem.
2006;119:220-6.

Fan J, Lei J, Wang LM, Yu CZ, Tu B, Zhao DY. Rapid and high-capacity immobilization of
enzymes based on mesoporous silicas with controlled morphologies. Chem Commun.
2003:2140-1.

Miyahara M, Vinu A, Ariga K. Adsorption myoglobin over mesoporous silica molecular sieves:
Pore size effect and pore-filling model. Materials Science and Engineering: C. 2007;27:232-6.
Lei CH, Shin Y, Magnuson JK, Fryxell G, Lasure LL, Elliott DC, et al. Characterization of
functionalized nanoporous supports for protein confinement. Nanotechnology. 2006;17:5531-8.
Lei CH, Soares TA, Shin YS, Liu J, Ackerman EJ. Enzyme specific activity in functionalized
nanoporous supports. Nanotechnology. 2008;19:9.

Lei CH, Shin YS, Liu J, Ackerman EJ. Entrapping enzyme in a functionalized nanoporous
support. ] Am Chem Soc. 2002;124:11242-3.

Gustafsson H, Johansson EM, Barrabino A, Odén M, Holmberg K. Immobilization of lipase
from Mucor miehei and Rhizopus oryzae into mesoporous silica-The effect of varied particle
size and morphology. Colloids Surf B. 2012;100:22-30.

Hartmann M, Kostrov X. Immobilization of enzymes on porous silicas - benefits and
challenges. Chemical Society Reviews. 2013;42:6277-89.

Yokogawa Y, Toma T, Saito A, Nakamura A, Kishida I. Biomolecules Loading and
Mesoporous SBA-15 Pore Sizes. Bioceramics Development and Applications. 2011;1:1-3.
Piras M, Salis A, Piludu M, Steri D, Monduzzi M. 3D vision of human lysozyme adsorbed onto
a SBA-15 nanostructured matrix. Chem Commun. 2011;47:7338-40.

Katiyar A, Ji L, Smirniotis P, Pinto NG. Protein adsorption on the mesoporous molecular sieve
silicate SBA-15: effects of pH and pore size. J Chromatogr A. 2005;1069:119-26.

Moukouli M, Topakas E, Christakopoulos P. Cloning, characterization and functional
expression of an alkalitolerant type C feruloyl esterase from Fusarium oxysporum. Applied
Microbiology and Biotechnology. 2008;79:245-54.

Hiol A, Jonzo MD, Rugani N, Druet D, Sarda L, Comeau LC. Purification and characterization
of an extracellular lipase from a thermophilic Rhizopus oryzae strain isolated from palm fruit.
Enzyme Microb Technol. 2000;26:421-30.

Hudson S, Magner E, Cooney J, Hodnett BK. Methodology for the immobilization of enzymes
onto mesoporous materials. J Phys Chem B. 2005;109:19496-506.

Essa H, Magner E, Cooney J, Hodnett BK. Influence of pH and ionic strength on the adsorption,
leaching and activity of myoglobin immobilized onto ordered mesoporous silicates. J Mol Catal
B-Enzym. 2007;49:61-8.

Ispas C, Sokolov I, Andreescu S. Enzyme-functionalized mesoporous silica for bioanalytical
applications. Anal Bioanal Chem. 2009;393:543-54.

Jin QR, Jia GQ, Zhang YM, Yang QH, Li C. Hydrophobic Surface Induced Activation of
Pseudomonas cepacia Lipase Immobilized into Mesoporous Silica. Langmuir. 2011;27:12016-
24.

Palomo JM. Modulation of Enzymes Selectivity Via Immobilization. Curr Org Synth. 2009;6:1-
14.

Uribe S, Sampedro J. Measuring solution viscosity and its effect on enzyme activity. Biol
Proced Online. 2003;5:108-15.

Trojer MA, Nordstierna L, Nordin M, Nyden M, Holmberg K. Encapsulation of actives for
sustained release. Phys Chem Chem Phys. 2013;15:17727-41.

Zhang C, Hu CY, Zhao YL, Moller M, Yan KL, Zhu XM. Encapsulation of Laccase in Silica
Colloidosomes for Catalysis in Organic Media. Langmuir. 2013;29:15457-62.

