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Chapter 1 Introduction

Introduction

1.1 GENERAL INTRODUCTION

Membranes have first been introduced as materials used in reaction engi-
neering over three decades ago and have been growing in importance ever
since. Membrane processes are presently used in a wide range of applica-
tions which is continuously growing. Membrane processes can be divided
according to the function they perform, which permits to identify three main
categories of membranes: membrane separators, membrane contactors and
membrane (bio)reactors [1].

Membrane separators act, as indicated by the name, as a semipermeable
barrier between two phases. Membranes are able to discriminate by size or
affinity between the different components in a feed stream. In figure 1.1, a
schematic representation of a membrane separator is presented.

retentate
> A+(B)
A+tB ———»
feed membrane
> B+(A)
permeate

Figure 1.1 — Schematic representation of a membrane separator. A two component feed stream
is separated by the membrane. The components between brackets indicate residual trace com-
ponents that are left behind in the feed stream or non-selectively passed through the mem-
brane into the permeate stream.
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Membrane contactors are systems where the membrane function is to fa-
cilitate diffusive mass transport between two contacting phases avoiding
dispersion of one phase into the other. The membrane acts mainly as an
interface which provides a very high area per volume ratio. A schematic rep-
resentation of a membrane contactor system is visualized in figure 1.2.

phase | retentate
A+B ——» ——» A+(B)
LR
C+B+(A) 4—— l«— C
permeate phase I

Figure 1.2 - Schematic representation of the extraction of a component from a binary mixture
using a membrane contactor in counter-current mode. The components between brackets are
trace components in the respective stream. The process may also be used in co-current mode.

Membrane reactors and bioreactors were introduced with the goal of cou-
pling the separation properties of a membrane with a chemical or biochemi-
cal reaction. This coupling is made with the purpose of introducing a sepa-
ration step simultaneously with the reaction in order to remove an endpro-
duct and thus shift the reaction equilibrium in the direction of the product
side. In these processes, a catalyst may be incorporated in the reaction
phase, on the membrane surface or in the membrane wall. A schematic rep-
resentation of a membrane (bio)reactor is depicted in figure 1.3.

feed retentate
A+B ———» ————» A+B+(C)
“‘s “‘s “;
N+C+(A+B) «—— la—— N
permeate carrier

Figure 1.3 — Schematic representation of a membrane (bio)reactor in counter-current mode.
The product a reaction mixture is selectively transported through a membrane in order to shift
the equilibrium. In certain cases, a carrier phase N may be used to collect the product. The
brackets refer to trace components in the respective stream. The process may also be used in
co-current mode.




Chapter 1 Introduction

In some cases where the membrane acts as a support for a catalyst or as
the catalyst itself, the feed stream is permeated through the membrane in
order to promote the desired reaction and there is no retentate stream. This
kind of systems is explored in this thesis. A schematic representation of
such a process is presented in figure 1.4.

feed permeate
A+tB ——» ————» C+(A+B)

Figure 1.4 — Schematic representation of a membrane (bio)reactor where the feed is permeated
through the membrane wall without recovery of retentate. The permeate stream contains both
the product and the unreacted reagents.

The fact that membranes can be used to combine reaction and separation
processes in a single step is what first attracted the attention and since
then several different concepts of membrane (bio)reactors, also called cata-
lytic membrane reactors (CMR’s) have appeared in literature. CMR’s present
important advantages over alternative approaches in unit operations, such
as lower investment costs, lower energy requirements (pumps, heating,
cooling) and improved contact between two reagent species [2].

Initially, most applications concerning CMR’s concerned the use of inor-
ganic membranes. This was due to the fact that most reactions took place
at elevated pressure and temperature [3-5]. Also the possibility of using pal-
ladium or palladium alloys as catalysts for hydrogenation and dehydrogena-
tion reactions which can be incorporated into or coated onto the mem-
branes [6, 7] made the use of inorganic materials highly attractive. Inor-
ganic reactive membranes have been used in diverse applications, such as
production of syngas [8], steam reforming [9, 10] or for use in refinery
products [11].

The use of polymeric materials as the support for reactive membranes is
justified by the higher availability of different chemistries and the low costs
that polymers present compared to inorganic ceramic or metallic materials.
Also the possibility to fine-tune the morphology and the easy preparation of
polymeric membranes are seen as big advantages. Meanwhile, the incorpo-
ration of ceramic or metallic catalysts in polymeric membranes to achieve
the catalytic characteristics of inorganic materials is still possible.
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By far, the most common reactions to be applied with CMR’s are hydrogena-
tion reactions [12]. This is equally true for polymeric membranes, for which
most publications concerning reactive membranes involve the incorporation
or coating of palladium in a polymeric membrane for use in hydrogenation
reactions [13, 14]. Also the use of homogeneous catalysts which can be het-
erogenized by incorporation in membranes has been reported [15]. One of
the most common applications using reactive membranes are, however,
those involving esterification or transesterification reactions, where the in-
organic materials are incorporated in the membrane or dispersed on the
surface [16, 17] or with the catalytic capacity being given by functional
groups in the polymeric matrix [18-20].

The most common application of CMR’s found in literature is, however, in
the field of enzymatically catalyzed reactions. In this case, enzymes are ini-
tially immobilized in a membrane and then used as the catalytic medium to
perform biochemical conversions [21]. Enzyme immobilization can take
place using different techniques, taking advantage of readily available func-
tional groups or physical properties from the polymeric matrix [22, 23]. Al-
ternatively, the membrane may be chemically modified in order to provide
the desired functionality needed for enzyme immobilization [24-26] or to
improve the immobilization process [27]. The membrane containing the im-
mobilized enzymes can then be directly applied in bioconversions with high
yield and specificity.

Figure 1.5 - Electron microscopic image of the cross-section of a solid porous polymer fiber
with adsorptive chromatography beads embedded (SP Sepha-rose HP particles).

Mixed matrix membranes (MMM’s) consist of a polymeric membrane in
which functional particles are embedded. These membranes were first de-
veloped for gas transport and pervaporation, using zeolites embedded in a

4
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dense polymeric membrane [28-31]. More recently, MMM’s have been devel-
oped with a porous polymer having functional particles embedded. These
new structures may find applications in the field of biotechnology, as media
for protein adsorption [32, 33] and separation [34], blood purification [35,
36] and enzyme concentration [37, 38]. Figure 1.5 shows an example of a
mixed matrix hollow-fiber.

A first catalytic proof-of-principle describing the incorporation of catalytic
Pt/SiO2 particles in a membrane was recently described by Radivojevic et al
[39]. A schematic representation of the different fields of applications is
found in figure 1.6. Due to the nature of the MMM platform technology, dif-
ferent types of functional particles can be incorporated in the polymeric ma-
trix, both of which can be selected to fit specifically the desired application.
This makes mixed matrix membranes uniquely suited for membrane based
reactions in which the reactive sites are contained in the particles embed-
ded in the polymeric matrix.

. Mixed matrix
adsorbers
Chromatography Mixed matrix
. -
particles ion-exchangers
Mixed matrix
+ —> _—
membranes . .

. . Mixed matrix
Polymeric hybrids
membrane

Mixed matrix

catalysts

Figure 1.6 — Schematic representation of the mixed matrix membrane preparation and appli-
cation concept.

1.2 OUTLINE OF THE THESIS

This thesis mainly focuses on bioconversions, where the enzymes are im-
mobilized in mixed matrix membranes (MMM’s) and then used as catalysts
in bioreactions. Also the possibility of using MMM’s as the bare catalyst
medium for non-biological reactions is studied.
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Chapter 2

An overview of the different methods used in enzyme immobilization is
given. The applied techniques are explained and a discussion about the dif-
ferent support types is presented. Finally, the chapter contains a review on
mixed matrix membranes, with the focus on factors determining the per-
formance of these membranes.

Chapter 3

In this chapter, the preparation of a flat-sheet mixed matrix membrane is
described. The membrane is prepared using EVALss as the hydrophilic
polymer and Eupergit® C and Eupergit® C250L as oxirane-based functional
particles. The effect of the size reduction of the particles is investigated, as
well as the influence of a chemical modification using ethylenediamine and
activation with glutaraldehyde. The prepared MMM’s were used for the im-
mobilization of trypsin, which was chosen as model enzyme. The activity of
immobilized trypsin was evaluated by reaction with L-Benzoyl-Arginine-
Ethyl-Ester (BAEE). We demonstrated that the size reduction increases both
the immobilization capacity and the enzymatic activity of immobilized tryp-
sin. The use of MMM’s showed higher enzymatic activities in all cases.
MMM'’s containing modified Eupergit® particles show an increased immobi-
lization capacity and a more than nine fold increase in enzymatic activity. A
comparison between membrane-embedded modified Eupergit® particles and
modified Eupergit® in a packed bed showed an overall better performance of
the membrane based system. The highest enzymatic conversion rates were
obtained with milled Eupergit® C particles that were chemically modified
and embedded in a macro-porous membrane structure.

Chapter 4

The preparation of mixed matrix hollow-fiber (MMHF) membranes is de-
scribed in this chapter. EVAL44 is used as the polymeric matrix. Euper-
git® C, chemically modified according to the reaction described in chapter 3
provides the functionality. Two particle size classes (20-40 ym and < 20 um)
were studied in order to evaluate the influence of particle size in the fiber
morphology. The fiber structure was optimized by varying the solvent, addi-
tive and polymer ratio in the dope solution. Dynamic activity experiments of

6
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immobilized trypsin proved that the prepared hollow-fibers allowed trypsin
to retain a high degree of activity. The results showed a higher trypsin activ-
ity with fibers prepared with particles from the sieve fraction below 20 pm
over those containing particles in the size class of 20-40 pm. Hollow-fiber
MMM showed a four times increase in trypsin activity when compared to
flat-sheet MMM and more than 35 times when compared to a packed bed
system containing unmodified Eupergit® C particles.

Chapter 5

In this chapter, we prepared polyether sulfone (PES) MMHF’s containing
embedded strong cation-exchange Lewatit resins which were used for the
physical immobilization of glucose oxidase (GOx). Static enzyme immobiliza-
tion tests yielded high adsorption values at pH’s below the isoelectric point
(pI) of GOx. In this pH region, the adsorption followed a pseudo Langmuir-
type behavior. We found that adsorption performed above the pl takes place
preferentially via hydrophobic interactions. Dynamic GOx adsorption ex-
periments resulted in the same values as those obtained in static experi-
ments. Formation of GOx multilayers was observed for all applied pH’s. Dy-
namic glucose conversion measurements showed that the immobilized GOx
retains an appreciable activity after adsorption via both methods. GOx im-
mobilized via hydrophobic interaction yielded the highest activity values.
Enzymes immobilized via electrostatic interaction showed the highest multi-
layer adsorption, resulting in a reduced enzyme-normalized enzymatic ac-
tivity. The highest enzymatic activity was found for pH 5.0.

Chapter 6

In this chapter we describe the covalently binding of GOx to chemically
modified Eupergit® C embedded in EVALs4 fibers. The Eupergit® particle
sizes were 20-40 and < 20 uym. GOx was immobilized in the fibers in dy-
namic mode and fibers containing the smallest particles show the highest
immobilization capacity. The activity of immobilized enzyme was evaluated
by dynamic conversion of glucose, with the highest glucose conversion
yields being obtained for fibers with bigger particles. The results further
showed that GOx covalently immobilized in EVAL/Eupergit® fibers has a
lower enzymatic activity than GOx that is physically immobilized in Poly-
ether Sulfone (PES) fibers containing strong cation exchange (SCIEX) resins.
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Chapter 7

In this chapter, the use of mixed matrix PES hollow-fiber membranes con-
taining Lewatit 112WS strong cation-exchange resins as a catalyst for the
esterification reaction of ethanol and acetic acid is validated. The MMHF
catalysis performance was compared to that resins in batch mode and in-
corporated in a packed bed by means of a theoretical model to describe the
reaction kinetics. The results showed a more than twice increase in cata-
lytic capacity by MMHF’s when compared to those of the other systems.
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Chapter 2 General intfroduction to enzyme immobilization

Introduction to enzyme immobilization

Enzymes have been used for centuries in their native form in applications
ranging from early food processes to modern applications in pharmaceutical
and chemical industries. The interest to start immobilizing enzymes arose
from the interest in exploiting the technical and commercial advantages of
performing biochemical reactions in which isolated enzymes could be used.
The immobilization of enzymes permit a better process design, due to ac-
ceptable conversion yields, low mass transfer limitations and a long-term
stability of the enzymes. Enzyme immobilization can be performed using
different types of carriers, ranging from particles to membranes. There is a
high variety of immobilization methods available, spanning from in situ en-
zyme incorporation to chemical binding. The immobilization strategy is
usually chosen in accordance to the application since different methods
yield different conversion capacities, and require different post- and pre-
treatment steps.

2.1 IMMOBILIZATION METHODS

Several different approaches for the immobilization of enzymes have been
proposed. The immobilization of enzymes can be viewed as the confinement
or localization of an enzyme to a certain defined position with the retention
of catalytic activities which can be used repeatedly and continuously, ac-
cording to the definition of Katchalski-Katzir [1]. Enzymes are typically
highly specific for certain reactions, which take place in conditions present
in industrial reactors. Immobilization can thus be used to permit enzymes
to withstand conditions which, in any other circumstances, would be too

13
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harsh. One further advantage of immobilization is the possibility of reusing
the enzymes. The immobilization process must then be oriented in view of
maintaining the active conformation of the enzyme, in order for the catalytic
activity to be preserved.

Immobilization can take place via three main techniques: binding to carri-
ers, crosslinking and entrapment [2]. For each technique, different methods
can be selected (table 2.1). There is no single technique displaying the best
results, with different authors usually opting for the most familiar one. The
catalytic activity of the immobilized enzymes can thus vary greatly with the
technique and the specific enzyme. Though some guidelines concerning the
chemical structure of the enzyme can be followed, the process remains
largely empirical.

Table 2.1 — Summary of immobilization methods

Binding Crosslinking Physical entrapment
covalent binding cross-linked enzyme entrapment in a matrix
ionic/electrostatic binding ~ crystals encapsulation
hydrophobic binding cross-linked enzyme

metal binding aggregates

affinity binding

2.1.1 Immobilization via binding

The immobilization of enzymes by binding consists basically on forming
chemical or physical bonds to a physical carrier. Mainly five types of bind-
ing are distinguishable: covalent, ionic, adsorptive, metal and affinity.

Covalent binding yields the strongest kind of enzyme-carrier bond and is
usually the most commonly adopted option for enzyme binding. One strong
reason for this option lays in its capacity for preventing reversible unfolding
of the immobilized enzyme [3]. However, caution should be exerted when
choosing the ideal chemistry and reaction conditions to be applied, since
these can cause a considerable loss in enzymatic activity. The method con-
sists in the formation of a covalent bond using different functional groups
on the carrier surface and groups belonging to amino acid residues in the
enzyme. The binding is not site specific and thus does not influence the ori-

14
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entation of the enzyme during the immobilization process. As seen in figure
2.1, the bond is established between the surface and the most readily avail-
able amino acids from the enzyme. The most often used groups are the
amine of lysine or arginine, carboxyl from aspartic or glutamic acid, hy-
droxyl of serine or threonine and sulfydryl of cysteine [4]. The groups from
the support can originally be available at the surface of the carrier or can be
incorporated by chemically activating the carrier prior to the immobilization
process. Alternatively, the enzyme can react using an activation agent prior
to the immobilization procedure. This method is less followed due to a
higher risk of inactivation of the enzyme, since the enzyme modification is
accomplished by highly reactive non-group specific chemicals which can
easily alter the structure and the catalytic activity of the enzyme [2].

Enzyme
P
Covalent

yobonds SO N /| /N
Support

Figure 2.1 — Schematic representation of covalent immobilization of enzymes. The enzyme
uses any available functional groups present in the structure to bind with the available carrier
functional groups.

One of the most common types of covalent immobilization is by using alde-
hyde groups on the carrier which bind to the enzyme [5]. Glutaraldehyde,
due to its ability to react rapidly with amines, is frequently chosen as the
activation reagent for the modification of the support [6-12]. Typically, glu-
taraldehyde reacts with amine groups already present on the surface of the
carrier [6, 7, 10, 11, 13] or added by a previous chemical modification, just
as the addition of a spacer arm [12]. The resulting aldimine bonds between
the enzyme and the support are relatively weak in acidic solutions and can
thus be stabilized by reaction with sodium borohydride, sodium cyanoboro-
hydride or by pyridine-borane reduction [2, 14]. Although amine groups are
by far the most common targets for glutaraldehyde activation, the use of
hydroxyl groups has also been reported [7]. Alternatively, other proteins,
such as bovine serum albumine (BSA) have also been immobilized to pro-
vide a spacer between the surface of the support and the enzyme. In this
case, the protein was activated by cross-linking with glutaraldehyde prior to
enzyme immobilization [8, 9, 15]. A representation of this immobilization
reaction can be found in figure 2.2.
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%N' feoms) %N='

Figure 2.2 — Covalent enzyme immobilization using aldehyde groups of the support and amine
groups in the enzyme.

In many cases, the direct immobilization of the enzyme by using readily
available groups on the surface carrier has been pursued. One favored
method is by using epoxy groups for the covalent immobilization of en-
zymes. The highly reactive groups bind promptly to the amine groups in the
enzyme, thus forming a strong bond (figure 2.3) [1, 6, 16-19]. Epoxy groups
can also be incorporated in the carrier by chemically activation using
epichlorohydrin [12, 20, 21]. In this case, hydroxyl groups on the support
are activated with epichlorohydrin in a basic medium to provide the epoxy
groups for the subsequent enzyme immobilization process. The amino
groups in the enzyme react directly to the reactive epoxy groups, thus pro-
viding a strong and stable covalent bond between the enzyme and the sup-
port.

0 HO H
/N |
C—C—H + HN —> C—C—N
I I I [
H H H H H

Figure 2.3 — Covalent enzyme immobilization using epoxy groups from the support and amine
groups in the enzyme.

Another typical coupling method is using carbodiimide activation. This re-
action takes place on the surface of the support using an activation agent
containing the carbodiimide group and another functional group which can
bind to the available groups of the carrier. Typically, 1-ethyl-3-(3-
dimethylaminepropyl) carbodiimide hydrochloride (EDC) is used as activa-
tion agent by reacting with carboxyl groups on the surface of the carrier [22,
23] or alternatively present on spacer arms grafted to the carrier [24, 25].
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Ionic binding, also referred to as electrostatic binding, makes use of ionic
charges both on the surface of the carrier and of the enzyme. In typical co-
valent binding, the conjugate carrier-enzyme must be discarded as waste
after the enzyme becomes inactivated. With the use of ion-exchange materi-
als, the enzyme can be desorbed from the carrier after inactivation and thus
permit the recovery of the used support materials, reducing the waste and
the costs [26, 27]. Ionic and binding takes advantage of functional groups
on the carrier surface which, in solution, assume ionic form by accepting or
releasing a proton. The enzyme can be induced into an ionic form by chang-
ing the pH of the medium to values above or below the isoelectric point (pl)
of the protein. A pH above the pl causes the enzyme to release a proton and
thus assume an anionic form whereas a pH below the protein pl causes the
enzyme to accept a proton and thus becomes a cation. By choosing the pH
that adjusts the characteristic of the carrier, the enzyme thus forms an
ionic bond with the support and becomes immobilized. The process is de-
pendant on several variables, such as pH value, isoelectric point, enzyme
concentration, structural stability of the protein, ionic strength of the solu-
tion or domain composition. From these factors, the most commonly ad-
dressed are pH and ionic strength. After inactivation, the desorption takes
place via the opposite process of adsorption, with the pH being switched to
a value that permits the enzyme to assume the same charge as the carrier
and thus leach out. The process of ionic binding is exemplified for both
cation- and anion-exchange supports in figures 2.4a and 2.4b respectively.

Enzymes in cationic form
/ ! \
+ o+ ¥ ++ ++

Cation-exchange support

Figure 2.4a - Enzymatic immobilization on cation-exchange supports at pH<pl. The enzymes
assume a cationic form and are attracted to the negatively charged carrier surface.

Different types of functional groups can be used for ionic binding. Poly-
ethyleneimine (PEI) has been reported as a typical material for coating of
other materials in order to provide ion-exchange capacity to the supports [6,
10, 28]. This technique can be interesting where the ideal pH for the enzy-
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matic reaction is suited for the ionic binding process, as it does not cause
the leaching of the enzyme from the support. The method also presents the
advantage of being usually simple and cheap.

Enzymes in anionic form

Anion-exchange support

R T A

Figure 2.4b - Enzymatic immobilization on anion-exchange supports at pH>pl. The enzymes
assume an anionic form and are attracted to the positively charged carrier surface.

