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Abstract

Enzyme immobilization is an important concept for the development of improved biocatalytic
processes, primarily through facilitated separation procedures. However, enzyme
immobilization usually comes at a price of reduced biocatalytic activity. For this reason,
different immobilization methods have already been developed, combining the same goal to
improve enzyme activity, stability and selectivity. Polymer materials have shown, due to their
easy processibility and versatile properties, high potential as enzyme support. However, in order
to achieve improved enzyme performance, the combination of different factors, such as the
nature of the enzyme, the properties of the support, the type of immobilization and the
interaction between enzyme and support, has to be taken into consideration. In this thesis, these
factors are pursued and addressed by exploiting various types of polymers with focus on their
tailored surface modification in order to obtain improved enzyme-support systems.

Firstly, an off-stoichiometric thiol-ene (OSTE) thermosetting material was used for the
development of a screening platform allowing the investigation of micro-environmental effects
and their impact on the activity of immobilized enzymes. Micro-environmental changes were
generated through the introduction of tailored surface functionalities via thiol-ene chemistry
(TEC) and surface chain transfer free radical polymerization (SCT-FRP), which demonstrated a
significant influence on the activity of immobilized horseradish peroxidase (HRP). Thereby, this
versatile screening substantiated the identification of suitable support surfaces for the
immobilization of enzymes.

Secondly, in order to facilitate the application of previously identified enzyme-support
combinations, OSTE particles as enzyme carriers were prepared. Here, a novel fabrication
process via suspension polymerization in glycerol was applied resulting in microparticles with
high control over particle size, which were further surface functionalized through TEC and
SCT-FRP. In this case, epoxide functional particles were applied for the covalent
immobilization of HRP and thus, demonstrated their potential as enzyme carrier in a continuous
biocatalytically active plug-flow reactor.

Thirdly, OSTE particles with different surface functionalities were further used for the
immobilization of B-glucosidase. The aim of this study was primarily to improve enzymatic
selectivity through tailored changes of the micro-environment between enzyme and surface,
which was achieved by introducing different surface chemistries onto the particles. The
resulting  selectivity between trans-glycosylation and hydrolysis of p-nitrophenyl
glucopyranoside (pNPG) catalyzed by immobilized B-glucosidase was significantly improved
and showed a direct correlation to the surface chemistry.

Furthermore, enzyme effectiveness is another important factor for the development of
biocatalytic processes, which was addressed by immobilizing HRP in microfluidic devices
based on OSTE+ materials. In this approach, area selective surface functionalization allowed
the immobilization of HRP in various surface patterns and consequently, the effect of spatial
enzyme distribution was determined towards the overall reactor performance. Two
checkerboard patterns were identified to exploit enzymes more efficiently compared to an even
distribution on the surface.

Finally, improvements in enzyme stability was the focus of applying tailored surface
functionalization and polymer grafting of polysulfone (PSf) membranes and their subsequent
application as biocatalytic membrane reactors (BMRs). Immobilization of alcohol
dehydrogenase (ADH) onto poly(1-vinyl imidazole) (pVim) grafted membranes demonstrated



increased biocatalytic activity and stability compared to pristine membranes and thus, showed
improved enzyme performance through tailored micro-environment by polymer grafting.



Resumé

Enzym immobilisering er et vigtigt element i udviklingen af forbedrede biokatalytiske
processer, hvor specielt forbedring af separationsprocesser er en drivende faktor. Imidlertid
resulterer enzymimmobilisering normalt i en reduceret biokatalytisk aktivitet. Derfor arbejdes
der pad nuveerende tidspunkt pd udvikling af forskellige nye immobiliseringsmetoder, der
resulterer i forbedret enzymaktivitet, stabilitet sdvel som selektivitet. Polymermaterialer har pa
grund af deres enkle forarbejdning og alsidige egenskaber et stort potentiale som barematerialer
til enzymer. For at opnd en forbedret enzymydelse skal der imidlertid tages hensyn til
kombinationen af forskellige faktorer, sisom enzymets egenskaber, egenskaberne af
baerematerialet, typen af immobilisering og vekselvirkningerne imellem enzym og overfladen af
baerematerialet. | denne afhandling forsgges disse faktorer handteret ved overflademodificering
af polymerer med fokus pa at skraeddersy overfladeegenskaberne og dermed at opné en synergi
imellem bzrematerialet og det immobiliserede enzym.

Indledningsvist blev en off-stgkiometrisk thiol-ene (OSTE) hardeplast anvendt til udvikling af
en screeningsplatform, der muliggar undersggelse af mikromiljgeffekter og deres indvirkning pa
aktiviteten af immobiliserede enzymer.  Zndringer i mikromiljget blev opndet ved
overflademodifikation via thiol-en-kemi (TEC) og ved overfladeterminerede fri
radikalpolymerisationer (SCT-FRP), hvilket resulterede i en signifikant forbedring af aktiviteten
af immobiliseret peberrodsperoxidase (HRP). Dermed blev screeningsplatformen anvendt til
identifikation af egnede overfladekemier til immobilisering af enzymer.

For det andet blev en ny fremstillingsmetode af OSTE-partikler til anvendelse som
barematerialer for enzymer udviklet, for at lette overfarslen af identificerede overfladekemier
til et kommercielt relevant baeremateriale. Ved suspensionspolymerisation i glycerol var det
muligt at fremstille mikropartikler med en kontrolleret partikelstarrelse, som efterfglgende blev
overfladefunktionaliseret ved TEC og SCT-FRP. Som eksempel blev epoxidfunktionelle
partikler anvendt til kovalent immobilisering af HRP, hvorved partiklernes potentiale som
enzymbarere i en kontinuerlig biokatalytisk aktiv plug-flow reaktor blev demonstreret.