Masuda Y, Kugimiya S, Kawachi Y, Kato K. Interparticle mesoporous silica as an effective
support for enzyme immobilisation. Rsc Adv. 2014;4:3573-80.

Nakanishi K, Tomita M, Kato K. Improvement in the catalytic activity of cytochrome ¢ by
immobilisation on a novel mesoporous silica sheet. Rsc Adv. 2014;4:4732-5.

Sang LC, Coppens MO. Effects of surface curvature and surface chemistry on the structure and
activity of proteins adsorbed in nanopores. Phys Chem Chem Phys. 2011;13:6689-98.



[90]
[91]
[92]

[93]

[94]
[95]

[96]
[97]

[98]

[99]

Kishimoto N, Kakino Y, Iwai K, Fujita T. Chlorogenate hydrolase-catalyzed synthesis of
hydroxycinnamic acid ester derivatives by transesterification, substitution of bromine, and
condensation reactions. Applied Microbiology and Biotechnology. 2005;68:198-202.
Klibanov AM. Enzymes That Work in Organic-Solvents. Chemtech. 1986;16:354-9.

Goradia D, Cooney J, Hodnett BK, Magner E. Characteristics of a mesoporous silicate
immobilized trypsin bioreactor in organic media. Biotechnol Progr. 2006;22:1125-31.

Kamijo T, Yamaguchi A, Suzuki S, Teramae N, Itoh T, Ikeda T. Solvation Dynamics of
Coumarin 153 in Alcohols Confined in Silica Nanochannels. J Phys Chem A. 2008;112:11535-
42.

Good NE, Winget GD, Winter W, Connolly TN, Izawa S, Singh RMM. Hydrogen lon Buffers
for Biological Research. Biochemistry. 1966;5:467-&.

Yamaguchi A, Namekawa M, Kamijo T, Itoh T, Teramae N. Acid-Base Equilibria inside
Amine-Functionalized Mesoporous Silica. Anal Chem. 2011;83:2939-46.

Lakowicz JR. Principles of fluorescence spectroscopy. 3rd ed. New York: Springer; 2006.
Thompson WH. Solvation Dynamics and Proton Transfer in Nanoconfined Liquids. Annu Rev
Phys Chem. 2011;62:599-619.

Schiro G, Sclafani M, Natali F, Cupane A. Hydration dependent dynamics in sol-gel
encapsulated myoglobin. Eur Biophys J Biophy. 2008;37:543-9.

Ravindra R, Shuang Z, Gies H, Winter R. Protein encapsulation in mesoporous silicate: The
effects of confinement on protein stability, hydration, and volumetric properties. J Am Chem
Soc. 2004;126:12224-5.

[100] Kasche V. Mechanism and Yields in Enzyme Catalyzed Equilibrium and Kinetically Controlled

Synthesis of Beta-Lactam Antibiotics, Peptides and Other Condensation Products. Enzyme
Microb Technol. 1986;8:4-16.

[101] Deere J, Magner E, Wall JG, Hodnett BK. Adsorption and activity of proteins onto mesoporous

silica. Catal Lett. 2003;85:19-23.

[102] Tosaka R, Yamamoto H, Ohdomari I, Watanabe T. Adsorption Mechanism of Ribosomal

Protein L2 onto a Silica Surface: A Molecular Dynamics Simulation Study. Langmuir.
2010;26:9950-5.

[103] Rodriguez J, Elola MD, Laria D. Confined Polar Mixtures within Cylindrical Nanocavities. J

Phys Chem B. 2010;114:7900-8.

[104] Gomes DEB, Lins RD, Pascutti PG, Lei CH, Soares TA. The Role of Nonbonded Interactions in

the Conformational Dynamics of Organophosphorous Hydrolase Adsorbed onto Functionalized
Mesoporous Silica Surfaces. J Phys Chem B. 2010;114:531-40.

[105] Solveyra EG, Llave Edl, Molinero V, Soler-Illia GJAA, Scherlis DA. Structure, Dynamics, and

Phase Behavior of Water in TiO2 Nanopores. The Journal of Physical Chemistry C.
2013;117:3330-42.

69



	Blank Page