Hydrophobic binding, sometimes referred to as adsorptive binding, takes
place with different approaches depending on the type of carrier used. When
in presence of a carrier with hydrophobic characteristics, the enzyme will
adsorb on the surface, thereby changing its conformation. This type of ad-
sorption can be difficult to handle, as the remaining activity can be en-
hanced [29-33] or reduced [34-37], depending on how the unfolding of the
protein takes place. In situations where the active sites of the immobilized
enzyme are exposed to the surrounding medium, the activity can be highly
enhanced (figure 2.5]I). If, on the other hand, the enzyme adsorbs using the
active sites, the activity can be partial or totally lost (figure 2.51I). One other
situation takes place when the unfolding of the enzyme leads to a denatura-
tion of the enzyme thus causing a total and permanent loss of activity. The
influence of the adsorption procedure in enzyme activity, however, cannot
be wholly predicted and depends very much on trial and error, with situa-
tions being reported case to case.

Carriers making use of hydrophobic adsorption do not require any specific
preparation, as the mechanism which is used is directly based on the in-
trinsic characteristics of the material. The risk of enzyme leaching from the
support however is higher for adsorption binding in comparison with other
methods for enzyme binding, due to the relatively weaker enzyme-carrier
interactions. In contrast, adsorption methods are the simplest for enzyme
immobilization, thus reducing costs. Also no chemical changes to the en-
zymes are required prior to the immobilization which reduces the potential
damage [4].
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Figure 2.5 — Enzyme immobilization via hydrophobic adsorption. I — Enzymatic superactivation
due to preferable orientation of active site; II - Enzymatic activity reduction due to bad orienta-
tion of active site.

Metal binding is based on the use of metal chelates for the attachment of
enzymes. In this process, transition metals are used to form complexes both
with the support and the enzyme. The process takes place by creating a
metal chelate using hydroxyl or carboxylic groups from the support. This
metal chelate is then placed in contact with an enzyme solution at near-
neutral pH in order to form a second chelate between the metal and hy-
droxyl, carboxylic or amino groups belonging to the enzyme which will act
as ligands [38]. Naturally, a symmetric approach can also be used, in which
a metal chelate is first formed with the enzyme in a solution and only after-
wards is the enzyme/metal chelate adsorbed onto the support. The activity
of the immobilized enzyme d[39]epends on the same type of factors as in
other types of bonds, like the availability of the groups in the enzyme, their
proximity with the active sites of the enzyme or the proximity between im-
mobilized enzymes. Since the immobilization depends on the chemistry of
the support, both membranes [40, 41] and beads [19, 41-43] have been
used for enzyme immobilization via metal binding. Direct immobilization in
transition metal salts has also been reported [44].
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Affinity binding can be understood as an immobilization method where the
enzyme attachment to the carrier is mediated by the action of a ligand
which shows a specific affinity for the target enzyme. This method is used to
allow the immobilization of a specific enzyme from a mixture and to provide
a higher mobility to the immobilized enzyme in order to increase activity.
Affinity ligands can be classified as biospecific or pseudobiospecific. Bio-
specific ligands include mono- and polyclonal antibodies, whereas pseudo-
biospecific ligands usually refer to immobilized metals, hydrophobic amino
acids and dyes [45].

Affinity interactions between enzymes and substrates and between anti-
body-antigen pairs are characterized by high association constants of the
resulting complexes, which permits the use of recognition techniques in en-
zyme immobilization. Enzymes can be immobilized by first creating enzyme-
anti-antibody conjugates and attaching antibody molecules to the carrier
surface (figure 2.6). The antibody molecules on the carrier surface provide
the specific molecular recognition which permits the immobilization of the
conjugate via the specific anti-antibody molecules. This technique enables
enzyme immobilization without interfering with the enzyme active sites,
which permits to conserve enzymatic activity after the immobilization takes
place [46-49].

(‘— Active site

Anti- Enzyme
antibody ™~ .

Antibody\*

Carrier Carrier

Figure 2.6 — Enzyme affinity immobilization. Antibody molecules attach to the carrier surface
and specifically bind to the enzyme. By repeating the procedure, multilayers can be formed.

A different approach can also be used, in which the avidin is non-
specifically adsorbed onto the carrier surface and a biotin-labeled enzyme is
then attached to it [49-51]. Alternatively, biotin can be initially attached to
the carrier and then bound to an avidin molecule, thus creating a strong
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biotin-avidin bond. A biotin-enzyme conjugate can then be specifically im-
mobilized onto the carrier surface retaining high activity [49, 51, 52]. Both
approaches permit multilayer formation (figures 2.7.A and 2.7.B), since an
avidin molecule can bind to up to four biotin molecules.

(/ Enzyme

Carrier

l (

Carrier

Carrier

Figure 2.7.A — Enzyme affinity immobilization. Biotin molecules are immobilized to the carrier
surface and specifically bind to the avidin conjugated enzyme. By repeating the procedure,
multilayers can be formed.
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Figure 2.7.B — Enzyme affinity immobilization. Avidin molecules are adsorbeded to the carrier
surface and specifically bind to the biotin-labeled enzyme. By repeating the procedure, multi-
layers can be formed.

2.1.2 Immobilization via entrapment or encapsulation

Entrapment or encapsulation of enzymes differs from chemical or physical
binding in terms of enzyme mobility. While a bound enzyme has the mobil-
ity restricted by interactions with the support, entrapped or encapsulated
enzymes are free in solution but the mobility is restricted in space by the
structure of the support (entrapment) or by a form of semi permeable mem-
brane enveloping the enzyme (encapsulation) [4].
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Enzyme entrapment takes place by restricting enzyme movement within
the lattice structure of the support as depicted in figure 2.8. The enzymes
can thus keep a certain degree of movement within the structure, which
has a finely controlled porosity in order to simultaneously avoid enzyme
leaking and permit the penetration of substrate in and product out of the
confined structure. The support acts as an additional resistance to mass
transfer, which is a disadvantage, since it restricts the access to the immo-
bilized enzymes. However, it can also be an advantage, since the enzyme
contact with harmful or toxic compounds can be prevented.

Enzymes

Lattice
structure

Figure 2.8 - Enzyme immobilization via physical entrapment in a lattice structure. The en-
zymes have full mobility inside the delimiting cells, but are unable to diffuse out of the matrix.

Physical entrapment of enzymes can be achieved by several methods. A
commonly used method is by electrochemically inducing the polymerization
of monomers in an aqueous solution containing enzymes. The enzymes are
dissolved in a medium containing monomers to which an electrical current
is applied and become entrapped in the polymeric mesh created as the po-
lymerization reaction occurs, thus becoming immobilized. This method pre-
sents the advantage of permitting the immobilization without affecting en-
zymatic activity. It also allows for an easily tunable film thickness, as the
polymerization process is dependant on the applied electrical charge. This
technique has been extensively used in the production of biosensors as it fit
for producing the support film over complex geometrical structures [51, 53].

Another approach to immobilize enzymes is using sol-gel chemistry [54-57],
such as in the preparation of monoliths. The method follows a methodology
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similar to that of immobilization during electrochemical polymerization,
with the enzymes being entrapped in the porous structure during the sol-
gel reaction. The reaction takes place in a solution containing the target en-
zyme, which becomes entrapped in the growing structure, becoming thus
immobilized. This method is highly dependant on the materials and condi-
tions used, with sol-gel materials being found to increase the stability and
activity of the immobilized enzymes [58]. The produced enzyme-activated
monoliths present frequently interconnected micropores, which can limit
the transport to only small-sized substrate molecules. One main problem of
the method is that typical sol-gel reactions often produce disordered struc-
tures, thus reducing the reactions that can be used [57]. Also, some degree
of ionic interaction seems to be important to maintain a high enzymatic ac-
tivity after entrapment [57, S59].

One other alternative for enzyme entrapment can be found using mesopor-
ous materials. In this case the materials are readily available and do not
need to be synthesized or prepared. The entrapment is achieved by allowing
the solubilized enzyme to diffuse into the pores of the support, thus becom-
ing entrapped. Since the pores are generally in the same order of magnitude
as the target enzymes (10-300 A), the entrapment process is carried in the
presence of swelling agents that allow a better transport of the enzymes into
the mesoporous structure. After entrapment, in the absence of the swelling
agents, the enzymes become effectively immobilized [S9].

One further method consists in the entrapment of the enzymes on a mem-
brane surface by ultrafiltration. In this method, an enzyme solution is fil-
tered in back-flush mode through a hydrophilic membrane, thus being re-
tained in the more open spongy region on the inside of the membrane (fig-
ure 2.9). This method has been proposed for lipase immobilization using
hydrophilic materials, on which the lipases are active. The concept is highly
dependant on a membrane structure that must be open enough on the feed
side to allow the passage of enzyme molecules but then must possess small
enough pores in the inner structure, so that the enzymes can be retained
[60, 61].

Gels are also a commonly used material for enzymatic entrapment. The en-
zyme is immobilized in the lattice-like structure of the gel, thus preventing
enzyme leaching while allowing free movement of substrate and product.
The immobilization can be achieved by mixing the enzyme with the desired
polymer and then achieve the entrapment by cross-linking or temperature-
induced gelation. Also photo polymerization of acrylic monomers can be
used. Entrapment in alginate gels can be achieved by mixing the enzyme
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with alginate solutions and adding divalent cations, such as calcium, thus
causing the gelation and entrapping the enzyme molecules [38]. Gels have
the advantage of acting as a good barrier that can prevent interaction be-
tween enzymes and harmful media or that can increase the biological com-
patibility of the enzymatic support [4].

Enzymes

W

Open

LR

Figure 2.9 — Enzyme entrapment in a membrane by ultrafiltration. The membranes are re-
tained in the more open and spongy top surface layer and cannot permeate through the denser
ultrafiltration matrix.

Denser
layer

Enzyme encapsulation does not depend on a static support structure. By
this method, the enzymes are protected from the surrounding environment
by a thin semi-permeable layer that permits the transport of smaller mole-
cules but not larger molecules such as proteins (figure 2.10). The enzymes
are in effect as mobile in the reactive medium as the capsules that encom-
pass them.

Enzyme encapsulation follows a similar path to that of enzyme entrapment.
The difference is placed mainly in changing the support from an intercon-
nected lattice-like mesh to spherical carriers. Gels are therefore a commonly
used material for enzyme encapsulation, particularly alginate gels. The
main difference with enzyme entrapment lies on the process which pro-
duces enzyme-containing capsules instead of a matrix. The gelation takes
place in presence of the dissolved enzyme and of a thickening agent, neces-
sary to maintain the spherical shape of the capsules, during agitation to
promote the mass transfer and control the capsule size. In order to avoid
enzyme leakage or to harden the capsules, a cross-linking step of the cap-
sule surface may be added after the encapsulation process. The capsules
can then be used either in batch mode or in a packed bed column [62, 63].
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Figure 2.10 - Enzyme immobilization by encapsulation. The enzymes have full mobility inside

the capsule but cannot diffuse through the semi-permeable membrane, permeable only for
smaller components.

Other methods have been reported for enzyme encapsulation, by creating
polymer multilayers around enzyme crystals. In this method, enzyme crys-
tals are used as templates for the deposition of consecutive layers of cati-
onic and anionic polymers thus covering the enzyme. When in contact with
an adequate medium, the crystal solubilizes and becomes encapsulated in-
side the polymer layers [64].

Some other situations have been described, in which the enzyme can be
immobilized into a support covalently [65] or by adsorption [58], with the

conjugate enzyme-support being afterwards encapsulated for the applica-
tions.

2.1.3 Immobilization via cross-linking

This method provides the only support-free method for enzymatic immobili-
zation. This technique is based on joining several enzyme molecules into
three dimensional aggregates (figure 2.11) by means of covalent binding be-
tween active groups within the enzymes using bi- or multifunctional re-
agents such as glutaraldehyde or toluene diisocyanate [4]. Although this
technique offers an easy path to produce insoluble cross-linked enzymes
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with catalytic activity, the lack of a solid support causes the gelatinous ag-
gregates to show low mechanical stability and to be difficult to handle. Also
the reproducibility is difficult to achieve and the retained enzymatic activity
rather low [39].
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Figure 2.11 - Enzyme immobilization by cross-linking. Each enzyme stabilizes the ones it is
bound to, creating a more stable group than the individual enzymes.

Two types of enzymatic cross-linking should be distinguished: cross-linked
enzyme crystals (CLEC’s) and cross-linked enzyme aggregates (CLEA’s).
CLEC’s are formed by directly cross-linking enzyme crystals, thus providing
additional stability. CLEC’s usually present improved resistance to denatu-
ration by heat, organic solvents and proteolysis than CLEA’s. CLEC’s are
also easy to control in terms of particle size and are easy to recycle, thus
rendering them suitable for industrial biotransformations [39]. The main
problem arising from the use of CLEC’s is the need to crystallize the en-
zyme, which can be a laborious and time-consuming step. In order to solve
this problem, CLEA’s could be developed. These aggregates are produced by
inducing the precipitation of the enzymes and then cross-linking the result-
ing aggregates with the process taking place essentially in one step. This
method is designed to render the enzyme aggregates insoluble while pre-
serving the main structure and thus the activity. The main difficulty during
the preparation of CLEA’s resides in the activity retained by the enzyme af-
ter cross-linking, which means that most of the research has been directed
to deal with this issue. Work has been developed to improve activity by
means of a better understanding of the aggregate structure [66], by using
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different cross-linkers [67], by combining enzymes in so-called combi-
CLEA’s in which a heterogeneous population of enzymes is cross-linked,
thus better preserving the activity [68] or by slightly altering the precipita-
tion/cross-linking process [69]. Since in CLEA’s, like with every other en-
zyme immobilization method, no obvious rule can be used to predict the
success of an immobilization reaction, much literature has been published
on the application of the cross-linking process to different enzymes [70-72].

In the case of cross-linked enzyme crystals (CLEC’s), the focus rests on a
first step of enzyme crystallization, followed by the cross-linking reaction.
The resulting CLEC’s present a solid microporous structure, with uniform
solvent-filled channels of 15-100 A over the entire crystals. The crystalliza-
tion process can take place by varying pH, temperature or protein and pre-
cipitant concentration. The step must be optimized for each enzyme, with
the focus on the reproducibility of crystal size and purity. Cross-linking of
the formed crystals can be achieved by bi- or multi-functional reagents,
with glutaraldehyde as the typical choice. This step has to be closely con-
trolled in order to avoid aggregation, precipitation or loss of activity due to
excessive cross-linking [73]. Due to the improved structure and stability,
CLEC’s can withstand the shear forces associated with stirred tanks, cross-
flow microfilters and pumps. Being heterogeneous catalysts, CLEC’s can be
isolated, recycled and reused several times [74]. Typically, CLEC’s are ther-
mally stable though with lower activities than the respective soluble en-
zymes [75, 76] and with a reduced activity in organic solvents. The range of
applications for CLEC’s can be found in synthetic chemistry, biosensor
technology and biomedical applications [74].

2.2 CARRIER TYPES

As seen above, enzyme immobilization tends to take place using solid carri-
ers as support. With the exception of cross-linking, all immobilization tech-
niques previously described demand the existence of a surface on which the
enzyme can interact or that provides a physical barrier to the free move-
ment of the enzyme molecules. When selecting the carrier materials, some
properties should be taken into consideration, either to influence the immo-
bilization process by the presence of specific functional groups or the way
the enzyme interacts with the carrier, in order to maximize its stability and
activity. Therefore, some main properties should be taken into consideration
[2]:
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¢ Functionality — the presence and density, as well as the nature of
functional groups influences decisively post-immobilization activity
yields, stability and operational stability.

e High surface area and porosity — the carrier should have as high a
surface area as possible, with high accessibility to the functional
sites provided by large pores to allow enzyme diffusion into the sup-
port.

e Hydrophilicity and hydrophobicity — enzymes behave differently in
the presence of materials of different natures. The nature of the ma-
terial can cause an enhanced stability or superactivation of the im-
mobilized enzyme.

e Insolubility — the carrier should be insoluble to avoid the loss of en-
zyme and to protect the enzyme molecules from contact with unde-
sirable contaminants.

e Mechanical stability — supports should be stable enough to with-
stand shear forces that may be used in the chemical processes.

As mentioned, all materials present both advantages and disadvantages
relatively to the necessary characteristics for a carrier suited to enzyme im-
mobilization. Organic carriers are cheaper and provide wider variety of func-
tionalities, but are less resistant to the medium. Inorganic carriers provide
higher resistances, but less flexibility in terms of process. One other impor-
tant factor are the mass transfer limitations often present in these proc-
esses. A fine balance between immobilization capacity and mass transfer
limitations has to be taken into account. Supports with higher surface ar-
eas, such as porous particles, often present smaller pores and cause the
process to be diffusively controlled for both the immobilization and enzy-
matic conversion steps, thus reducing the overall process speed. Materials
which present a more open structure, like in the case of membranes, often
have better mass transfer properties, with a more convectively controlled
process, but usually present lower immobilization capacities. A possible so-
lution is to fuse both support categories together to obtain the advantages
inherent to both. In this case, a more open and permeable structure, such
as a macroporous membrane, could be used in combination with micropor-
ous structures, such as particles, in a single material, which is named a
mixed matrix material (MMM). This objective can be achieved by embedding
functional particles in macroporous membranes, in which the membrane
provides the structure which controls the hydrodynamics and the particles
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the active sites for enzyme immobilization, thus causing a balance between
the reduced diffusively controlled immobilization process and the convec-
tively controlled mass flow through the membrane. This approach is ex-
plored in this thesis. An introduction about mixed matrix membranes is
given below.

2.3 MIXED MATRIX MEMBRANES

Mixed matrix membranes (MMM) have initially been produced in dense
polymeric films for the purpose of gas transport facilitation through the
membrane. The embedding of hydrophobic zeolites in rubber polymers
proved to improve alcohol permeability and selectivity in pervaporation
processes in the presence of water [77]. Also for the pervaporation of alco-
hol/water mixtures MMM have been used to improve the separation of wa-
ter, using hydrophilic zeolites [78, 79]. Similarly, MMM have been developed
for gas separation processes in which different types of polymers and rigid
filler materials were used. In this case the selectivity is achieved as a com-
bination of the permeation rates of the desired gas through the polymer ma-
terial and through the filler material. Initially, molecular sieves have been
incorporated by dispersing zeolites in rubber polymers [80]. Also the disper-
sion of zeolites in glassy polymers has been studied [81-84]. More recently,
carbon nanotubes have been used as dispersed material in the production
of MMM for gas separation [85].

In recent years, however, studies have appeared with these materials in ul-
tra- and microfiltration, both in flat-sheet form and as porous hollow fibers
began to be used as a laboratory technique to isolate and concentrate spe-
cific solutes prior to chromatography processes [86, 87]. The incorporation
of particles with specific functionalities into a porous membrane permits the
formation of an adsorptive matrix which can be used for protein or peptide
retention from multi-component mixtures [88-90]. Alternatives to conven-
tional stationary chromatographic media have been prepared by incorporat-
ing of active carbon particles [91] and ion-exchange resins [92] to produce
membrane adsorbers with enhanced separation efficiency.

Generally speaking, mixed matrix membranes used for biological separa-
tions are materials in which small functional particles are embedded in a
polymeric matrix. Mixed matrix membranes present a balance between
characteristics intrinsic to membranes and characteristics typical for chro-
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matography in packed bed particles. MMM are characterized by high fluxes
with low pressure drop, with a predominant convection-type of transport.
The particles embedded in the porous matrix provide the active sites with
the desired functionality and permit to obtain high capacities typical of
chromatographic columns. MMM materials combine the high selectivity of
the filler materials with the low costs, manufacturing ease and flow behav-
ior of membranes [93]. By combining the two techniques, high permeabili-
ties and selectivities can be achieved in membrane separation processes.

Mixed matrix membranes are prepared in an analogous manner to that of
normal membranes. A solution containing the desired polymer, the sol-
vent(s) and additive(s) is prepared and homogenized. Afterwards, the desired
functional particles, preferably in sizes below 50 pm, are dispersed in the
polymer solution using strong agitation. The dispersion can then be cast
into a flat-sheet or spun into a fiber by using a dry-wet phase inversion
process. The flexibility in preparing different geometries tailored for specific
applications is a great advantage of the MMM platform technology. An im-
portant factor for the MMM performance is the particle loading. The particle
loading controls not only the capacity, but it also greatly influences the
membrane forming process and the resulting structure. A main concern
when producing MMM is to guarantee that the polymer, solvents and addi-
tives are compatible with the particles, so that the functionality will not be
lost in the embedding process.

2.4 CONCLUSIONS

More and more applications are using immobilized enzymes, as a means to
reduce waste, energy consumption and costs and to increase enzyme stabil-
ity in more aggressive reactive media. The increasing amount of processes
using immobilized enzymes indicates that this technique will have the ten-
dency to become the approach of choice in enzyme-based reactions in the
future.

Most problems in enzyme immobilization are related to choosing the ideal
immobilization approach and to mass-transfer limitations during process-
ing. There is still no rule of thumb for selecting the best type of immobiliza-
tion technique that guarantees the highest activity, being still necessary an
approach of trial and error to determine the best option. In terms of support
types, particles with different functionalities or membranes have been the
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main materials of choice. Particles combine a wider possibility of functional-
ities with higher enzyme loadings but suffer from mass transfer limitations,
are restricted in terms of operational conditions, especially in terms of ap-
plied pressure. These problems also limit the choice of geometries to be
used for a reactor. Membranes present better mass transfer performances
and present a much higher flexibility in terms of possible geometries. Still,
the availability of different functionalities is much lower and the capacities
are much reduced.

An approach to overcome these problems is the integration of both tech-
niques by using mixed matrix materials, where different particles with dif-
ferent functionalities are embedded in macroporous membranes to make
use of the mass transfer advantages of the porous media and to permit a
wider variety of geometries. Despite some work with catalyst particles in mi-
croporous membranes to produce catalytic active membranes for nitrate
reduction in water [94], most work so far in the field of Mixed Matrix Mem-
branes has been directed to protein recovery [95], separation [96] and con-
centration [97] and to toxin removal [98]. This thesis proved the promising
approach by embedding different particulate materials used in enzymatic
processes, with different functionalities in macroporous membranes, The
result is a robust and easily scalable concept that combines well controlled
enzymatic conversions with high enzymatic activities.
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3

Novel membranes for enzymatic conversion

ABSTRACT

Particle-loaded mixed matrix membranes (MMM'’s) for enzymatic conver-
sions have been prepared by covalently binding trypsin molecules on Eu-
pergit® particles embedded in a macroporous EVAL matrix. The MMM'’s per-
formance was studied to determine the dynamic trypsin immobilization ca-
pacity and the dynamic trypsin enzymatic activity after immobilization.
Modification with ethylenediamine and activation with glutaraldehyde in-
creases the enzymatic activity of the Eupergit® particles. The MMM’s con-
taining modified Eupergit® particles show an increased immobilization ca-
pacity and a more than nine fold increase in enzymatic activity. A compari-
son between membrane-embedded modified Eupergit® particles and modi-
fied Eupergit® in a packed bed showed an overall better performance of the
membrane based system. The highest enzymatic conversion rates were ob-
tained with milled Eupergit® C particles that were chemically modified and
embedded in a macro-porous membrane structure.
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3.1 INTRODUCTION

Enzymes have been used in pharmaceutical and chemical industries for
decades. In recent years, the demands for more selective and enantiomeri-
cally pure chemicals for pharmaceutical and biochemical applications are
increasing. Biotransformations tend to be simpler than normal chemical
processes, eliminating the need for many other chemicals and reducing the
amount of waste involved in the reactions [1].

Due to the rapid growth of this area, the need for more economical enzyme
use is desired. Therefore, enzyme immobilization in solid supports has been
widely spread in biotechnology. With this technique it is possible to reuse
enzymes, an option which is unavailable when enzymes are applied in the
free form. Besides this, immobilization also prolongs enzyme lifetime due to
increased stability, which permits the use of the enzyme in a larger array of
conditions [2].

Several enzyme immobilization techniques have been applied, such as
crosslinking, adsorption, adsorption with subsequent crosslinking, covalent
binding, entrapment or enzyme crystallization [3]. Two types of solid sup-
port have been mainly used for enzyme immobilization: particles and mem-
branes. Particles provide high capacities and selectivities and can be se-
lected according to the chromatographic application [4]. Membranes provide
higher dynamic capacities and are less susceptible to bed compression [5]
being easily scaled-up [6].

In recent years, a synergistic match between the two approaches was re-
ported [4, 7-9] for protein isolation and concentration based on electrostatic
interaction. This platform technique, named mixed matrix membrane, con-
sists out of a macro-porous polymeric structure in which functionalized
particles are embedded in order to selectively isolate or concentrate pro-
teins. The platform is also used for enzyme purification and concentration,
maintaining the enzymatic activity after desorption [9].

In this study, a new approach for enzyme immobilization is introduced. Two
types of Eupergit® beads, Eupergit® C (average pore size of 10 nm) and Eu-
pergit® C250L (average pore size of 100 nm), both containing oxirane func-
tional groups and widely used in enzyme immobilization [3], were embedded
in a macro-porous membrane where the enzymes are afterwards covalently
bound. A summary with the Eupergit® particles’ characteristics can be
found in table 3.1. The influence of the embedding process on the beads
oxirane density was studied, as well as the morphology of the fabricated
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membranes. Trypsin, chosen as the model enzyme in the immobilization
studies, was dynamically immobilized via covalent binding on embedded
Eupergit® particles. The activity of the immobilized trypsin was measured by
the L-Benzoyl-Arginine-Ethyl-Ester (BAEE) conversion. The Eupergit® parti-
cles were chemically modified to improve the immobilization and conversion
processes.

Table 3.1 - Eupergit® characteristics as supplied by the producer.

Type of Eupergit® Oxirane density = Average pore size Particle size

particle (pmol/g) (wt. %) (nm) (pm)
Eupergit® C250L 331 0.53 100 100-250
Eupergit® C 802 1.28 10 100-250
3.2 EXPERIMENTAL

3.2.1 Materials

EVAL (a random copolymer of ethylene and vinyl alcohol) with an average
ethylene content of 44 mol% was purchased from Aldrich and used without
further modification. Hydrochloric acid (Merck) and sodium thiosulfate
(Merck) were used in the Eupergit® characterization. Dimethylsulfoxide
(DMSO, Merck) was employed as solvent and 1-Octanol (Fluka) as non-
solvent additive. Water was used as non-solvent in the coagulation bath.
Ethylenediamine (Acros) and glutaraldehyde (Acros) were used in the
chemical modification of the particles. Ethanol was used for washing the
Eupergit® particles after the chemical modification. Potassium phosphate
(mono- and dibasic, Acros) and Tris-HCI (Sigma) were used for preparing
buffer solutions. Trypsin from porcine pancreas (Sigma) with an activity of
1500 BAEE units/mg was used as enzyme and L-Benzoyl-Arginine-Ethyl-
Ester (BAEE, Sigma) as substrate. Calcium chloride (Acros) was added to
the enzyme solutions to prevent trypsin self-digestion. Eupergit® C and Eu-
pergit® C250L beads were kindly provided by Degussa (Germany). Ultrapure
water was prepared using a Millipore purification unit Milli-Q plus.
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3.2.2 Particle modification

Prior to embedding, in order to improve the active area, provide a better
embedding and reduce the diffusive path, the Eupergit® particles were
grinded and fractionated to 20-40 pm size class. A Fritsch analysette
shaker with 20 and 40 pm sieves stacked was used. Glass beads were
added during sieving to provide impact. In order to improve the immobiliza-
tion and conversion processes, chemical modification of the Eupergit® parti-
cles was carried out as described by Petro et al [10]. To protect the chemi-
cally active groups, the beads were modified by reacting with ethylenedia-
mine at 80 °C for 72 hours in order to change the oxirane functionality into
more stable amine groups. After the reaction was terminated, the beads
were washed consecutively with abundant ethanol, water and 0.1 M phos-
phate buffer pH 6.9 while stirring gently. Each washing solution was then
removed by using a Buchner funnel. The modified beads were activated as
depicted in figure 3.1 by using a 10% solution of glutaraldehyde in phos-
phate buffer pH 6.9 at 30 °C for 3 hours. Finally, prior to use, the beads
were washed with abundant water, acetone and dried under vacuum at
room temperature for one week.

H,N CH CH
Q 2 \/\ OH NH 7 \/\/ AN ﬂé OH NH
=3 NH, B o] (o)<
3 % 5 \/\NH 28 [ \/\N
] o 2 mj O=CH

Figure 3.1 - Schematic representation of the chemical modification of Eupergit®. The oxirane
group of the Eupergit® particles reacts with ethylenediamine, followed by an activation step
using glutaraldehyde.

3.2.3 Eupergit® characterization

Oxirane density

The particle oxirane density was determined by the method as described by
Sundberg and Porath [11] according to the scheme shown in figure 3.2.

The thiosulfate ions present in the solution open the oxirane ring thus pro-
ducing hydroxyl ions in a 1:1 proportion. The amount of produced OH- was
determined by a back titration with hydrochloric acid. For this, 300 mg (600
mg for mixed matrix membranes) of particles were suspended under gentle
swirling in deionized water and the pH was adjusted to 7.0. 15 ml of a
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Na,S>03 1.3 M solution was added and the suspension was shaken for two
hours in order to allow the reaction to complete. The OH- ions were then
back titrated with a 0.01 M HCI solution to determine the oxirane density.

o HO
\

I
CH—CH, + 2Na* + S,0,2 + H,0 —» CH—CH;S,0, + 2Na* + OH-

Eupergit
Eupergit

Figure 3.2 — Schematic representation of the reaction of Na2S203(aq) with Eupergit® particles
to determine oxirane density.

Solvent influence

To assess the influence of the membrane preparation process in oxirane
density, Eupergit® particles were dispersed in DMSO, 1l-octanol and water
and stirred overnight at 45 °C. Afterwards, the particles were washed with
abundant cold water, ethanol and acetone and dried under vacuum for one
week before determining the oxirane density. Parallel control tests proved
that cold water, ethanol and acetone had no influence in oxirane density.

3.2.4 Mixed matrix membranes

The membranes were prepared according to the method as published by
Avramescu et al [4] using EVAL as the polymeric matrix. A dope solution
was prepared by dissolving overnight at 45 °C 10 wt% EVAL, in a solution
containing 1 part 1-Octanol and 8 parts DMSO. After the solution was ho-
mogenized, milled Eupergit® particles, either modified or unmodified, with
en equivalent weight to EVAL, were added. The mixture was left under
strong stirring for over 24 hours to break down any particle clusters. The
solution was cast at room temperature on a glass plate using a 0.47 mm
casting knife. The glass plate with the polymer solution was then immersed
in a water bath at 40-45 °C to promote polymer precipitation. The formed
membrane was then washed continuously with water for over 72 hours to
remove all 1-octanol traces. Finally, the membrane was air dried and cut
into disks of 2.5 cm in diameter.
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SEM characterization

The membrane morphology was investigated by scanning electron micros-
copy (SEM). To expose cross-section areas, fresh wetted membrane pieces
were frozen in liquid nitrogen and fractured. After drying, the samples were
gold coated using a Balzers Union SCD 040 coater and examined using a
Jeol JSM-5600 LV Scanning Electron Microscope.

Clean water fluxes

The membrane clean water flux was determined using a nitrogen pressur-
ized stirred dead-end ultrafiltration cell. The filtration experiments were car-
ried out at room temperature with a transmembrane pressure of 0.5 bar.
The pure water flux was determined after steady state condition was ob-
tained.

3.2.5 Trypsin immobilization
Static immobilization

Trypsin was dissolved in a 0.02 M solution of CaCl, in Tris-HCI buffer, pH
7.0 to a concentration of 1 mg/mL. CaCl, was added to minimize trypsin
self-digestion by the action of the Ca?* ions in solution [12, 13]. 500 mg of
particles were suspended in a 20 mL trypsin solution and kept for 72 hours
at 4 °C and shaken occasionally. The immobilized amount was determined
by measuring the trypsin depletion in the supernatant solution through
monitoring the UV absorbance at A=280 nm using a Cary 300 Varian pho-
tospectrometer.

1004 m | |
]
90 [ ] ;
s
L 804
S L
£ 70 *
8
g 60 -
o 50
©
s 40
£
5 30
R 204
10
04
T T T T T T T
0 1 2 3 4 5 6

time (days)

Figure 3.3 — Decrease in trypsin concentration over time at 4 °C in presence of CaCl,.
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Due to a tendency from trypsin to self-digestion, trypsin stability over time
was assessed. Solutions of trypsin were prepared to which no Eupergit® was
added. The remaining trypsin concentration in the solution was periodically
evaluated by UV monitoring after filtering using 0.45 pm Spartan filter
units from Schleicher&Schuell. The trypsin concentration decline can be
seen in figure 3.3.

Dynamic immobilization

Five MMM disks were stacked in a stainless steel flow cell. The membranes
were initially equilibrated by continuously permeating the CaCl,-containing
Tris-HCI buffer under UV absorbance (A=280 nm) and conductivity monitor-
ing using an Akta Prime liquid chromatography system. After equilibration
was achieved, a trypsin solution of 1 mg/mL in the same buffer was eluted
at 0.1 mL/min, equivalent to a residence time of 6.5 minutes, through the
stack. The UV signal monitored the trypsin depletion from the system. At
the end of the immobilization step, the process was terminated by eluting
buffer through the stack in order to remove all unbound trypsin. The
amount of trypsin immobilized onto the membrane was measured continu-
ously and calculated according to the following equation:

=3 3.1)
(1 - C%?o )X Cox V' (3.2)

w

i:

in which I is the total amount of immobilized trypsin in the membrane
(mg/g), iis the fraction of trypsin immobilized in the membrane (mg/g), C’
the fractional concentration in the permeate side (mg/mL), Co is the initial
concentration (mg/mL), V’ is the fraction volume (mL) and W is the dry
weight of membrane (g).

Activity measurements

The free trypsin activity in aqueous solutions is determined in the cuvette of
an UV spectrometer using the standard method [14] at 25 °C with BAEE as
substrate [15].
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The activity of immobilized trypsin was determined by modifying the stan-
dard method, by flowing at 20 °C BAEE solution at different flow rates
through the MMM stack containing immobilized trypsin [10, 16-18]. The
permeate UV absorbance (A=254 nm) was monitored to determine the sub-
strate conversion. The flow rate was changed and the absorbance under
steady-state was measured. The absorbance is then plotted against the dif-
ferent residence times as illustrated in figure 3.4.
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Figure 3.4 - Schematic representation of the activity calculation procedure. t1 — 1s represent
the different residence times. Zone 1 denotes the enzyme-limiting conversion area and zone 2
denotes the BAEE-limiting conversion area.

The activity of the immobilized trypsin was determined as the slope of the
linear increase (zone 1) of the UV signal at 254 nm at different residence
times [16] and related to the dry weight of membrane using the following

expression:

AT (3.3)
Act=— /4t

LUSYiiYs

where Act denotes the activity (U/g), 4A25¢/Ar (mAU /min) is the slope of the
linear increase of absorbance and muuum is the dry mass of MMM used in the

experiment (g).
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3.3 RESULTS AND DISCUSSION

3.3.1 Oxirane stability in Eupergit® particles

The influence of the different process steps in the MMM preparation on the
particles oxirane density was studied. Table 3.2 shows that particle milling
does not affect the oxirane density in neither of the particles used. The
overall change in oxirane density before and after particle milling in both
Eupergit® C and Eupergit® C250L is less than 2%. The results clearly show
that the milling process can be safely used for preparing smaller sized par-
ticles for embedding in a macroporous structure. Table 3.3 shows the sta-
bility in oxirane density as function of the contacting solvents that are ap-
plied in the MMM preparation process.

Table 3.2 — Influence of milling on the oxirane density of Eupergit®

Eupergit® C250L Oxirane density (pnmol/g) Oxirane loss (%)
Normal size (200pm) 331 -

20-40 pm fraction size 325 1.8
Eupergit® C Oxirane density (nmol/g) Oxirane loss (%)
Normal size (200pm) 802 -

20-40 pm fraction size 810 -

Table 3.3a — Influence of different solvents on the oxirane density of Eupergit® C250L

Eupergit® C250L Oxirane density (pnmol/g) Oxirane loss (%)
DMSO 297 10.3
1-Octanol 264 20.2
Water 199 39.9
Mixed matrix membrane 114 65.6
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Table 3.3b — Influence of different solvents on the oxirane density of Eupergit® C

Eupergit® C Oxirane density (pnmol/g) Oxirane loss (%)
DMSO 742 7.5
1-Octanol 726 9.5
Water 505 37.0
Mixed matrix membrane 468 41.6

The largest oxirane density decrease can be attributed to the hydrolisation
of the functional groups by water. It was found that the oxirane groups of
Eupergit® C particles are less affected by the applied solvents. This may be
resultant from the smaller pore size and the higher initial oxirane density of
Eupergit® C.

3.3.2 Mixed matrix membrane characterization

| =2 = "

Figure 3.5 — SEM micrographs of Mixed matrix membranes. A and B: membrane MLso. C and
D: Membrane MCso. Images A and C, magnification of 1000x, the size bar indicates 10 pm.
Images B and D, magnification of 5000x, the size bar indicates 5 pm.
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Mixed matrix membranes were prepared using both available types of Eu-
pergit® particles: Eupergit® C250L (MLso) and Eupergit® C (MCso). The pre-
pared membranes were characterized in terms of morphology, geometric
dimensions and clean water flux. The morphology is visualized by Scanning
Electron Micrography.

The SEM images of the membranes (figure 3.5) show a highly intercon-
nected structure that allows enzyme and substrate molecules easy access to
the active groups located on the embedded particles in the matrix. Both
membranes show a high permeability with clean-water fluxes of about 600
L/(m?2.h.bar).

3.3.3 Static measurements

Before immobilization, trypsin activities were evaluated in static mode in a
cuvette using the standard method. The measured activities confirmed the
value given by the supplier.

Eupergit® particles

Trypsin was immobilized on original sized particles as well as on milled par-
ticles with a size of 20-40 pm. The amount of immobilized trypsin was de-
termined by measuring the trypsin depletion from the supernatant and the
obtained results were normalized for the trypsin self-digestion. The results
are summarized in table 3.4.

Table 3.4 — Immobilization capacity and enzymatic activity of milled and unmilled Eupergit®

Ty f Particl Immobilized trypsin Activity
pe of Particle

(mg/ gary particle) (U/ gary particle)
Eupergit® C250L (100-250 pm) 9.3 174
Eupergit® C250L (20-40 pm) 11.3 286
Eupergit® C (100-250 pm) 13.0 297
Eupergit® C (20-40 pm) 13.1 407
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Milling of Eupergit® C250L particles slightly increases the trypsin immobili-
zation. The amount of trypsin immobilized in Eupergit® C is higher than in
the case of Eupergit® C250L, but does not change significantly by milling.
This means that trypsin has access to the binding sites located in the pores
of Eupergit® particles. A much stronger milling effect can be seen by meas-
uring the static activities. The activity is increased by over 60% in the case
of Eupergit® C250L and by almost 40% in Eupergit® C particles. The higher
increase in enzymatic activity on Eupergit® C250L over Eupergit® C parti-
cles can be explained by each particle type characteristics. Eupergit®
C250L, with a lower density of functional groups and larger pores (100 nm),
allows for a higher enzyme immobilization on the inside of the pore struc-
ture, meaning a more diffusive controlled process and reduced accessibility
to the substrate by the immobilized trypsin.

In the case of milled particles, more functional groups are exposed, which
increases the immobilized enzymes accessibility to the substrate medium.
In the case of Eupergit® C, the pore size (10 nm) reduces the enzyme mobil-
ity after immobilization, as exemplified in figure 3.6, which means that con-
version will take place preferably at the outer particle surface. After milling,
the higher surface area increases the access to the active sites, thereby in-
creasing enzymatic activity. Results for both types of particles indicate that
substrate is converted mainly on the outer surface and that the internal
area of the particles is not effectively contributing to the enzymatic activity.

O Immobilized trypsin o Substrate molecule

Eupergit® C250L Eupergit® C

Figure 3.6 - Accessibility to immobilized trypsin inside Eupergit® pores.
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3.3.4 Dynamic measurements
Dynamic immobilization

Trypsin was immobilized by permeating a solution containing 1 mg tryp-
sin/mL at a flow rate of 0.1 mL/min, equivalent to a residence time of 6.5
minutes, through the membrane stack. The immobilization dynamics are
presented in figure 3.7. All experiments were repeated a minimum of three
times.

As can be seen in table 3.5, both membranes show a similar enzyme load-
ing capacity. Trypsin immobilization in MLso is faster than in MCso. This is
likely due to the fact that in the case of Eupergit® C, particles with a higher
density of oxirane groups, trypsin tends to have a higher immobilization on
the external surface of the particles, thus partly blocking access to the pore
structure. Furthermore, the high oxirane density can cause bound trypsin
on the surface to rearrange the orientation, due to steric hindrance, thus
reducing immobilization speed. In the case of embedded Eupergit® C250L
particles, this effect is less pronounced, due to the much larger pore sizes
which present no significant hindrance to the enzyme diffusion into the in-
ternal particle structure.
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Figure 3.7 — Dynamic immobilization of trypsin in the prepared membranes.

Table 3.5 — Total amount of immobilized trypsin in membranes with unmodified Eupergit®

Membrane Immobilized trypsin
(mg/ gmembrane)

MLso 17.8+ 1.5

MCso 16.6 £ 1.3
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For both types of particles, the embedding process causes a significant in-
crease in immobilization capacity. The differences are explained by the im-
mobilization methods followed in each case. In static immobilization, tryp-
sin molecules need to diffuse into a particle bed and attach to the surface in
a diffusion-controlled process. In dynamic immobilization, there is a clear
intrusion into the particles due to convection, which improves the immobili-
zation process.

Dynamic activities

The dynamic activity of the prepared MMM'’s was evaluated by flowing BAEE
in Tris-HCIl buffer pH 7.6 at different flow rates ranging from 0.1 to 5
mL/min. The permeate UV absorbance was monitored to evaluate the en-
zymatic activities. The results are presented on table 3.6.

Table 3.6 — Enzymatic activity of membranes containing unmodified Eupergit®

Membrane Activity (U/gmembrane)
MLso 103 +2.4
MCso 224 +23.2

The enzymatic activity of the Eupergit® C-containing membranes proved to
be higher than the Eupergit® C250L-containing MMM’s. This can be attrib-
uted to the fact that trypsin binds preferably on the external surface in the
case of Eupergit® C more than on Eupergit® C250L particles. These factors
cause Eupergit® C to present a more convective-controlled mechanism. In
case of Eupergit® C250L, trypsin is also strongly immobilized on the inner
surface, with large enough pores to allow a strong contribution of these en-
zyme molecules to the overall activity. This leads to a partially diffusive-
controlled mechanism, thus reducing the conversion rate.

3.3.5 MMM's containing chemically modified Eupergit®
Dynamic immobilization

The chemically modified Eupergit® C and Eupergit® C250L particles (chemi-
cal reaction depicted in figure 3.1) were milled and fractioned to obtain a
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size class of 20-40 pm and embedded in EVALss macroporous membranes.
The membranes showed similar structures and the same clean-water fluxes
of 600 1/(m2.h.bar) as the ones containing milled unmodified particles. The
trypsin immobilization results are presented in figure 3.8 and table 3.7.

Membranes containing chemically modified Eupergit® C particles showed a
much higher immobilization capacity for trypsin than the ones containing
chemically modified Eupergit® C250L. The reason is probably related to the
higher density of active functional groups at the outer surface of the Euper-
git® C particles and the fact that the added aldehyde functionality is less
prone to be lost during the embedding process. The increase in immobiliza-
tion capacity between membranes containing unmodified Eupergit® C and
membranes containing modified particles supports this possibility. Also, the
addition of a spacer allows a better organization of the immobilized trypsin
due to a lower steric hindrance between the molecules, which results in a
higher immobilization per surface area.

MCm,,

Immobilized trypsin (mg"ypsi"/gmembra"e)

0 2 4 6 8 10 12 14 16 18
Veluted (ml)

Figure 3.8 — Dynamic immobilization of trypsin in the prepared membranes.

Table 3.7 — Total amount of immobilized trypsin in membranes containing chemically modified
Eupergit®

Membrane Immobilized trypsin
(Mg/ gmembrane)

MLmso 15.4 + 0.03

MCmso 245+£29
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A representation of this effect can be seen in figure 3.9. The increase in ac-
tive functional groups on the outer surface of the Eupergit® C250L particles
after chemical modification explains the slightly lower (17.8 vs. 15.4
mg/ gmembrane) trypsin immobilization due to pore blocking.

Trypsin Trypsin

molecule rrylecule
Eupergit Spacer arm Eupergit
surface surface

Figure 3.9 — Increase in immobilization due to spacer addition.

Dynamic activities

The membranes containing chemically modified Eupergit® particles were
also tested in terms of enzymatic activity with the results presented in table
3.7.

Table 3.8 — Enzymatic activity of membranes containing modified Eupergit®

Membrane Activity (U/gmembrane)

MLmso 325+ 1.4
MCmso 1835 + 58.6

Both membranes show a strong increase in enzymatic activity compared to
membranes containing chemically unmodified particles. Membranes con-
taining modified Eupergit® C250L show a three-fold increase in activity,
whereas membranes containing modified Eupergit® C improve nine times
their activity. Noting that in the case of MCmso, the increase in activity is
much higher than the increase in trypsin immobilization, the activity im-
provement is contributed to the spacer arm, which reduces steric hindrance
effects between the immobilized enzyme molecules, while provides better
accessibility to the substrate. In the case of MLmso, the same effect is also
visible, although less pronounced due to a lower density of functional
groups on the particle surface, which causes an increase in the distance
between adjacent immobilized enzyme molecules, thus reducing the advan-
tage provided by the spacer arm.
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Figure 3.10 — Enzymatic activity of trypsin immobilized on Eupergit® C250L and Eupergit® C
particles in different situations. Activities related to weight of dry particles. For MMM’s, the
activities were recalculated for the particle loading of 50% (w/w). The results represent the

median value of at least three experiments.

Legend:

EL200free — Unmodified Eupergit® C250L particles (200 pm) in suspension
EL40free — Unmodified Eupergit® C250L particles (20-40 pm in suspension
EL200col - Unmodified Eupergit® C250L particles (200 pm) in a packed bed column
ECm200col - Modified Eupergit® C250L particles (200 pm) in a packed bed column
ML50 - MMM containing unmodified Eupergit® C250L particles (20-40 pm)
MLm50 - MMM containing modified Eupergit® C250L particles (20-40 pm)
EC200free — Unmodified Eupergit® C particles (200 pm) in suspension

EC40free — Unmodified Eupergit® C particles (20-40 pm in suspension

EC200col — Unmodified Eupergit® C particles (200 pm) in a packed bed column
ECm200col — Modified Eupergit® C particles (200 pm) in a packed bed column
MC50 - MMM containing unmodified Eupergit® C particles (20-40 pm)

MCm50 - MMM containing modified Eupergit® C particles (20-40 pm)
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For comparison purposes, the enzymatic activity of particles in a packed
bed was studied. Figure 3.10 illustrates that Eupergit® C particles, contain-
ing a lower pore size and a higher density of functional groups, provide gen-
erally higher activities than Eupergit® C250L particles. This is due to the
fact that trypsin preferably immobilizes on the external surface of Eupergit®
C, thus causing substrate conversion to be more convectively controlled. In
the case of Eupergit® C250L, trypsin also tends to use the internal surface
area, causing the conversion to be diffusive controlled and thus reducing
the enzymatic activity of the activated particles. The chemical modification
of the particles improves the activity of the particles in two ways, by protect-
ing the functionality during the embedding process due to the presence of
less reactive groups and by adding a short molecular spacer which imparts
the immobilized enzymes with a better mobility. The effect is more visible on
Eupergit® due to the high density of functional groups. In the absence of a
spacer arm, trypsin molecules cause steric hindrance to each other, while
after chemical modification, the spacer arm improves mobility and reduces
the steric hindrance effects.

The embedding of the particles in a membrane structure improves the activ-
ity in all situations, due to lower bed compression and higher flow convec-
tion between the particles. Comparing 100-250 pm sized Eupergit® particles
packed in a column with the MMM equivalent, the activity gain is approxi-
mately three fold for all cases, thus confirming the higher efficiency of the
mixed matrix platform.

3.4 CONCLUSIONS

This work presents a new type of platform technology for enzymatic conver-
sions, based on macro-porous membranes as a structured support for en-
zymatically activated particles. Eupergit® C250L and Eupergit® C particles
are sized down and chemically modified before embedding to prepare parti-
cle loaded membranes applicable for enzymatic conversions. During the
milling and embedding processes, about 40 and 65% of the original oxirane
density was retained for Eupergit® C250L and Eupergit® C, respectively.
This loss is overcompensated by the increase in enzymatic activity com-
pared to Eupergit® particles in packed bed columns. Chemically modifying
Eupergit® significantly increases the enzymatic activity of the particles both
in packed beds and embedded in membranes. Due to a more convectively
controlled mechanism, Eupergit® C proves to be more effective than Euper-
git® C250L. This is proven by trypsin immobilization and enzymatic conver-
sion of BAEE.
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The advantage compared to conventional packed bed systems is the lower
diffusion resistance and higher capacity because of the use of smaller parti-
cles without the unavoidable pressure increase that promotes bed compres-
sion and enzyme denaturation. Furthermore, the technology offers high in-
dustrial potential by the use of scaling-up.
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4

Enzymatic conversion using mixed
matrix hollow fibers

ABSTRACT

Mixed matrix hollow-fibers (MMHF) containing embedded Eupergit® C parti-
cles were developed for enzymatic conversions. The Eupergit® C particles
were chemically modified with ethylenediamine and activated with glutaral-
dehyde, milled and sieved into two different size classes, 20-40 um and < 20
um, before embedding in the fibers. The fiber structure was optimized by
varying the solvent, additive and polymer ratio in the dope solution. Dy-
namic activity experiments of immobilized trypsin proved that the prepared
hollow-fibers allowed trypsin to retain a high degree of activity. The results
showed a higher trypsin activity with fibers prepared with particles from the
sieve fraction below 20 pm over those containing particles in the size class
of 20-40 pm. MMHF showed a four times increase in trypsin activity when
compared to flat-sheet mixed matrix membranes and more than 35 times
when compared to a packed bed system containing unmodified Eupergit® C
particles.
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4.1 INTRODUCTION

Membrane chromatography has been developed in the last few decades as
an alternative to traditional chromatography. Chromatography tends to be
carried out using packed beds, which present problems in terms of high
pressure drop, diffusion limitations, channeling and possible existence of
radial and axial dispersion limitations. All these transport limitations cause
that scale-up of chromatography packed-bed processes is difficult [1].

One solution to overcome this problem has been presented in the form of
membrane chromatography [2]. In this process, micro- or macroporous syn-
thetic membranes are used as chromatographic media. In membrane sys-
tems, solute transport to binding sites takes place predominantly by con-
vection, which reduces transport time and elution volumes and minimizes
diffusion limitations. Due to much lower pressure drop through the column,
the process permits the use of high flow-rates. One major advantage of
membrane chromatographic systems over packed bed columns is the easy
scale-up of the processes. Furthermore, membrane chromatographic sys-
tems are cheaper and simpler to produce, which makes possible the exis-
tence of disposable membrane modules that could be replaced when the
life-time of the membranes is over, thus eliminating the need for costly
cleaning procedures [1, 3].

One of the main disadvantages from traditional, chemically activated, mem-
brane chromatographic processes is the lower capacity of membrane based
systems when compared to packed bed columns, especially in the case of
smaller sized protein molecules that have complete access to the entire par-
ticle pore structure. Due to higher surface areas, porous particles provide
more binding sites and have therefore higher binding capacities. In the case
of larger molecules, which are not able to diffuse into the particle pore
structure, membrane chromatography has advantages due to less diffusion
limitations [1, 4].

Membrane chromatography is available for a large array of different interac-
tions such as ion-exchange, hydrophobic, reverse-phase and affinity. In
terms of geometry, mainly flat-sheet and hollow-fiber systems have been
reported [1]. Membranes have been attractive mainly in the field of prepara-
tive chromatography, with an especial regard to hollow-fiber membranes [5].

Recently, a new platform technology has been reported aiming at the syner-
gistic merge of traditional chromatographic particles and membrane tech-
nology for protein adsorption and separation. The technology, called mixed
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matrix membrane (MMM) consists on the entrapment of particulate func-
tional material in a porous matrix. In this method, the particulate material
is dispersed in a mixture consisting of dissolved polymers and additives that
are cast or spun and precipitated by a dry-wet phase inversion process to
obtain a flat-sheet or a fiber membrane. The prepared membranes can then
be incorporated in porous beds or fibrous modules without functionality
loss. Reported applications consist of steroid extraction [6], protein adsorp-
tion [7], protein separation [8] and enzyme concentration [9]. Alternatively,
MMM containing particles with ion-exchange functionality have been used
for protein adsorption which, after cross-linking, could be used as a ligand
for toxin removal [10].

In this work, mixed matrix hollow-fibers were prepared containing particles
with covalent functionality that are used for enzyme immobilization and en-
zymatic substrate conversion. Trypsin, an enzyme with proteolytic activity
and widely used in proteomics was used as test enzyme. Trypsin activity
was measured by Noa-benzoyl-1-arginine-Ethyl Ester (BAEE) conversion. As
functional material, Eupergit® C particles, widely used in enzyme immobili-
zation [11, 12], were used, where the original oxirane functionality was re-
placed by reaction with ethylenediamine and activation with glutaraldehyde.
The modified particles were ground and fractionated into two size classes,
20-40 pm and < 20 pm before embedding in a hollow-fiber with ethylene
vinyl alcohol as the porous polymeric matrix. The produced fibers were
evaluated by single-fiber modules with a shell-in-tube configuration. The
hollow-fiber modules were characterized in terms of dynamic enzyme im-
mobilization, enzymatic conversion and compared with stacked flat-sheet
MMM and packed bed systems.

4.2 EXPERIMENTAL

4.2.1 Materials and methods

EVAL44 (a random copolymer of ethylene and vinyl alcohol) with an average
ethylene content of 44 mol% was purchased from Aldrich and used without
further modification. Dimethylsulfoxide (DMSO, Merck) was employed as
solvent and 1-Octanol (Fluka) as non-solvent additive. Water was used in
the coagulation bath. Ethylenediamine (Acros) and glutaraldehyde (Acros)
were used in the chemical modification of the particles. Ethanol (Merck) was
used for washing the Eupergit® particles after the chemical modification and
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the produced fibers after spinning. Potassium phosphate (mono- and diba-
sic, Acros) and Tris-HCl (Sigma) were used for preparing the buffer solu-
tions. To prevent trypsin self-digestion, calcium chloride (Acros) was added
to the enzyme solutions. Trypsin from porcine pancreas (Sigma) was used
as enzyme and Na-benzoyl-l-arginine-Ethyl Ester (BAEE, Sigma) as sub-
strate. Eupergit® C beads were kindly provided by Degussa (Germany) and
used as received. Ultrapure water was prepared using a Millipore purifica-
tion unit Milli-Q plus.

4.2.2 Particle modification

Chemical modification

Prior to embedding, in order to improve the immobilization and conversion
processes, chemical modification of the Eupergit® C particles was carried
out as described by Petro et al. [13]. To protect the chemically active groups,
the beads were modified by reacting with ethylenediamine at 80 °C for 72
hours in order to change the oxirane functionality into more stable amine
groups. After the reaction was terminated, the beads were washed consecu-
tively with abundant ethanol, water and 0.1 M phosphate buffer pH 6.9
while stirring gently. Each washing solution was then removed by using a
Buchner funnel. The modified beads were activated as depicted in figure 4.1
by using a 10% solution of glutaraldehyde in a phosphate buffer of pH 6.9
at 30 °C for 3 hours. Finally, the beads were washed with abundant water,
acetone and dried under vacuum at room temperature for one week prior to
use.

H.N CH CH
S AANPAN OH NH 77NN TN OH NH
VAN

Eupergit
Eupergit
P4
I
Eupergit

Figure 4.1 — Schematic representation of the chemical modification of Eupergit® C.

Milling and sieving

In order to increase the active surface area and to provide a better embed-
ding, Eupergit® C particles were ground and sieved to 20-40 and < 20 pm
size classes. For this a Fritsch analysette shaker attached with a stack of 40
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and 20 pm sieves was used. Glass beads were added to provide impact to
grind the particles during the process.

4.2.3 Mixed matrix hollow-fibers

The fibers were prepared by a dry-wet phase-inversion process using
EVAL44 as the polymeric matrix. A dope solution was prepared by dissolving
overnight different amounts of EVAL44, 1-Octanol and DMSO at 45 °C. After
the solution was homogenized, milled, chemically modified, Eupergit® C
particles equivalent to 2/3 in weight of polymer, were added. The mixture
was left under strong stirring for over 24 hours to break down any particle
clusters. The mixture was transferred into the storage tank and allowed to
degas overnight.

In order to avoid particle loss and to provide a better elasticity to the pro-
duced fibers, a particle-free external layer was co-spun. The solution used
for the co-spinning layer was prepared by mixing 10% EVAL4s, 10%
1-Octanol and 80% DMSO (weight percentages) at 45 °C. After homogeniza-
tion, the solution was allowed to degas overnight prior to use. The applied
bore liquid was a mixture of 30% (w/w) DMSO and 70% (w/w) water.

The spinning took place by extruding the different solutions through a triple
layered spinneret into a water containing coagulation bath (Figure 4.2). The
prepared fibers were left in water for 72 hours to wash out DMSO and
1-Octanol and then placed in ethanol for 24 hours to remove the final
traces of the 1-Octanol. The fibers were stored in wet state to preserve flexi-
bility and dried only before module preparation.

To calculate the total fiber particle loading, the co-spinning layer must be
taken into account. The total Eupergit® loading can be determined by equa-
tion 4.1.

" Fp Eg + Fp - Pp + Feg - Pog (4.1)

where E.T is the total Eupergit® loading in the fiber (%), Fp the dope solution
flow rate (ml/min), Pp the polymer concentration in the dope solution (%),
Fcs the co-spinning flow rate (ml/min), Pcs the polymer concentration in the
co-spinning solution (%) and Ec the particle concentration in the dope solu-
tion.
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storage tank bore liquid co-spinning solution

gear pump

triple spinneret

air gap M
° o

secondary coagulation bath

coagulation bath | % | washing bath

Figure 4.2 - Schematic representation of the fiber spinning process.

SEM characterization

The morphology of the fibers was investigated by scanning electron micros-
copy (SEM). Wetted pieces of the membranes were frozen in liquid nitrogen
and fractured to expose cross-section areas. After drying, the samples were
coated with gold using a Balzers Union SCD 040 coater and examined using
a Jeol JSM-5600 LV Scanning Electron Microscope. The effective fiber vol-
ume, taken as the fiber wall volume is determined by the following equation:

v, =z-(R?-R? ) (4.2)

where Vi represents the active fiber volume per unit length (ml/cm), Rr is
the total fiber radius (cm) and Ry the fiber lumen radius (cm).

For the effective fiber surface area, taken as the fiber lumen surface area,
the area can be obtained from equation 4.3.

Sy =2-7-R| (4.3)

with Sr as the active surface area per unit length (cm2/cm) and Rr the fiber
lumen radius (cm).
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Module construction

Modules were prepared following a tube-in-shell configuration containing
one single fiber as exemplified in figure 4.3. The fibers were air-dried before
being inserted in the module and potted with polyurethane.

Potting

T-junction
Tube Fiber N\ I

e |

Figure 4.3 — Schematic representation of a single fiber module in shell-in-tube configuration
as used for dynamic immobilization and dynamic activity measurements.

Clean water fluxes

The fibers clean water flux was determined in dead-end mode, by connect-
ing the module to a nitrogen pressurized feed container. The filtration ex-
periments were carried out at room temperature and a transmembrane
pressure of 0.5 bar. The clean water flux was determined after steady state
conditions were reached.

4.2.5 Trypsin immobilization
Dynamic Immobilization

Initially, CaCl, in Tris-HCl buffer at pH 7.0 was continuously pumped
through the module-enclosed fiber to permit equilibration while monitoring
of UV absorbance (A=280 nm) and conductivity using an Akta Purifier liquid
chromatographic system. After membrane equilibration was achieved, a 1
mg/ml trypsin solution in the equilibration buffer was permeated through
the fiber walls with a residence time of 1.4 minutes. The trypsin depletion
from eluted solutions was monitored by measuring the UV absorbance. Af-
ter the immobilization was completed, an elution buffer was permeated
through the system to remove the unbound trypsin. The continuous immo-
bilization of trypsin in the fiber was measured according to the following
equation.
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1=>"1i (4.4)
(I—C/CO)XCOXV’ .5

w

i:

with I the total amount of immobilized trypsin in the membrane (mg/g), i as
the fraction of trypsin immobilized in the membrane (mg/g), C’ the frac-
tional concentration in the permeate side (mg/ml), Co the initial concentra-
tion (mg/ml), V’ the fraction volume (ml) and W as the dry weight of mem-
brane (g).

4.2.6 Activity measurements

The activity of trypsin in aqueous solutions was determined in the cuvette
of an UV spectrometer using the at 25 °C with BAEE as substrate [14]. The
activity of immobilized trypsin was determined by modifying the standard
method [15], by flowing the substrate BAEE solution at different flow rates
through the fiber containing immobilized trypsin [13, 16-18]. The permeate
UV absorbance (A=254 nm) was monitored to measure the substrate con-
version. The flow rate was changed and the UV absorbance under steady-
state was measured. The absorbance is then plotted against the different
residence times.

The activity of the immobilized trypsin was determined as the slope of the
linear increase in UV signal at 254 nm at different residence times [16] and
related to the dry weight of membrane using the following expression:

AA254/
Act—— /AT (4.6)

My MHF

where Act denotes the activity (U/g), 4A254/Ar (mAU/min) is the slope of the
linear increase of absorbance and muusr is the dry mass of MMHF used in
the experiment (g).
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4.3 RESULTS AND DISCUSSION

4.3.1 Fiber production and characterization

Fibers were spun using a dope solution containing DMSO as solvent,
EVAL4s as polymer and 1-Octanol both as non-solvent and pore forming
agent. After the dope solution was homogenized, milled, chemically modified
Eupergit® C particles were dispersed. Two different particle size classes were
used in the fiber preparation. One batch was prepared containing particles
with average sizes between 20 and 40 pm and another with particle sizes
below 20 pm. The particle:polymer ratio was 2:5 for all dope formulations. A
second solution free of particles was prepared to be used for the co-spinning
layer. The dope formulations are given in table 4.1.

Table 4.1 - Composition of polymer solutions applied in the spinning experiments. The air gap
used was of 5 cm.

DMSO 1-Octanol EVALss Eupergit® Cm

Solution (wt. %) (wt. %) (wt. %) (% loading)
Dope (sizes 20-40 pm) 66 15 19 40
Dope (sizes < 20 pm) 66 15 19 40
Co-spinning 80 10 10 -

The following flow rates were used in the spinning process:
Dope flow rate (ml/min) 19.2
Co-spinning flow rate (ml/min) 3.6
Bore flow rate (ml/min) 9.6

The prepared fibers were characterized in terms of morphology, geometric
dimensions and clean water flux. Scanning Electron Micrography is used to
visualize the fiber morphology.
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Figure 4.4 - SEM micrographs of mixed matrix hollow-fibers containing modified Eupergit® C
particles with a size class of 20-40 pm, batch 1. A — General fiber overview, the magnification
is of 70x; B — External surface cross-section with co-spinning layer, the magnification is of
700x; C — Lumen surface cross-section, the magnification is of 700x; D — Wall cross-section
structure, the magnification is of 2000x; E — External (co-spinning) surface, the magnification
is of 5000x%; F — Internal (lumen) surface, the magnification is of 5000x.

The SEM images presented in figure 4.4 (A-D) show a highly interconnected
pore structure with open lumen and surface. The particles are well embed-
ded in the porous structure providing easy access of both enzyme and sub-
strate molecules to the active sites. The fiber cross-sections show the pres-
ence of voids in the centre of the substructure. The void formation is well
explained by the low miscibility of 1-Octanol in water, which leads to forma-
tion of alcohol drops, volumes without polymer.

All fibers show a considerable brittleness, especially in dry-state. When a
particle-free external layer is co-spun, the mechanical strength of the fiber
is much improved, due to the absence of particles in the external layer,
which confer a higher elasticity to the fiber. There is no strong transition
interface between the particle-containing structure and the co-spinning
layer and no delamination takes place. The produced fibers show clean-
water fluxes of about 20 1/(m2.h.bar). Since fibers without co-spinning layer
proved too fragile for practical handling, only fibers containing co-spinning
layer were considered for further testing.

The fiber dimensions can be calculated (figure 4.4).
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Total radius (pm) 890
Lumen radius (pm) 390
Wall thickness (pm) 500

Volume per length (ml/cm) 0.020 (eq. 4.2)
Area per length (cm2?/cm) 0.245 (eq. 4.3)
Particle loading (%) 37.6 (eq. 4.1)

As can be seen in figure 4.5, fibers prepared with particles smaller than 20
pm show a closed and deformed structure. The use of particles smaller than
20 um causes a viscosity increase of the dope solution, leading to a con-
densed structure. All prepared fibers are too brittle to handle in dry state,
making them unsuitable for testing.

% o ST 2 )
LT AL ] o e

Figure 4.5 — SEM micrographs of mixed matrix hollow-fibers containing modified Eupergit® C
particles with a size class < 20 pm, batch 1. A — General fiber overview, the magnification is of
60x%; B — Fiber wall, the magnification is of 250x; C — Wall cross-section detail, the magnifica-
tion is of 2000x.

In order to improve the fiber structure and to increase the mechanical
strength, new dope solutions were prepared, mainly by reducing the
1-Octanol concentration and increasing the polymer concentration. The new
dope compositions are given in table 4.2.

Table 4.2 — composition of polymer solutions used in spinning experiments. The air gaps used
were of 10 and 20 cm.

DMSO 1-Octanol EVALss Eupergit® Cm

Solution (Wt. %)  (wt. %) (wt.%) (% loading)
Dope (sizes 20-40 pm) 68 10 22 40
Dope (sizes < 20 pm) 70 8 22 40
Co-spinning 80 10 10 -
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The following flow rates were used in the spinning process for both air gaps
(10 and 20 cm):

Dope flow rate (ml/min) 204
Co-spinning flow rate (ml/min) 4.5
Bore flow rate (ml/min) 9.0

The morphology of newly prepared fibers was visualized by SEM as pre-
sented in figure 4.6.

Air Gap 10 cm

Figure 4.6 — SEM micrographs of mixed matrix hollow-fibers containing modified Eupergit® C
particles with a size class of 20-40 pm, batch 2. A — General fiber overview, the magnification
is of 50%; B — Fiber wall, the magnification is of 180x for air gap 20 cm and 200x for air gap 20
cm; C — Wall cross-section detail, the magnification is of 1500x.

The SEM pictures of the fibers prepared with a low 1-Octanol content in the
dope show almost no voids while maintaining the highly interconnected
structure with easy access to the embedded particles. The interface between
the co-spinning layer and the structure is unaffected by the change in dope
composition. The clean-water fluxes were similar to that of previous mem-
branes, with values of about 20 1/(m?2.h.bar).

The morphology of the newly prepared fibers containing particle sizes below
20 pm was visualized with SEM, as presented in figure 4.7.
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s

Air Gap 10 cm

Figure 4.7 — SEM micrographs of mixed matrix hollow-fibers containing modified Eupergit® C
particles with a size class < 20 pm, batch 2. A — General fiber overview, the magnification is of
50x; B — Fiber wall, the magnification is of 220x; C — Wall cross-section detail, the magnifica-
tion is of 2000x.

Fibers containing smaller sized particles show a structural improvement
when lower 1-Octanol concentrations are used in the dope. The increase in
solvent concentration compensates the increase in polymer concentration
when compared with the previous batch, preventing the structure from be-
coming too close. The SEM images in figure 4.7 show a highly intercon-
nected structure, with open pores and easy access to the embedded parti-
cles. The lower particle size in FCmyo fibers, when compared to that in
FCmuao fibers, causes an increase in the viscosity of the dope solution due to
the higher particle surface area. This in turn causes the structure to be-
come slightly more closed, resulting in smaller pores. Still, the fibers show
permeabilities similar to that of fibers containing bigger particles. This is
due to the fiber lumen surface structure, where the highest flow resistance
is present. This structure is controlled by the bore liquid, which remained
the same in all batches. The lumen structure is then similar for all prepared
fibers, which accounts for the similarities in permeabilities, even with
slightly different dope compositions. The void formation can be reduced by
decreasing the 1-Octanol concentration in the dope solution, but this is not
favorable since this 1-Octanol also promotes pore formation and intercon-
nectivity.

76



Chapter 4 Enzymatic conversion using MMHF

4.3.4 Dynamic measurements

Fibers containing particles with a size class of 20-40 um, batch 1.

Trypsin was immobilized by permeating a solution of 1 mg/ml through the
fiber with a residence time of 1.3 minutes. The flow rates were adjusted for
different module lengths in order to keep a constant residence time. Activi-
ties were evaluated by permeating in dead-end mode a solution of BAEE
substrate in Tris-HCI buffer at pH 7.6 through the fiber walls. The product
formation was measured online by monitoring the UV signal at 254 nm. Af-
ter achieving steady-state conditions, the flow rate was changed in order to
obtain different residence times. The steady-state values were plotted
against the correspondent residence times as previously described in chap-
ter 3, and the activity was calculated from the slope of the linear part.

The results of dynamic immobilization and activities for the first batch of
fibers are presented in table 4.3. The results are average values of at least
three experiments.

Table 4.3 — Dynamic immobilization and activities of the first batch.

Fiber Immobilization Activity
(mg/gfiber) (U/gﬁber)
FCmuao (Air gap 5 cm) 38.8+2.7 3017 £ 92

Fibers containing particles with a size class of 20-40 pm (FCm40) show a
high immobilization capacity, with values of approximately 103 mg/g when
normalized for the particle loading.

Fibers containing particles with a size class of 20-40 um, batch 2.

Trypsin immobilization was also performed with the fibers produced with
the modified dope, as depicted in table 4.2. The results for the second batch
of experiments are presented in tables 4.4 and 4.5.

Table 4.4 — Dynamic immobilization and activities of the second batch.

Fiber Immobilization Activity
(mg/ gsiver) (U/ gsiver)

FCmuao (Air gap 10 cm) 47.9+6.9 4858 + 746

FCmyo (Air gap 20 cm) 44.0+ 6.3 2621 £ 395
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The results show a clear influence of the air gap used in fiber spinning in
the enzymatic activity of immobilized trypsin while the immobilization ca-
pacity remains approximately the same. The difference between the two sets
of fibers can be explained by channeling effects due to a higher prevalence
of voids in the structure of FCmuyo fibers prepared with a 20 cm air gap. Due
to this effect, the substrate permeates preferably through these voids with-
out contacting part of the immobilized trypsin. The effect is not visible dur-
ing the trypsin immobilization due to the longer residence times used in the
immobilization process. Dynamic trypsin immobilization takes place at
lower flow rates (0.12 to 0.20 ml/min), leaving more time for diffusively con-
trolled immobilization processes. In dynamic conversion processes, the flow
rates are higher (0.5 and 5.0 ml/min), which implies a more convectively
controlled process, which results on a stronger dependence on channeling.

The results clearly show a highly relation between fiber structure and dy-
namic enzymatic conversion by immobilized trypsin when compared to dy-
namic trypsin immobilization. Furthermore, the results confirm the hy-
pothesis that dynamic enzymatic conversion processes in MMHF are con-
vectively controlled as opposed to the more diffusively controlled processes
in packed bed columns.

Fibers containing particles with a size class < 20 um batch 2.

In order to study the influence of particle size on dynamic trypsin immobili-
zation, a 1 mg/ml trypsin solution was permeated through a MMHF con-
taining particles with sizes below 20 ym in a similar procedure to that taken
for MM fibers containing 20-40 um sized particles. The results summarized
in table 4.5 are average values from at least three experiments.

Table 4.5 - Dynamic immobilization and activities of the second batch.

Fiber Immobilization Activity
(mg/ gsiver) (U/ gsiver)

FCm20 (Air gap 10 cm) 44.1+5.8 3609 £ 419

FCm20 (Air gap 20 cm) 449+ 4.8 5118 £410

The results demonstrate similar immobilization capacities for fibers con-
taining the same particle loading, both for particles with 20-40 and < 20 pm
size classes. The dynamic conversion difference between the two batches
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can be attributed to structure imperfections. Fibers prepared with longer air
gaps possess a more homogeneous structure and therefore a better flow dis-
tribution, which permits a better contact by the substrate solution with the
immobilized trypsin increasing overall conversion values.

The embedding of smaller particles (< 20 pm) into the fibers does not give a
noticeable increase in immobilization capacity or dynamic activity of immo-
bilized trypsin. Particle size reduction implies a higher available active sur-
face area.

A reduction in particle size from 250 pm to 20-40 pm greatly increases the
total particle surface area, whereas a further reduction to particle sizes be-
low 20 pm gives a less pronounced increase in available surface area, which
implies that the particle size reduction is less beneficial. In this case, po-
rous Eupergit® particles with a size class of 20-40 pm already provide the
maximum available surface area possible, which means a further size re-
duction has no additional advantages in terms of dynamic enzyme immobi-
lization or dynamic enzymatic conversion.

4.3.5 Influence of support on dynamic activity

For comparison purposes, the dynamic activity of immobilized trypsin in
Eupergit® C particles in packed bed columns and embedded in flat-sheet
membranes, both from the original particles as after chemical modification,
was compared with the presented results from the fiber experiments. Dy-
namic activities were normalized by relating the activities to the dry amount
of embedded Eupergit® C particles. The results are summarized in figure
4.8.

From figure 4.8, it becomes obvious that mixed matrix hollow-fibers present
a much more effective configuration for enzymatic conversion compared to
flat-sheet mixed matrix membranes and packed bed systems. The advan-
tage of both mixed matrix geometries over packed bed columns is due to a
combination of particle size reduction, lower bed compression and a pre-
dominantly convective-controlled process. These factors combined proved
that mixed matrix membranes, whether in flat-sheet or hollow-fiber geome-
tries, are superior to packed bed systems in dynamic enzymatic conversion
processes.

Mixed matrix fibers show a much higher dynamic enzymatic activity than
flat-sheet MMM. This is a result of the higher clean-water fluxes in the flat-
sheet systems. Values in the order of 600 1/(m?2.h.bar) for flat sheet mem-
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branes and 20 1/(m2.h.bar) for hollow-fiber membranes confirms this, since
the smaller pores in hollow-fibers provide a more pronounced contact be-
tween immobilized enzyme and substrate. Also the flow profile, which is ra-
dially homogeneous in the case of fibers, has advantages when compared to
a more localized feed point in the case of flat-sheet membrane stack.

16000

Packed bed 3 Flat-sheet 3 Fibers (20-40 ym) iFibers (<20 pm)

14000 -

12000 4

partite)

£ 10000 -

8000

6000

Activity (U/g

4000 -

Figure 4.8 — Enzymatic activity of trypsin immobilized on Eupergit® C particles in different
supports. A-D are data presented in chapter 3. Activities normalized to dry weight of embedded
particles. The results represent the average value of at least three experiments.

Legend

A - Original particles in a packed bed column

B — Chemically modified particles in a packed bed column

C - Original particles milled in a flat-sheet membrane

D - Chemically modified particles milled in a flat-sheet membrane

E - Chemically modified particles (20-40 um) in a MMF, batch 1, air gap 5 cm.
F — Chemically modified particles (20-40 pym) in a MMF, batch 2, air gap 10 cm
G — Chemically modified particles (20-40 pym) in a MMF, batch 2, air gap 20 cm
H - Chemically modified particles (< 20 um) in a MMF, batch 2, air gap 10 cm
I - Chemically modified particles (< 20 uym) in a MMF, batch 2, air gap 20 cm

4.4 CONCLUSIONS

In this chapter, new mixed matrix membranes with hollow-fiber geometry
were prepared. It was possible to produce hollow-fibers containing modified
Eupergit® C particles in two size classes, 20-40 um and below 20 um. The
fiber morphology becomes more homogeneous by reducing the amount of
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1-Octanol as additive. The fibers present clean-water fluxes of about 20
1/ (m2.h.bar), a relatively low value which is caused by the higher polymer
concentration used in the dope when compared to the flat-sheet dope solu-
tions and by a dense lumen surface. The fiber wall presents an open and
well interconnected fine porous structure, allowing full access to the em-
bedded particles. There is no visible interface between the sub-layer and the
co-spinning layer, which prevents particle loss and provides higher flexibil-
ity to the whole fiber.

Trypsin, dynamically immobilized in all prepared fibers, presents consid-
erably higher activities when compared to packed bed columns or flat-sheet
mixed matrix membranes. Mixed matrix hollow-fibers show an activity in-
crease up to four times compared to flat-sheet membranes. The improve-
ment is due to a more defined flow profile, originating from a finer pore
structure which allows a better usage of the embedded particles in fibers
when compared to flat-sheet membranes.

Fibers prepared with smaller sized particles (< 20 um) showed no activity
increase over particles in size classes of 20-40 um, which means that all
available active sites in the embedded particles can be reached within the
experimental time frame. Furthermore, as in typical membrane processes,
mixed matrix hollow-fibers are more easily scaled-up.
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Chapter 5 Enzymatic conversion using ion-exchange MMHF

S

Enzymatic conversion using
ion-exchange MMHF

ABSTRACT

This chapter reports the adsorption of glucose oxidase (GOx) in mixed ma-
trix hollow-fibers (MMHF) using polyethersulfone as matrix and Lewatit®
strong cation-exchange resins as the functional support. Static enzyme im-
mobilization tests yielded high adsorption values at pH’s below the isoelec-
tric point (pI) of GOx, where the enzyme assumes the cationic form and ad-
sorbs via electrostatic interaction. This adsorption by electrostatic interac-
tions followed a Langmuir-type isotherm at pH values below the pI of GOx.
Adsorption performed above the pl takes place preferentially via hydropho-
bic interactions. Dynamic GOx adsorption experiments resulted in the same
values as those obtained in static experiments. Below the pl of the enzyme,
the adsorption was found to be pH dependent. Above the pl of GOx, the ad-
sorption was lower and independent of the pH. Formation of GOx multilay-
ers was observed for all applied pH’s. Dynamic glucose conversion meas-
urements showed that the immobilized GOx retains an appreciable activity
after adsorption via both methods. GOx immobilized via hydrophobic inter-
action yielded the highest activity values. Enzymes immobilized via electro-
static interaction showed multilayer adsorption, resulting in a reduced en-
zyme-normalized enzymatic activity. The highest enzymatic activity was
found for pH 5.0.

85






Chapter 5 Enzymatic conversion using ion-exchange MMHF

5.1 INTRODUCTION

The use of enzymes in food, chemical and pharmaceutical industries has
steadily been growing over the years. The growing demand for enantiomeri-
cally pure compounds has driven this increase, mainly in the pharmaceuti-
cal and agrochemical industries. Bioconversions can be regarded as an en-
vironmentally friendly with very high specificity and selectivity, which can
dispense with chemical additives and thus reduce waste [1].

In the pursuit of more economically interesting processes, enzymes started
being immobilized in solid supports in place of being used in the soluble
form in a solution. Two main reasons can be considered for the immobiliza-
tion of enzymes: the need for an easy separation from the product, which
can be time and resources-consuming; and the reutilization of the enzyme
[2]. Immobilized enzymes tend to retain a long-term stability and show an
increase in chemical resistance against the action of surrounding environ-
ment, characteristics which add to the economical advantages of enzyme
immobilization [3-5].

As addressed in chapter 2, enzyme immobilization can take place using sev-
eral methods. Binding the enzymes to a support, crosslinking of enzymes or
by physically entrapping or encapsulating the enzymes are the methods in
use today for enzyme immobilization [2, 4]. Of these methods, enzyme bind-
ing has been most extensively reported, due to high flexibility in available
techniques, good stability and relatively high residual activity of the immo-
bilized enzymes. In enzyme binding, a few different techniques can be dis-
tinguished. Covalent immobilization, based on the chemical bonding of the
enzyme to a support; ionic binding, in which the enzyme, in ionic form, at-
taches to the support’s charged surface; adsorptive binding, where van der
Waals and hydrophobic interactions play a role in adsorbing the enzyme to
the support; and metal binding, in which a metal chelate provides the bind-
ing between the support and the enzyme.

Different types of support systems have been studied throughout the years
for enzyme immobilization. Mainly two types can be identified: functional
particles that are suspended in the target solution inside stirred-tank reac-
tors or used in packed- or fluidized bed reactors; and membranes in which
enzymes can be bound or entrapped [6]. In the case of functional particles,
different functionalities and higher immobilization loadings can be achieved.
With affinity membranes, it is possible to reach higher throughputs than in
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packed or fluidized bed reactors resulting in more convective controlled re-
actions.

In recent years, a new platform for membrane chromatography has been
introduced in which chromatography beads and membranes are fused to-
gether in order to explore the advantages of both technologies. This plat-
form, dubbed mixed matrix membrane, makes use of a membrane’s macro-
porous structure in which small, functional chromatography particles, with
the desired functionality, can be embedded. The preparation follows an ana-
logue procedure to typical membrane production processes, using a poly-
mer solution in which the particles are dispersed with the resulting mix be-
ing cast or spun and solidified by a dry-wet phase-inversion process into a
flat-sheet or a fiber membrane. These materials carry the advantages of
membranes, such as high throughputs and low bed compression and of
chromatography packed beds, like high capacities and a high range of func-
tionalities [7-9]. They have been proved to be suitable for protein adsorp-
tion, protein separation, enzyme concentration and blood purification [10-
13].

In previous chapters, mixed matrix membranes have already been shown to
be suitable for enzymatic immobilization using covalent binding. In order to
prove the flexibility of the concept, new functionalities and enzymes are ex-
plored. In this chapter, a different type of functionality for enzymatic immo-
bilization using mixed matrix membranes with cation-exchange functional
particles, is evaluated. Ion-exchange particles can be used for enzyme im-
mobilization by forcing the enzyme to assume an ionic form which is com-
plementary to the type of ion-exchange functionality present in the parti-
cles. An enzyme can switch between cationic and anionic form by changing
the solution pH under or above its isoelectric point (pI). Via this route, an
enzyme can be immobilized on a cation- or anion-exchange support as long
as the enzyme-containing solution pH is controlled. This method has advan-
tages over covalent immobilization in terms of support regeneration, due to
the fact that a no longer active enzyme can be desorbed from the support by
a pH swing around the pl value, thus permitting support regeneration. This
is much more difficult to achieve in covalent immobilization. In figure 5.1, a
schematic representation of enzyme immobilization on a cation-exchange
support is shown.

In this chapter, mixed matrix hollow-fibers prepared with strong cation-
exchange resins embedded in polyethersulfone (PES) were prepared for im-
mobilization of glucose oxidase. Glucose oxidase (GOx), an enzyme with an
isoelectric point (pl) of 4.2 frequently used in sensors [14-17], converts glu-
cose into hydrogen peroxidase and gluconic acid in the presence of oxygen.
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The enzyme immobilization was evaluated by varying the solution pH from
values below the pl, region where the enzyme assumes a cationic form, to
values above the pl, region where the enzyme assumes an anionic form.
Dynamic activity experiments were performed at the same pH as that of the
immobilization. The pH influence was evaluated, both on the immobilization
capacity and in the dynamic activities of adsorbed GOx.

Enzyme in
Cation-exchange cationic form
support A
T+
+ + ++ ++

Figure 5.1 — Schematic representation of enzyme immobilization in a cation-exchange support.

5.2 EXPERIMENTAL

5.2.1 Materials

Polyethersulfone (PES, Ultrason E6020P) with a Mw of 50 kDa was kindly
supplied by BASF-Nederland and used without further modification as the
slightly hydrophilic polymer matrix for the fibers. Polyvinylpyrrolidone (PVP,
Fluka) with three different molecular weights (K13, K30 and K90) was used
as a polymeric additive. Polyethyleneglycol (PEG400, Merck) and glycerol
(Merck) were used as non-solvent additives in the dope solution. N-
methylpyrrolidone (NMP, 99% pure, Acros Organics) was employed as a sol-
vent. Water was used as the non-solvent in the coagulation bath. Lewatit
112WS (strong cationic exchange resins, properties summarized in table
5.1) kindly supplied by Caldic, Belgium, were used for providing the ion-
exchange functionality. The particles were milled and air classified to obtain
a fraction with an average particle size of 7.9 pm and an average surface
area of 1.79 m2/g. Glucose oxidase from aspergillus niger (Fluka, major
data summarized in table 5.2) was used as the adsorbed enzyme. Glucose
(Merck) was used as the enzyme substrate. Phenol (Acros Organics), 4-
Amino-Antypyrene (Acros Organics) and Horse Radish Peroxidase with an
activity of 224 U/mg (Sigma) were used in the activity measurements. For
the buffer preparation in the 3.5 to 7.0 pH range, Potassium phosphate
(mono- and dibasic, Acros), Acetic Acid (Merck) and Formic Acid (Acros Or-
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ganics) were employed. Ultrapure water was prepared using a Millipore pu-
rification unit Milli-Q plus.

Table 5.1 — Properties of Lewatit® 112WS resins as provided by the supplier.

Property Data

Ionic form Na*

Matrix type Cross-linked polystyrene
Bead size 0.65 mm

Density 1.24 g/ml

BET area 38.8 m?/g

Pore diameter 28.8 nm

Table 5.2 — Relevant data of glucose oxidase as provided by the supplier.

Property Data

Isoelectric point (pI) 4.2

Molecular weight 186 x 103 g/mol
pH activity range 4-7
pH optimum 3.5

Enzymatic activity 159 U/mg

5.2.2 Fiber spinning

The prepared fibers were produced by a phase-inversion process. The dope
solution was prepared by dissolving at 60 °C 14.5% PES and 8.7% PVP (in
equal proportions of K13, K30 and K90) in 43.7% NMP with 8.7% glycerol
and stirring overnight. After cooling of the solution, a suspension of 24.3%
PEG400 containing ion-exchange particles equivalent in weight to the
amount of PES used were added. All values are given as weight percentages
to the final dope solution. The mixture was stirred for over 16 hours to
break up any particle aggregates and then transferred into the storage tank.
The dope solution was degassed for 24 hours before spinning. The hollow-
fiber was prepared using a triple layered spinneret, through which the bore
liquid consisting of 70% NMP and 30% water (wt. %), the dope solution and
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a co-extrusion solution are extruded into a water containing coagulation
bath. After solidification and winding of the fibers, these were left in water
to remove any remaining traces of solvents and additives. The fibers were
then immersed in a 4000 ppm NaOCI solution for 24 h to remove any re-
maining PVP. The fibers particle load was calculated as the weight of parti-
cles divided by the total weight of the dry fiber, consisting of particles and
matrix polymer (equation 5.1).

Wk

100 .
Wy + W, jx (5-1)

P loading :[

with Puading as the particle loading in the membrane (wt. %), Wgr the dry
weight of particles added (g) and Wp as the dry weight of PES, the matrix
polymer, added to the dope solution (g).

5.2.3 Scanning electron microscopy (SEM)

Samples of fiber cross-sections were prepared by cryogenic breaking of wet
fibers in liquid nitrogen. The samples were dried overnight under vacuum at
room temperature and coated with a thin gold layer using a Balzers Union
SCD 040 coater. The characterization of cross-sectional samples took place
using a Scanning Electron Microscope JEOL JSM 5600LV. The effective fi-
ber volume, taken as the fiber wall volume is determined by the following
equation:

v, =z (RZ-R?) (5.2)
where Vi represents the active fiber volume per unit length (ml/cm), Rr is
the total fiber radius (cm) and Ry the fiber lumen radius (cm).

Since the fibers are used in the inside-out mode, the surface area was cal-
culated using the fiber lumen radius (eq. 5.3).

S, =27R, (5.3)

with S. as the active surface are per unit length of fiber (cm?/cm).
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5.2.4 Static adsorption

The determination of the static adsorption capacity of the prepared hollow
fibers was achieved by measuring the depletion of glucose oxidase (GOx) in
a solution. GOx was dissolved in buffers with different pH’s and a known
amount of dry adsorber fibers was immersed. The depletion of GOx from the
solution determined the amount of adsorbed enzyme was related to the dry
weight of fibers. The concentration in the solution was determined by
measuring the UV absorbance at a wavelength of 280 nm using a Varian
Cary 300 spectrophotometer. The initial concentration of enzyme in the
buffer solutions was set at 1 mg/ml. The adsorption tests were carried at
room temperature and the solutions were agitated using a shaking ma-
chine.

Adsorption isotherm

The adsorption isotherm of GOx in the fibers was determined by incubating
equal amounts of mixed matrix fibers with different amounts of enzyme in
order to reach different equilibrium concentrations. The adsorption of a pro-
tein onto an ion-exchange support has often been assumed to follow a
Langmuir-type isotherm [11, 18, 19] of which equation 5.4 presents the lin-
ear form:

q>P adm dm C* ()

with g* as the enzyme concentration in the adsorber membrane, gm the
maximum adsorption capacity, K4 the dissociation constant and C* the en-
zyme concentration in the bulk solution. Only the g* and C* are equilibrium
experimental data, which means that the values of 1/g* versus 1/C* needs
to be plotted in order to determine Ka and gm using a linear curve fitting.

5.2.5 Module preparation

Fibers prepared as previously described were air-dried before incorporation
in a module. The module consists of a tube-in-shell configuration with a
single hollow fiber potted using polyurethane.
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5.2.6 Dynamic adsorption

The dynamic adsorption capacity of the fibers was determined by evaluating
the breakthrough curves. Solutions of GOx in different buffers (concentra-
tion of 50 mM for all cases) were prepared. The module was connected to a
Akta Purifier chromatography unit. The solutions were pumped into the
module in dead-end mode at 1 ml/min and the GOx concentration was de-
termined by UV-absorbance using an in-line spectrophotometer at 280 nm.
The breakthrough curve was determined from the permeated volume and
GOx depletion. To evaluate the best adsorption conditions, different pH’s,
ranging from 3 to 6, were used. In order to increase the process data resolu-
tion, the GOx concentration was set at 0.25 mg/ml.

5.2.7 Enzymatic activity

GOx activity was calculated for the free and adsorbed enzyme. The method
was based on the work by Rauf et al. [20], using glucose as the substrate.
Glucose is converted in the presence of water and oxygen to hydrogen per-
oxide and gluconic acid. In a second reaction, hydrogen peroxide reacts
with phenol and 4-Amino-Antipyrene (4-AAP) in the presence of Horse Rad-
ish Peroxidase (HRP) to produce water and quinoneimine. The activity of
GOx was then measured by recording the production of quinoneimine in
time, which could be measured using a spectrophotometer at 505 nm. The
two-step reaction is presented in figure 5.2.

Glucose + H,0 + O, GOx Gluconic acid + H,0,
HRP

H,O, + 4-AAP + Phenol » Quinoneimine + H,0

v

Figure 5.2 - Two-step reaction used for GOx activity measurements.

Static activity

The activity of free GOx in static mode was measured using solutions of 8.5
mM of glucose, 41.5 mM phenol, 0.06 mM 4-AAP and 0.08 U/ml of HRP in
buffers at different pH’s. 3 ml of the solution were placed in a 10 mm quartz
cuvette, to which 20 pl of a 200 U/ml GOx solution were added. After ho-
mogenization, the increase in signal at 505 nm in time was recorded using a
Varian Cary 300 spectrophotometer. The values were then plotted against
time and the activity was taken from the linear portion of the curve and re-
lated to the dry weight of enzyme.
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Dynamic activity

Dynamic activity of the adsorbed GOx was evaluated by adapting the static
method. After GOx adsorption, the fiber was washed with buffer to remove
all unbound enzyme molecules. In order to evaluate the conversion to qui-
noeimine, a solution with the same pH as that used in the immobilization
step, containing 50 mM glucose, 50 mM phenol, 0.08 mM 4-AAP and 0.1
U/ml HRP was permeated through the fiber walls with different flow rates.
The conversion to quinoneimine in the permeate was monitored by the ab-
sorbance at 505 nm to evaluate quinoneimine conversion. For each flow
rate, the reaction was given time to achieve steady-state conditions, at
which the absorbance value was registered. By using different flow rates
was possible to achieve different absorbance values for different residence
times. The values were plotted against the different residence times and the
activity was taken from the linear portion of the curve and related to the dry
weight of used fiber or to the dry weight of adsorbed enzyme. In order to
find the optimal conditions, different pH values were used to obtain differ-
ent activities.

5.3 RESULTS AND DISCUSSION

5.3.1 Fiber structure

Mixed matrix hollow-fibers were spun using a dope solution of PES with
NMP as solvent, PVP, PEG400 and glycerol were employed as additives and
Lewatit 112WS resins were embedded to provide the cation-exchange func-
tionality. The prepared fibers were characterized in terms of morphology,
geometric dimensions and flow resistance. Morphology is visualized by
Scanning Electron Microscopy.

Images in figure 5.3 show a very open structure with a good particle em-
bedding and high interconnectivity. Some finger-like macrovoids are visible
along the fiber wall, which may result in preferential flow. The external sur-
face is open enough to allow a good flow, but is dense enough to avoid sig-
nificant particle loss. The lumen surface is extremely open, which may re-
sult in some level of particle loss, but permits a fast convective flow to the
fiber wall.
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Figure 5.3 - SEM micrographs of PES hollow fibers containing strong cation-exchange resins.
A — general view, the magnification is of 70x; B — fiber wall and structure, the magnification is
of 300x%; C — external surface, the magnification is of 350%; D — lumen surface, the magnifica-
tion is of 350x%.

By using the pictures in figure 5.3, the fiber dimensions can be established.
A summary is found below.

Total radius (pm) 910
Lumen radius (pm) 650
Wall thickness (pm) 260

Volume per length (ml/cm) 0.013 (eq. 5.2)
Area per length (cm2?/cm) 0.408 (eq. 5.3)

For calculating the total active fiber volume for each prepared module, the
volume per length value is multiplied by the active fiber length.
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5.3.2 Static adsorption

0.025

0.020 -

0.015- L-®

0.010 o

deq (Ifiber/MIgox)
e

q,, = 153.8 mg/g
K4 =1.09 mg/mL

0.005 -

0.000 -1 : ,
0.0 0.5 1.0 15 2.0

1/Ceq (mL/mg)

160

140

120

100

80+

60 -

40 -

Adsorbed GOx (mg, /9;..)

20+

0 1 2 3
GOx concentration in bulk solution (mg/mL)

F s

Figure 5.4 — Langmuir fittings for glucose oxidase adsorption at pH 4.0. The dashed
line indicates the linear fitting. The solid line in the right hand side graph is the best
fit with the Langmuir isotherm.

The static adsorption capacity of the prepared fibers was determined by
measuring glucose oxidase (GOx) depletion experiments. Known amounts of
mixed matrix hollow-fibers (MMHF) were placed in solutions containing GOx
in different buffers at different pH’s and the enzyme depletion was meas-
ured. Different initial GOx concentrations were used to obtain different ad-
sorption equilibriums. To guarantee complete equilibrium, samples were
taken after 96 hours for the Langmuir fittings.
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The results were used to plot the amount of adsorbed GOx in the fibers
against the GOx equilibrium concentrations in the solution. In figure 5.4,
the results obtained for pH 4.0 are presented. The graph shows a clear
Langmuir-like adsorption behavior with a maximum adsorption capacity
over 150 mggcox/giber- The fact that the adsorption behavior can be fitted
with a Langmuir-type isotherm is in accordance with previously published
articles for protein adsorption in materials with ion-exchange functionality
[21-24]. The same behavior can be observed for adsorption taking place at
pH’s below the enzyme pl, region where GOx molecules assume the cationic
form. The Langmuir-type isotherms for pH’s 3.5-4.5 are summarized in fig-
ure 5.5.

225
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GOx concentration in bulk solution (mg/mL)

Figure 5.5 — Langmuir fittings for glucose oxidase adsorption at pH 3.5-4.5. The lines indicate
the best fit with the Langmuir-type isotherm for each pH.

Even though the pl value given by the supplier for native glucose oxidase is
4.2, publications frequently refer values between 4.0 and 4.7 [22, 23, 25-
28]. This explains why GOx still shows considerable adsorption capacity on
cation-exchange particles at pH (4.5) values where it should assume the
anionic form. Since the formation of GOx cations follows equilibrium, this
also contributes for the cation adsorption on the particles, further increas-
ing GOx immobilization. At the lower pH of 3.5, GOx assumes mainly cati-
onic form, being thus more likely to be adsorbed by the cation-exchange
resins, as can be observed in figure 5.5. The calculated values for gmax and
Kq4 are given in table 5.3.
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Table 5.3 — gmax and Ka values for pH’s 3.5-4.5 as calculated from equation (5.4).

pH Qmax (Mg/griver) Ka (mg/ml)
3.5 270.3 1.73
4.0 153.8 1.09
4.5 120.5 0.83

As expected, the maximum GOx adsorption capacity increases with de-
creasing pH, reaching a gmax of 270.3 mg/gsmver at pH 3.5. Since GOx has a
stability interval between pH 4.0 and pH 7.0, no measurements were per-
formed at pH below 3.5.
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Figure 5.6 — Static adsorption of GOx in the fibers with an equilibrium concentration of 0.2
mg/ml. At pH 3.5-4.5, the adsorption was calculated as the g* from the Langmuir equation
with the respective gmax and Ka values. For the 5.0-7.0 pH range, the values were taken directly
from the experimental results.

At higher pH’s, the glucose oxidase molecules assume anionic form, thus
being unable to adsorb onto the particles via electrostatic interactions. This
does not necessarily imply that adsorption is excluded, since the Lewatit
112WS ion-exchange resins embedded in the fiber do contain a hydrophobic
matrix, being suitable for protein adsorption via hydrophobic interactions.
The adsorption experiments, however, did not yield Langmuir-type adsorp-
tion in the pH range 5.0-7.0. This means that for this system Langmuir-
type behavior is not present when the adsorption takes place via hydropho-
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bic interactions. In figure 5.6, an overview of the static GOx adsorption ca-
pacity in the 3.5-7.0 pH range is presented.

The graph in figure 5.6 clearly shows the much higher GOx adsorption ca-
pacity displayed by the fibers in the 3.5-4.5 pH range. The adsorption ca-
pacity at pH 3.5 shows the highest value, due to being the furthest from the
enzyme pl. At pH 4.0 and 4.5, glucose oxidase adsorption capacity is about
the same due to the proximity of the enzyme pl. At higher pH, the adsorp-
tion capacity strongly decreases, due to the decrease in contribution by
electrostatic interactions to the adsorption process. At pH 5.5 through to
7.0, the adsorption stays approximately constant, due to the adsorption
mechanism that is completely controlled by hydrophobic interactions,
which are much less dependant on the pH.

5.3.3 Dynamic adsorption
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Figure 5.7 — GOx breakthrough and immobilization curves at pH 4.0. A flow rate of 1 ml/min
and a GOx concentration of 0.25 mg/ml were used in the experiments. The presented results
are average values of two experiments.

In order to study the effectiveness of the support in GOx immobilization,
dynamic adsorption measurements were performed both at pH’s where the
adsorption is due to electrostatic interactions and at pH’s where the adsorp-
tion takes place using hydrophobic interactions. For the dynamic meas-
urements, glucose oxidase solutions in different buffers at different pH’s,
with a 0.25 mg/ml concentration were permeated at 1 ml/min through the
fiber wall and the GOx permeate concentration was monitored by measur-
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ing the UV absorbance inline at 280 nm. The results for adsorption due to
electrostatic interactions are presented in figures 5.7 and 5.8 for pH’s 4.0
and 4.5 respectively. Since GOx is not very stable at pH’s below 4.0, these
results are not presented.

Using the Langmuir fitting parameters from table 5.3, it is possible to pre-
dict the GOx immobilization in dynamic mode for pH 4.0 and 4.5 using a
feed concentration of 0.25 mg/ml. The obtained results can then be com-
pared with the experimental data in order to evaluate the usage of adsorp-
tion sites in dynamic mode. The comparison is valid due to the continuous
feed of fresh GOx solution that guarantees the concentration equilibrium.
The results are summarized in table 5.4.
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Figure 5.8 — GOx breakthrough and immobilization curves at pH 4.5. A flow rate of 1 ml/min
and a GOx concentration of 0.25 mg/ml were used in the experiments. The results show an

average of two experiments.

Table 5.4 — Immobilization capacities calculated from the Langmuir equation. g* denotes the
calculated (eq. 5.4) and Imm the measured GOx immobilization capacities.

PH q* (mgcox/gfiver) Imm (mMgcox/gtiber)
4.0 28.7 33.2
4.5 27.9 17.2

The experimental results at pH 4.0 show good agreement with the expected
values as calculated from the Langmuir equation obtained for GOx adsorp-
tion for an equilibrium concentration of 0.25 mg/ml. The small variation
between the two values can be attributed to an experimental error in the
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lower part of the Langmuir-type isotherm curve. At pH 4.5, the variation is
much more pronounced, which means that at lower concentrations the
Langmuir-type isotherm does not adequately predict the adsorption behav-
ior. This is probably due to a less dominant electrostatic adsorption mecha-
nism at this pH due to the proximity to the pl of GOx. The fact that adsorp-
tion in the pH range of 5.0-7.0 does not follow a Langmuir-type behavior
seems to support this assertion.

In figure 5.9, an overview of GOx loading relatively to the operational pH in
dynamic mode is presented.
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Figure 5.9 — Total GOx adsorbed in dynamic mode vs pH. The dashed line is present to guide
the eye.

As expected, higher total GOx adsorption values are found at pH’s below the
enzyme pl, with the highest value at pH 4.0. As mentioned before, GOx is
occasionally referred to possess a pl of 4.5, which explains the high adsorp-
tion. The fact that a pH value of 4.5 is higher than the typical pl, contrib-
utes for the lower stability due to weaker electrostatic interactions respon-
sible for GOx adsorption, causing a lower total loading capacity under dy-
namic mode, when compared to static measurements.

At higher pH’s, GOx adsorption in dynamic mode shows a similar trend as
that of adsorption performed in static mode, as displayed in the graph of
figure 5.6. As in static mode, hydrophobic interactions are responsible for
GOx adsorption at the pH range 5.0-7.0. The higher adsorption capacities
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displayed by the fibers in this pH area in dynamic mode when compared to
static mode are explained by the adsorption process. In static mode, the en-
zyme diffuses into the fiber, being then adsorbed via short-range hydropho-
bic interactions by the resins embedded in the fiber wall. In dynamic mode,
a constant flow of fresh enzyme is convectively permeated through the fiber
wall, being thus capable of reaching the binding sites in order to be ad-
sorbed. This causes an increased adsorption capacity of the fibers in dy-
namic compared to static mode. At pH’s 4.0 and 4.5, the immobilization
takes place mainly via faster electrostatic interactions which means that
this effect is less pronounced.

Estimation of number of adsorbed glucose oxidase layers

In order to determine whether GOx adsorption takes place via multilayer
formation, the area that adsorbed GOx molecules occupy per unit area
must be determined. This can be done using equation 5.5, adapted from
[29] and [30]

P, Mw

ideal = m (5.9)

where Pideal denotes the ideal area covered by unit mass of GOx (ng/mm?),
My denotes the molecular mass of GOx (ng/mol), a and b denote respec-
tively the short and long axis of the ellipse formed by the glucose oxidase
molecules (mm) and Na is the Avogadro Number. From equation 5.5, using
the values of 186x1012 ng/mol for Mw, 8x10-® and 5.5%x10-® mm for a and b,
respectively [31] and 6.022x1023 mol! for N, a value of 2.23 ng/mm? for
the GOx ideal coverage is obtained.

In order to calculate of the used surface coverage of the adsorbed GOx, the
measured surface area resulting from the particle milling, with a value of
1.79 m?/g, is used. Since the resins possess some surface roughness, a
non-uniformity factor of 1.4 is applied to the surface area [11], resulting in
an active surface area of 2.51 m?2/g. By using this surface area, the in-
traparticular volume is not taken into account as used for enzyme adsorp-
tion. This is due to the small Lewatit pore size (28.8 nm) and the high di-
mensions for the GOx molecules (7%x5.5x8 nm [31]). This means that even a
monolayer of GOx molecules adsorbed on the pore wall would effectively
hinder further molecular diffusion of GOx to the intraparticular volume (fig-
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ure 5.10) and a double layer would block the pore. It is therefore assumed
that the internal surface area of the Lewatit particles is not contributing to
the adsorption of GOx.

GOx
molecules

Pore
wall

Figure 5.10 - Schematic representation of the reduction in pore diffusion area due to the ad-
sorption of GOx molecules on the pore wall. Rpore denotes the pore radius and Resr denotes the
effective pore radius after adsorption of GOx molecules.

The total GOx surface coverage obtained during the dynamic immobilization
experiments can be calculated using equation 5.6.

S _ I Gox % P, loading
coverage — S— (5.6)
particle

where Scoverage is the GOx surface coverage (ng/mm?), Icox is the total
amount of adsorbed GOx at a given pH (ng/g), Piading is the particle loading
in the fiber (wt. %, eq. 5.1) and Sparicie is the surface area as calculated after
the particle milling (mm?/g).

From the dynamic immobilization measurements and using equation 5.6,
the GOx surface coverage can be estimated. The results are shown in table
5.5.

The calculated GOx surface coverage is in all cases superior to the Piea
value of 2.23 ng/mm?2. This means that in all situations formation of GOx
multilayers is to be expected, with a minimum of 4 GOx layers being
formed.
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Table 5.5 — Gox surface coverage at different pH’s. The particle loading is 50 wt. %

Adsorbed GOx Surface coverage Number of GOx

PH

mgcox/ Chiber NEcox/ Lparticle (ng/mm?) layers
4.0 33.9 67.8 x 106 27.1 12
4.5 17.0 34.0 x 106 13.6 6
5.0 15.3 30.6 x 106 12.2 )
5.5 15.7 31.4 x 106 12.5 )
6.0 12.9 25.8 x 10¢° 10.3 4
6.5 11.0 22.0 x 106 8.8 4
7.0 13.7 27.4 x 106 10.9 4

5.3.4 Dynamic activities

The aim of this work is to assess the enzyme immobilization effectiveness,
which can only be done by evaluating the enzymatic activity of immobilized
enzymes. For this purpose, fibers containing immobilized GOx were used for
glucose conversion into hydrogen peroxide. The enzymatic activity was de-
termined by measuring the absorbance at 505 nm of quinoneimine dye,
which is a reaction product of a fast secondary reaction using the produced
hydrogen peroxide, phenol and 4-amino-antipyrene (4-AAP), catalyzed by
horse radish peroxidase (HRP). By applying different buffers and different
pH’s, the reaction mixture was permeated through the fiber wall, with the
quinoneimine production being monitored inline using a spectrophotometer.
By varying the flow rate, different contact times of the reaction mixture with
the immobilized enzyme were obtained, resulting in different conversion
rates.

The activity was normalized to the total fiber weight and calculated for the
pH range of 4.0 to 7.0. The results are shown in figure 5.11.

The results presented in figure 5.11 show a clear maximum in the enzy-
matic activity of adsorbed GOx at pH 5.0, with a minimum at pH 4.0. The
reason for the low activity value at pH 4.0 is attributed to the lower part of
the pH range (4-7). The enzymatic abruptly increases at pH 4.5 and reaches
a maximum at pH 5.0, after which point it steadily decreases with increas-
ing pH. The pH optimum for the free enzymatic activity is 5.5, which is close
to the maximum in the activity of adsorbed GOx. This suggests that GOx
mainly retains configuration after immobilization in mixed matrix hollow-
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fibers (MMHF’s). This is also in accordance to literature, where different
maximums for GOx activity ranging from pH 5.0 to 7.0 are published [20,
26, 32-34].

200
175+

150 %

125 E ° o %

100 &

75

Activity (Ulg,, )
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25+

0 T T T T T T T
4.0 4.5 5.0 5.5 6.0 6.5 7.0

pH

Figure 5.11 — Total enzymatic activity of immobilized GOx in glucose conversion related to dry
fiber weight.

In order to better describe the behavior of immobilized GOx, the immobi-
lized enzymatic activity is related to the total amount of adsorbed GOx, as
displayed in figure 5.12.

In figure 5.12, the activity related to the amount of immobilized GOx shows
a very slight decline in the pH interval between 5.0 and 7.0, similar to that
presented in figure 5.11. Considering that the adsorption mechanism, due
to hydrophobic interactions, is similar in this pH interval and that the ad-
sorbed GOx amount is comparable for all pH’s, this observation is not un-
expected.

At pH 4.0, the enzymatic activity is lower. This is clearly due to the presence
of enzyme multilayers adsorbed via electrostatic interactions onto the resins
(table 5.5). In this adsorption mechanism, the lower adsorbed GOx layers
are constricted by the upper ones, which cause a shielding effect in which
the upper layers prevent the lower ones to contribute to the overall activity.
This takes place due to the fact that the upper layers present an increased
resistance to diffusion of substrate to the lower layers. This effect, in turn,
increases the contact time of the substrate with the upper layers, causing it
to be completely converted, thus removing the contribution of the lower
GOx molecule layers due to substrate depletion. This effect, increased by
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the bigger molecule size of the GOx molecule, cancels out the increased ad-
sorption capacity the fibers possess at pH 4.0. The relatively low activity
value at pH 4.5 is probably due to the also present electrostatic interactions
that contribute to a higher GOx adsorption, which increases the shielding
effects.

15.0

125+
10.0

7.5-. % v ©

5.0

ACtiVity (Ulmgimmobilixed GOX)

2.5

0.0 T T T T T T T
4.0 45 5.0 5.5 6.0 6.5 7.0

pH

Figure 5.12 - Enzymatic activity of immobilized GOx related to total adsorbed enzyme.

An important observation taken from figures 5.11 and 5.12 is that the
higher activity values obtained with the GOx adsorption taking place via
hydrophobic interactions than those obtained when the adsorption takes
place via electrostatic interactions. In this case, the advantage of enzyme
immobilization via electrostatic interactions is in the support regeneration
after enzyme inactivation, since enzyme desorption takes place by using a
simple pH swing. In the case of enzyme immobilization via hydrophobic in-
teractions, desorption takes place using hydrophobic solvents, which are
prone to interact with the fiber polymeric matrix.

5.4 CONCLUSIONS

In this chapter, a new approach for enzyme immobilization using the mixed
matrix membrane platform is presented. Sized down Lewatit 112WS strong
cation-exchange resins are incorporated in a macroporous hollow-fiber
membrane with polyethersulfone as the polymeric matrix. The prepared hol-
low-fibers are open and present a high interconnectivity with easy access to
the embedded resins. Static adsorption tests using glucose oxidase (GOx) as
model enzyme with an isoelectric point of 4.2, show an adsorption following
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a Langmuir-type adsorption isotherm for low concentrations at pH’s 3.5, 4.0
and 4.5. This behavior is consistent with data published for protein adsorp-
tion in cation-exchange supports at pH’s lower or in the vicinity of the pl. At
higher pH’s, from 5.0 to 7.0, the adsorption takes place via hydrophobic in-
teractions due to the hydrophobic nature of the ion-exchange resins.

Dynamic adsorption measurements were performed in a pH range of 4.0 to
7.0, the stability range of GOx. The highest adsorption capacity was found
at pH 4.0, with a reduction in adsorption capacity at pH 4.5 and stabiliza-
tion in adsorption capacity at pH’s 5.0 to 7.0, due to the pH independent
hydrophobic interactions governing the adsorption process.

Performance studies were carried out after the adsorption to assess the ac-
tivity of adsorbed glucose oxidase and the pH influence. Results show a
maximum in overall fiber activity at pH 5.0 and generally higher activities
for fibers containing GOx adsorbed via hydrophobic interactions. The differ-
ence is explained by the highest intrinsic activity GOx displays in the 5.0 to
7.0 pH range and by the fact that the multilayers formed during electro-
static adsorption cause substrate depletion between the adsorbed enzyme
molecules, thus reducing overall activity. These results are confirmed when
comparing the activity of adsorbed glucose oxidase at different pH’s. The
activity increase from pH 4.0 to pH 5.0 is approximately four-fold, due to
higher adsorption capacities at pH 4.0 which lead to the formation of
thicker GOx layers, thus increasing the shielding effects.

This work proves that the use of mixed matrix hollow-fibers with ion-
exchange functionality is viable for enzyme immobilization. Adsorption tak-
ing place via hydrophobic interactions between the resins and the enzyme
yields lower adsorption but provides an increase in overall fiber activity and
specific enzyme activity.
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6

Glucose oxidase immobilization in covalent
mixed matrix hollow-fibers

ABSTRACT

Glucose oxidase (GOx) was covalently bound onto Eupergit® C particles em-
bedded in mixed matrix hollow fiber membranes prepared using polyethyl-
ene vinyl alcohol (EVAL) as the polymeric macroporous matrix. The Euper-
git® C particles were chemically modified with ethylenediamine and acti-
vated with glutaraldehyde, ground and fractionated into 20-40 and < 20 um
size classes. GOx was immobilized in the fibers in dynamic mode. Fibers
containing the smallest particles show the highest immobilization capacity
due to the increased external particle surface area. The activity of immobi-
lized enzyme was evaluated by dynamic conversion of glucose. The results
proved that the enzyme retains enzymatic activity after immobilization. The
highest glucose conversion yields are obtained with fibers which contain the
bigger particles, which is attributed to a better fiber wall morphology lead-
ing to an improved flow distribution. The results further showed that GOx
covalently immobilized in EVAL/Eupergit® fibers has a lower enzymatic ac-
tivity than GOx that is physically immobilized in polyether sulfone (PES)
fibers containing strong cation exchange (SCIEX) resins. The reduced activ-
ity is explained by the differences in the materials used, immobilization
methods, fiber morphologies and applied pH’s in each case.
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6.1 INTRODUCTION

Mixed matrix membranes (MMM’s) are materials in which small functional
particles are embedded in a polymeric matrix. These materials present a
synergistic match between classical membrane and chromatography mate-
rials. MMM’s are characterized by high fluxes and low pressure drop across
the membrane wall, with the fluid transport being predominantly convec-
tively controlled, as typical for pressure driven membrane systems. The ac-
tive sites are provided by functionalized particles embedded in the mem-
brane wall, which permit to obtain high capacities and selectivities as typi-
cal of chromatography media. MMM’s present therefore the typical advan-
tages of both techniques, showing the high capacities of chromatographic
media and the hydrodynamic characteristics of membranes. The main ad-
vantages of the MMM platform technology when compared to packed bed
columns are the low manufacturing costs and the flexibility in geometry [1,
2], which permit tailoring of the material to the desired application. Mixed
matrix membranes are prepared according to the same procedure as com-
mon micro- and ultrafiltration membranes. A homogeneous solution con-
taining polymer, solvent and additives is prepared and thereafter particles
with the desired functionality and size are dispersed. The dispersion can
then be either cast into a flat-sheet or spun as a hollow-fiber membrane us-
ing a phase inversion process, typically using water as a non-solvent.

Although initially developed for improving pervaporation and gas permea-
tion transport using polymeric films containing zeolites as the active mate-
rial [3-6], mixed matrix membranes started more recently to be applied in
micro- and ultrafiltration as a pre-treatment for solute concentration before
chromatography processes [7, 8]. This technique has also been applied in
processes involving the adsorption and capturing of peptides from multi-
component mixtures [9-11], protein adsorption [12], toxin removal [13] and
enzyme capturing and concentration [14] by using embedded particles with
different functionalities.

Enzymes have been used for decades for biocatalytic processes to obtain
improved purities and yields due to their high specificity and selectivity
while maintaining the processes environmentally friendly [15]. The need for
enzyme removal after the conversion process and the interest in enzyme re-
utilization has driven the interest in enzyme immobilization [15]. Further
advantages of enzyme immobilization are long-term stability and increased
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chemical and thermal resistance, which add to the economic benefits [16-
18].

In this work we covalently immobilize the enzyme glucose oxidase (GOx) in a
mixed matrix hollow-fiber (MMHF) in order to perform dynamic enzymatic
conversions. The covalent immobilization in supports generally provides
stronger enzyme-support bonds, which increases the enzyme stability when
compared to other enzyme-support binding mechanisms. The coupling can
take place between any readily available functional group on the surface of
the support with compatible groups in the aminoacid residues present in
the enzyme [19]. This chapter describes the dynamic GOx immobilization
onto epoxy functionalized Eupergit® C particles embedded in a MMHF. The
enzymatic activity of immobilized GOx was evaluated by dynamic glucose
conversion. In order to study the particle size influence, fibers containing
two different particle size classes (20-40 pm and < 20 pm) were used. The
enzymatic performance was compared with the results presented in chapter
S, for fibers containing physically bound GOx.

6.2 EXPERIMENTAL

The experimental section follows the same procedures as presented in chap-
ter 4 for the chemical modification, milling and sieving of the two Eupergit®
C particle size classes (20-40 and < 20 pm). Also the spinning of EVAL fi-
bers containing the prepared Eupergit® C particles and the preparation of a
lab scale module are described in chapter 4.

6.2.1 Materials

Potassium phosphates (mono- and dibasic, Acros) were used for preparing
the buffer solutions. Glucose Oxidase from aspergillus niger (Fluka, the
main characteristics are presented in table 6.1) was used as the immobi-
lized enzyme (figure 6.1). Glucose (Merck) was used as substrate for deter-
mining the glucose oxidase enzymatic activity. Phenol (Acros Organics), 4-
amino antipyrene (Acros Organics) and horseradish peroxidase (Sigma) were
employed in the secondary conversion reaction. Ultrapure water was pre-
pared using a Millipore purification unit Milli-Q plus.
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Table 6.1 — Relevant data of glucose oxidase as provided by the supplier.

Property Data

Isoelectric point (pl) 4.2

Molecular weight 186 x 108 g/mol
pH activity range 4-7
pH optimum 3.5
Enzymatic activity 159 U/mg
2 OH NH I?
Zg_ \/\N—/\/\C=O + HN
w
=4 OH NH F||
o
g NNV N
w

Figure 6.1 — Coupling chemistry of glucose immobilization in chemically modified Eupergit® C
particles.

6.2.2 Dynamic immobilization

The dynamic GOx immobilization capacity of the fibers was determined by
evaluating the breakthrough curves. A solution of 0.25 mg/ml of GOx in 50
mM phosphate buffer at pH 7.0 was eluted through the fiber in dead-end
mode at a 0.15 ml/min flow-rate using an Akta Purifier chromatographic
system. The breakthrough curve was determined by measuring the GOx
depletion at 280 nm using the in-line spectrophotometer. The immobiliza-
tion of GOx in the fiber was calculated according to the following equation.

1= 6.1)
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(J_C/Co )XCO V' 6.2)

w

i:

with I the total amount of immobilized GOx in the membrane (mg/g), i as
the fraction of GOx immobilized in the membrane (mg/g), C’ the fractional
concentration in the permeate side (mg/ml), Co the initial concentration
(mg/ml), V’the fraction volume (ml) and W as the dry weight of membrane

(8)-

6.2.3 Enzymatic activity

GOx activity was calculated for the free and the covalently bound enzyme.
The method was based on the work by Rauf et al [20], using glucose as sub-
strate. Glucose is converted in the presence of water and oxygen to hydro-
gen peroxide and gluconic acid. In a fast secondary reaction, the produced
hydrogen peroxide reacts with phenol and 4-Amino-Antipyrene (4-AAP) in
the presence of horseradish peroxidase (HRP) to water and quinoneimine.
The activity of GOx was measured by recording the production of
quinoneimine in time, by measuring the light absorbance of the solution at
505 nm. The two-step reaction is depicted in figure 6.2.

Glucose + H,0 + O, GOx Gluconic acid + H,0,
HRP

H,0, + 4-AAP + Phenol » Quinoneimine + H,O

v

Figure 6.2 - Two-step reaction used for GOx activity measurements. The second reaction,
which produces the quinoneimine, is much faster than the first reaction and is therefore used
to measure the GOx activity.

Static activity

The activity of free GOx in static mode was measured using solutions of 8.5
mM of glucose, 41.5 mM phenol, 0.06 mM 4-AAP and 0.08 U/ml of HRP in
buffers at different pH’s. 3 ml of the solution were placed in a 10 mm quartz
cuvette, to which 20 pl of a 200 U/ml GOx solution were added. After ho-
mogenization, the increase in signal at 505 nm in time was recorded using a
Varian Cary 300 spectrophotometer. The obtained values were plotted
against time and the activity was taken from the linear portion of the curve
and related to the dry weight of enzyme.
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Dynamic activity

Dynamic activity of the covalently bound GOx was evaluated by adapting
the static method. After the GOx binding, the fiber was washed with buffer
to remove the unbound enzyme molecules. A solution of 50 mM glucose, 50
mM phenol, 0.08 mM 4-AAP and 0.1 U/ml HRP was permeated through the
fiber walls with different flow rates. The permeate absorbance was moni-
tored at 505 nm to evaluate the quinoneimine production. For each flow
rate, the reaction was given time to reach steady-state conditions, at which
the absorbance value was registered. By using different flow rates it was
possible to achieve different absorbance values for different residence times
[21]. The values were plotted against the different residence times and the
enzymatic activity was calculated from the linear portion of the curve and
related to the dry weight of used fiber or to the dry weight of adsorbed en-
zyme. In order to keep the experiments in neutral conditions, a pH of 7.0
was used in all situations.

6.3 RESULTS AND DISCUSSION

6.3.1 Membrane morphology

The morphology of the applied fibers is presented in chapter 4. Figures 4.6
and 4.7 illustrate the results from the scanning electron microscopic (SEM)
analysis.

6.3.2 Dynamic immobilization

GOx was immobilized by permeating a solution of 0.25 mg/ml through the
fiber at a flow rate of 0.15 ml/min, corresponding to a residence time of 1.9
minutes for FCmyo fibers and 1.6 minutes for FCmao fibers. The break-
through curves for the dynamic immobilization performed both on FCmyo
and FCmyo fibers are presented in figure 6.3. The results are average values
of at least two experiments with good reproducibility.
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Figure 6.3 — GOx breakthrough curves for FCmzo and FCmu4o fibers. A flow rate of 0.15 ml/min
and a GOx concentration of 0.25 mg/ml were used in the experiments.

The results depicted in figure 6.3 clearly show a faster breakthrough of GOx
when permeated through FCmgo fibers when compared to permeation
through FCmyo fibers. This is due to the fact that FCmao fibers contain big-
ger sized particles (particle size 20-40 um) than the FCmyo fibers (particle
sizes < 20 um). This means that for FCmaso fibers a smaller active surface
area is available for GOx immobilization, when compared to the FCmyo fi-
bers. Due to the high molecular weight of GOx (160 kDa), the molecules do
not have access to the complete interior pore structure of the Eupergit® C
particles, which possess a fine porous structure with an average pore size of
10 nm. For this reason, the GOx immobilization is mainly controlled by the
external particle surface area. It is therefore to expect that the total immobi-
lization capacity for FCmyo fibers is higher than that for FCmg. This hy-
pothesis is configured by figure 6.4 and table 6.2.

It is important to notice that, at these low flow rates, the fiber structure has
little influence on the immobilization capacity, since the linear speed of
permeation across the membrane wall is very low, which greatly increases
the GOx residence time in the fibers and allows the GOx molecules to dif-
fuse from the permeating bulk solution to the surface of the embedded par-
ticles. This means that preferential flow paths across the fiber wall do not
dictate the immobilization process. This discussion is further developed in
chapter 4.
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Figure 6.4 — Dynamic immobilization curves for FCm2o and FCmao fibers as calculated using
equations 6.1 and 6.2. The eluted solution has a GOx concentration of 0.25 mg/ml.

6.3.3 Dynamic activity measurements

The activity of immobilized glucose oxidase was evaluated by permeating a
glucose solution through the fiber wall at different flow rates. The reaction
product hydrogen peroxide reacts subsequently with phenol and 4-amino-
antipyrene (4-AAP) in the presence of horseradish peroxidase (HRP) to
quinoneimine, a dye with an absorbance maximum at 505 nm. The
quinoneimine production is therefore linked to the glucose conversion rate
which means that in the presence of excess phenol, 4-AAP and HRP, the
activity of immobilized GOx determines the kinetics of the reaction. By ap-
plying different flow rates, different residence times in the fiber wall and
therefore different reaction times can be obtained. The results of the activity
measurements are summarized in table 6.2.

Table 6.2 - Fiber immobilization capacity and enzymatic activity of immobilized GOx.

Fiber Immobilized GOx (mg/gsber) Activity (U/gsiber)

FCmoo 10.8 £ 2.1 20.1£2.2

FCmuao 7.8+0.4 30.1+1.9
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The activity results presented in table 6.2 show a considerable higher activ-
ity for GOx immobilized in FCmao fibers (containing particles in the size
class of 20-40 pm) over that of GOx immobilized in FCmyo fibers (containing
particles with sizes < 20 pm). These results are in contradiction with the
immobilization results, which show a higher immobilization capacity for
FCmyo than for FCmao. This discrepancy can be explained by the difference
in fiber structure and the nature of the experiments for the dynamic immo-
bilization and the dynamic activity measurements. In the dynamic immobi-
lization process, the applied flow rate is very low, 0.15 ml/min, permitting
the big GOx molecules a long time interval to diffuse towards the surface of
the embedded particles that are located in diffusive regions in the fiber wall.
In the case of dynamic activity measurements, the applied flow rate ranges
from 0.5 to 5.0 ml/min, thus greatly reducing the residence time of the
substrate solution in the fiber wall. This means that in the dynamic immo-
bilization process the transport of GOx to the active sites located on the
particle surface is more diffusively controlled, while in the dynamic activity
measurements the transport of substrate molecules is dominated predomi-
nantly by convective mechanisms. Furthermore, SEM images show that the
morphology of FCmyo and FCmago fibers is different. The FCmyo fibers con-
tain voids in the fiber wall, whereas in the FCmaso fibers voids are hardly
present. The result is that the preferential flow in the FCmyo fibers causes
passage of substrate molecules which have almost no interaction with the
immobilized GOx molecules. As consequence, the “effective” enzymatic ac-
tivity in the FCmyo fibers is lower than in FCmgyo fibers.

6.3.4 Comparison with MMF with cation-exchange func-
tionality

In order to provide a better insight into the effectiveness of covalently im-
mobilized glucose oxidase in FCmyo and FCmyo fibers, the enzymatic activity
was compared with glucose oxidase immobilized in mixed matrix hollow fi-
bers via physical interaction using strong cation-exchange resins (SCIEX).
The results are present in chapter 5. The comparison was made in terms of
the activity normalized by the amount of immobilized GOx.

The enzymatic activity of GOx in fibers containing SCIEX resins is signifi-
cantly higher than in the fibers containing modified Eupergit® C. In SCIEX
resins, the immobilization takes place via electrostatic interaction at pH’s
lower than the isoelectric point (pl) of GOx, where the enzyme molecules are
in the cationic form. For glucose oxidase, the supplier provided a pl of 4.2.
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At higher pH’s, the molecules increasingly assume anionic form, which
means that electrostatic interaction no longer plays a role in the immobili-
zation of GOx. Since the divinylbenzene/polystyrene based resins embedded
in the fibers present also hydrophobic domains [22], enzyme immobilization
at pH’s above the pl takes place via hydrophobic interactions.

The dynamic activity of GOx immobilized in fibers containing strong cation-
exchange resins is considerably higher for pH’s over 4.0 than that of FCmyo
(over three times higher) and FCmuao (two times higher). The difference can
be explained by the contribution of several factors that differ in each case.

- polymeric matrix: the applied polymers are different. In the covalent
experiments, ethylene vinyl alcohol is used as polymer and Euper-
git® is used as the particulate material. In experiments with physi-
cally bound enzymes, polyether sulfone is used as polymer and
SCIEX as the particulate material. The applied polymers present dif-
ferent properties which reflects on the different morphology of both
fibers. PES/SCIEX fibers present a much more homogeneous fiber
structure than FCmaso and FCmyo fibers, which present more irregu-
larities. This contributes to a better flow profile along the fiber wall,
thus reducing possible instabilities that can reduce the overall en-
zymatic activity;

- particle size: in the PES/SCIEX fibers, the particle size is considera-
bly lower than in the case of the Eupergit® particles. Since the parti-
cle size has been shown to have an influence in the amount and on
the enzymatic activity of immobilized GOx, it is reasonable to con-
sider that the particle size difference, even when the particles have a
different nature, influences the overall enzymatic activity;

- immobilization mechanism: in FCm4o and FCmyo fibers, the immobi-
lization takes place by covalently binding the GOx molecules to the
surface of the particles embedded in the fiber wall. In PES/SCIEX fi-
bers, the physical immobilization, at pH’s below the pl, takes place
via electrostatic interactions, while at pH above the pl, binding takes
place via hydrophobic interactions. In covalent immobilization, the
bond is much stronger than in both electrostatic and hydrophobic
interactions, but also promotes multi-point attachment (figure 6.5),
which contributes to the reduction in enzymatic activity [23]. Multi-
point attachment is further enhanced in the case of Eupergit® parti-
cles, which present an initial high density of oxirane functionalized
groups that can be used for enzyme immobilization;
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At pH 4.0, where the GOx immobilization in the PES/SCIEX fibers takes
place via strong electrostatic interactions, formation of GOx multi-layers
occurs. Due to this fact, GOx molecules immobilized in the lower layers do
not come into contact with substrate molecules, which are depleted by con-
version in the upper GOx layers. In addition to the possibilities presented
above, this also explains the lower enzymatic activity per amount of immo-
bilized glucose oxidase. A more complete discussion can be found in chap-
ter 5.

Enzymes

Covalrt Y\
/ \/ \/ [\ /\ / / / N\

Figure 6.5 — Schematic representation of covalent immobilization via multi-point covalent at-
tachment. The high density of active sites on the carrier surface promotes covalent binding to
several available groups in the enzyme structure and changes the conformation of the enzyme
molecules. This reduces access of substrate to the conversion sites and thus overall activity.

The lower enzymatic activity obtained by the covalent immobilization in
comparison to that of the physically immobilized enzymes can be attributed
to a combination of factors. Based on the current results, it is not possible
to indicate which factor plays the most determinant role. A more detailed
discussion of the different immobilization methods can be found in chapter
2 and the influence of fiber morphology and particle size for FCmaso and
FCmpyo fibers can be found in chapter 4.

6.4 CONCLUSIONS

In this chapter glucose oxidase (GOx) was covalently immobilized on modi-
fied Eupergit® C particles (in two different particle size classes, 20-40 um
and < 20 um) embedded in mixed matrix hollow fibers (MMHF). Dynamic
immobilization tests showed that the amount of covalently bound GOx in
Eupergit® C-functionalized MMHF’s depends on the size of the Eupergit® C
particles. Fibers containing smaller particles are able to bind more GOx to
the matrix. This is due to the high molecular size of GOx (7x5.5%8 nm [24])
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and the low pore size of Eupergit® C particles (10 nm). Therefore GOx bind-
ing takes place only on the external particle surface area.

MMHF’s containing bigger particles show a higher enzymatic activity, which
is due to the more homogeneous fiber wall structure which reduces the
possibility of preferential flow through the fiber wall when compared to fi-
bers containing smaller particles, which present more voids in the wall
structure. Preferential flow is an important factor in dynamic conversion
experiments, since the applied permeation flow rates (0.5 to 5.0 ml/min) are
much higher than in the case of the dynamic immobilization (0.15 ml/min).
Dynamic immobilization, in contrast, uses longer permeation times during
the elution through the fiber wall and is, therefore, less dependent on ir-
regularities in fiber morphology.

The enzymatic activity of GOx covalently bound in Eupergit® C-containing
fibers was considerably lower than that of GOx immobilized in PES/SCIEX
fibers. The difference between the enzymatic activities of immobilized GOx
in each fiber type is explained by a conjugation of different factors which
reflect the different fiber properties and each immobilization method. Fur-
ther statements about the differences can only be made after a more thor-
ough evaluation of the influence of the polymeric matrix, particle size and
the different immobilization mechanisms, studies which fall out of the scope
of this work.

The work presented in this chapter shows that mixed matrix membranes
present a flexible platform for enzyme immobilization by immobilizing en-
zymes on embedded particles with different functionalities. Furthermore,
flexibility is enhanced by the fact that different supports can be used ac-
cording to the desired application.
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SUMMARY

Chemical reactors are one of the main focus points for optimization within
process engineering. There is a permanent search for new methods which
can improve yields and reduce costs, thus making the processes more effec-
tive and affordable. In this search, process optimization can be performed to
equipment, materials, reactants, conditions or in the dynamics of the proc-
ess itself. An approach which has been consistently growing concerns the
merge of different platforms, where the best characteristics of each technol-
ogy are used in order to overcome the possible individual shortcomings. Ex-
amples of this approach are membrane reactors, where the separation ef-
fects and operation advantages of membranes are used to improve the reac-
tion taking place.

This thesis focuses on the development of new types of membrane reactors
based on mixed matrix membranes (MMM) where the basic membrane
structure is used as a support matrix for embedded particles which act as
catalysts, either as a carrier for immobilized enzymes or as catalysts them-
selves. This concept takes advantage of the excellent flow properties of
membranes, such as high throughput or low pressure drop, and the inher-
ent characteristics of chromatographic particles, such as the high diversity
of chemical affinities or the high density of functional groups.

In chapter 2, an introduction over the different types of enzyme immobiliza-
tion is given. The discussion focuses mainly on the different methods for
immobilization and the different types of carrier which can be used. In the
end, a short history about mixed matrix membranes is presented.

In chapter 3, a flat-sheet MMM was prepared and optimized for the immobi-
lization of trypsin. The MMM is prepared using a phase inversion process
using ethylene vinyl alcohol (EVAL) as the polymeric matrix and Eupergit®
as the chromatographic particles. The embedding is achieved by dispersing
Eupergit® particles, milled to sizes of 20 to 40 um, in the polymer dope. Two
types of Eupergit® particles, Eupergit® C and Eupergit® C250L, with differ-
ent densities of functional groups and pore sizes, employed for covalent
immobilization of enzymes, are used. The influence of the embedding proc-
ess in the particle functionality was evaluated. The immobilization capacity
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and the enzymatic activity were tested for trypsin immobilized in suspended
Eupergit® particles (milled and non-milled) and in Eupergit® in a packed
bed. The same tests were performed using the prepared MMM. In order to
improve the enzymatic activity of immobilized trypsin, the Eupergit® parti-
cles are chemically modified with ethylenediamine and glutaraldehyde prior
to milling. Eupergit® C particles show an overall better performance than
Eupergit® C250L particles in terms of enzymatic activity of trypsin for all
situations. The enzymatic activity is proved to improve by embedding the
particles in a mixed matrix membrane comparatively to particles in packed
beds. The chemical modification proves also to be advantageous, causing at
least a nine fold increase in enzymatic activity for trypsin immobilized in
MMM containing chemically modified Eupergit® C comparatively to the
other supports.

Chapter 4 describes the preparation of mixed matrix hollow-fibers (MMHF)
using EVAL and chemically modified Eupergit® C particles. The fibers were
prepared by phase inversion using wet-spinning technique. The best poly-
mer dope compositions were developed in order to optimize the fiber mor-
phology. Two different size classes were used, 20-40 ym and < 20 um. The
fibers are used in trypsin immobilization and the fiber performance was
evaluated in terms of the enzymatic activity of immobilized trypsin. MMHF
proves to be better than flat-sheet MMM due to a better flow distribution
through the membrane wall. The comparison between MMHF containing
20-40 um and < 20 pm particles yields no significant differences, implying
that the advantages of particle size reduction do not extend to particles
smaller than 20 um.

The preparation of MMHF containing strong cation-exchange Lewatit resins
as chromatographic particles is the focus of chapter 5. The MMHF were
prepared using polyether sulfone (PES) as a polymeric matrix. The prepared
fibers were used for the static immobilization of glucose oxidase (GOx) at
different pH values. At pH’s below the isoelectric point (pl) of the enzyme,
the immobilization takes place via electrostatic interactions and follows a
Langmuir-type adsorption isotherm. At pH values above the pl, the adsorp-
tion takes place via hydrophobic interactions and yields lower adsorption
capacities. Dynamic immobilization tests show adsorption capacities close
to those of static measurements. The activity of the immobilized GOx was
evaluated by glucose conversion. The results show that higher adsorption
capacities do not correspond to higher enzymatic activities normalized for
the amount of adsorbed glucose oxidase. The reason for this behavior is at-
tributed to the formation of GOx multi-layers in which the top layers deplete
the substrate (glucose) and the lower layers do not contribute to the overall
enzymatic activity.
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The flexibility of the mixed matrix membrane platform is evaluated in chap-
ter 6. The covalent-based mixed matrix hollow-fibers developed in chapter 4
were used for the immobilization of glucose oxidase. The results show that
the covalent-based fibers are adequate for GOx immobilization and that the
GOx stays active after immobilization. A comparison between the covalent-
based MMHF and the strong cation-exchange based MMHF developed in
chapter 5 prove that the latter fibers are more advantageous for this sys-
tem, with the activity of immobilized GOx being more than doubled com-
paratively to the ones showed in the case of covalent-based MMHF.
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SAMENVATTING

Eén van de aandachtspunten binnen het vakgebied chemische technologie
is de ontwikkeling van chemische reactoren. Continu wordt er gezocht naar
nieuwe methoden die de productiviteit kunnen vergroten en de kosten
kunnen verlagen, zodat processen effectiever en economischer bedreven
kunnen worden. Binnen deze zoektocht wordt gekeken naar de toegepaste
apparatuur, materialen, chemicalién en procescondities. Daarnaast wordt
ook de dynamica van de processen zelf bestudeerd. Een aanpak die aan
populariteit wint, is het combineren van verschillende technologieén. Hierbij
vullen de goede punten van de ene technologie de zwaktes van de andere
aan. Een goed voorbeeld hiervan is de membraanreactor. In deze reactor
wordt het scheidend vermogen van een membraan gebruikt om een reactie
te verbeteren.

Dit proefschrift richt zich op de ontwikkeling van een nieuw type
membraanreactor, gebaseerd op zogenaamde “mixed matrix membranes”
(MMM). Dit zijn poreuze membranen waarin deeltjes zijn ingekapseld. Dit
concept combineert de goede doorstroombaarheid en lage drukval van
membranen met de grote diversiteit aan chemische affiniteit en de hoge
dichtheid aan functionele groepen van chromatografische deeltjes. De in dit
proefschrift toegepaste chromatografische deeltjes hebben van zichzelf een
katalytische werking, of worden gebruikt om enzymen te immobiliseren die
als katalysator werken.

In Hoofdstuk 2 wordt een introductie gegeven over immobilisatie van
enzymen. De nadruk ligt voornamelijk op de verschillende methodes voor
immobilisatie en de verschillende soorten dragermaterialen. Daarnaast
wordt een kort overzicht van de geschiedenis van “mixed matrix
membranes” gegeven.

Hoofdstuk 3 beschrijft het maken van een vlakke film MMM en het
optimaliseren voor immobilisatie van trypsine. Het MMM is gemaakt met
behulp van fasescheiding, waarbij ethylene vinyl alcohol (EVAL) als
polymere matrix is gebruikt en Eupergit® voor de chromatografische
deeltjes. Het inbedden van de deeltjes is bereikt door Eupergit® te malen tot
deeltjes van 20-40 um en te dispergeren in de polymeeroplossing. Twee type
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Eupergit® deeltjes zijn gebruikt: Eupergit® C en Eupergit® C250L. Deze
deeltjes hebben een verschillende dichtheid aan functionele groepen en een
verschillende poriegrootte, maar zijn beide geschikt voor het covalent
binden van enzymen. De invloed van de manier van inbedden op de
functionaliteit van de deeltjes is bestudeerd. De immobilisatiecapaciteit en
enzymatische activeit zijn bepaald voor trypsine in vrije Eupergit® deeltjes
(gemalen en ongemalen), zowel in suspensie als in een gepakte kolom.
Vervolgens zijn dezelfde testen herhaald voor het MMM. Om de
enzymatische activiteit van geimmobiliseerd trypsine te verhogen, zijn de
Eupergit® deeltjes, al voor het malen, chemisch gemodificeerd met
ethyleendiamine en glutaaraldehyde. Op het gebied van trypsine activiteit
presteert Eupergit® C in alle gevallen beter dan Eupergit® C250L. Verder is
bewezen dat de enzymatische activiteit van de deeltjes ten opzichte van een
gepakt bed verbetert door deze in een mixed matrix membraan in te bedden.
Daarnaast blijkt de chemische modificatie voordelig te zijn; in een MMM
met chemisch gemodificeerd Eupergit® C kan een enzymatische activiteit
van trypsine bereikt worden die minstens een factor 9 hoger ligt dan bij de
andere dragers.

Hoofdstuk 4 beschrijft mixed matrix membranen in holle vezel vorm
(MMHYV), op basis van EVAL en chemisch gemodificeerde Eupergit® C
deeltjes. Deze holle vezels zijn door middel van fasescheiding gesponnen in
een nat spinproces. De samenstelling van de gebruikte polymeeroplossingen
is gevarieerd om tot een optimale vezelmorfologie te komen. Er is met 2
fracties van het gemalen Eupergit® C gewerkt: deeltjes van 20-40 um en
deeltjes kleiner dan 20 um. De geproduceerde vezels zijn gebruikt voor
immobilisatie van trypsine, en vervolgens is de enzymatische activiteit
geévalueerd. Daarbij is gebleken dat een MMHV beter presteert dan een
vlakke film MMM, wat verklaard wordt door een verbeterde
stromingsverdeling over de membraanwand. Wat betreft de grootte van de
deeltjes is geen significant verschil gevonden tussen de fracties van 20-40
um en <20 pm. Dit impliceert dat het voordeel van verlaging van
deeltjesgrootte niet meer geldt voor deeltjes kleiner dan 20 um.

Het onderwerp van hoofdstuk S is het maken van MMHV’s waarin het
sterke kation-uitwisselend resin Lewatit® als chromatografisch medium is
ingebed. Het polymeer Polyethersulfon (PES) is hierbij gebruikt als matrix
materiaal. De gesponnen vezels zijn gebruikt voor de statische immobilisatie
van glucose oxidase (GOx) bij verschillende zuurgraad (pH). Voor pH
waarden beneden het iso-electrisch punt van dit enzym (pI) verloopt de
immobilisatie via electrostatische interacties volgens een adsorptie isotherm
van het Langmuir type. Voor pH waarden boven de pl verloopt immobilisatie
via hydrofobe interacties. Onder deze laatste omstandigheid wordt een
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lagere adsorptiecapaciteit gevonden. De adsorptiecapaciteit in dynamische
adsorptietesten ligt vlakbij die van statische metingen. De activiteit van
geimmobiliseerd GOx is geévalueerd op basis van de conversie van glucose.
De resultaten laten zien dat een hogere adsorptiecapaciteit niet
overeenkomt met een hogere enzymatische activiteit, wanneer genormeerd
wordt op de hoeveelheid geadsorbeerd GOx. Dit gedrag wordt toegekend aan
de formatie van GOx multilagen, waarbij de toplaag al het aangevoerde
substraat (glucose) omzet, en de onderlagen niet bijdragen aan de
enzymatsiche activiteit.

Tot slot wordt in Hoofdstuk 6 de flexibiliteit van het “mixed matrix
membrane” platform geévalueerd. Met behulp van de in Hoofdstuk 4
ontwikkelde holle vezels is getracht om glucose oxidase covalent te binden.
De resultaten laten zien dat deze aanpak mogelijk is en dat het GOx
achteraf nog steeds actief is. Wanneer de twee principes voor
enzymebinding -covalent binden of immobilisatie met behulp van een
sterke kation-uitwisselend resin— vergeleken worden voor de MMHV’s, blijkt
de laatste aanpak gunstiger voor dit systeem, met een twee maal zo hoge
activiteit van het GOx.
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