For det tredje blev OSTE-partikler med forskellige overfladefunktionaliteter ogsa anvendt til
immobilisering af B-glucosidase. Formalet med denne undersggelse var primert at forbedre den
enzymatiske selektivitet ved &ndring af interaktionen mellem enzym og overflade, hvilket blev
opnaet ved at indfare forskellige overfladekemier pa partiklerne. Den resulterende selektivitet
mellem transglycosylering og hydrolyse af p-nitrophenylglucopyranosid (pNPG) katalyseret ved
immobiliseret B-glucosidase blev signifikant forbedret og viste en direkte korrelation med
overfladekemien pé partiklerne.

Endvidere blev enzymeffektivitet, en anden vigtig faktor for udviklingen af biokatalytiske
processer, adresseret ved immobilisering af HRP i mikrofluide systemer baseret pa OSTE+
materialer. Her var det muligt, omradeselektivt, at modificere overfladen i de mikrofluide
reaktorer med HRP. Dermed kunne virkningen af enzymdistributionen i forhold til den samlede
reaktorydelse bestemmes. To skakternsmgnste blev identificeret som de mest effektive manstre,
sammenlignet med en tilsvarende jeevn fordeling af enzymer pa overfladen i den mikrofluide
reaktor.

Slutteligt blev effekten af overflademodicering af bearematerialer pd enzymstabiliteten,
undersggt ved modificering af polysulfon (PSf) membraner, der efterfalgende blev testet som
biokatalytiske membranreaktorer (BMR'er). Immobilisering af alkohol dehydrogenase (ADH)
pé poly(1-vinylimidazol) (pVim) modificerede membraner viste gget biokatalytisk aktivitet og



stabilitet i forhold til umodificerede membraner og viste saledes forbedret enzymydelse som et
resultat af overflademodificeringen.
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1 Objectives and Outline

Enzymes are proteins occurring naturally in living organisms, where they have important
catalytic functions. Depending on their structure enzymes possess the ability to catalyze
complex reactions with high selectivity and substrate specificity under mild reaction conditions
and thus, are crucial for metabolic processes. These beneficial features make them very
attractive as biocatalysts for the industrial synthesis of chemical compounds, such as
pharmaceuticals and fine chemicals. In these processes, enzymes are used under conditions,
which differ significantly from their natural environment and thus, result in a substantial loss in
enzyme performance. However, high activity and stability are necessary for economically and
technically feasible processes, which also require the re-use of biocatalysts with maintained
high activity and stability for numerous reaction cycles. Immobilization of enzymes has been
demonstrated to be an important concept in order to fixate the biocatalysts and thereby
facilitating their separation and reusability. Despite these advantages of improved biocatalyst
recovery, immobilization of enzymes comes generally at a cost of reduced activity. Therefore,
different immobilization strategies, such as cross-linking of enzymes or their attachment to a
solid support are under constant development in order to improve their biocatalytic
performance. Due to their simplified processability and wide range of properties, different types
of polymers have already shown their suitability as support material. VVarious examples have
already demonstrated improvements in enzyme stability upon immobilization. However, the
structure of each individual enzyme is unique, which results in specific, intrinsic properties and
functions. Therefore, successful immobilization of enzymes cannot be generalized and depends
on the specific factors, being the nature of the enzyme, the type of immobilization, the
properties of the support, micro-environmental effects as well as the applied reaction conditions.

Therefore, the aim of this project was the chemical surface modification of various polymer
materials and their exploitation for the immobilization of enzymes in order to achieve enzyme-
support constructs with improved biocatalytic performance and applicability (see Figure 1-1).
More specifically, the objective of this study was (1), the preparation and application of
different polymer materials, (2), their tailored surface functionalization and (3), the investigation
how the introduction of different surface chemistries and thus, micro-environmental changes,
affect the activity, selectivity and stability of immobilized enzymes. Additionally to this
strategy, the use of polymers as support materials in different configurations as well as various
enzymes was intended to explore a wide range of application possibilities.

The importance of biocatalysis, enzyme immobilization, and a brief introduction on thiol-ene
chemistry (TEC), which is widely used in this work, are described in Chapter 2, followed by
different methodologies in order to develop promising polymer carriers for enzyme
immobilization.

In the first approach, TEC has been used for the development of a screening platform focusing
on micro-environmental effects, which are caused by various surfaces chemistries, and their
impact on the activity of immobilized enzymes, as described in Chapter 3.

The broad application of suitable enzyme-surface candidates, identified through the first
screening was the focus in Chapter 4, where a new preparation method for functional polymer
particles and their application as enzyme support is described.
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The importance of micro-environmental effects, not only for the activity of immobilized
enzymes, but also for their selectivity was subsequently investigated by applying surface
functional particles as support for the immobilization of 3-glucosidase (see Chapter 5).
Additionally, the effective exploitation of immobilized enzymes in a biocatalytic process is
crucial and was studied by selective surface modification via TEC and immobilization of
horseradish peroxidase in a microfluidic device, as presented in Chapter 6.

Finally, in Chapter 7, the beneficial influence in terms of activity and stability of a suitable
micro-environment through tailored surface modification was demonstrated on immobilized
alcohol dehydrogenase (ADH) in a biocatalytically active membrane.

An overall Conclusion and Future perspectives can be found thereafter in Chapter 8 and 9,
whereas experimental procedures of unpublished results are the content of Chapter 10.

Chapter 3
Screening of surface chemistries as
suitable enzyme support

Chapter 7
Surface grafting
for increased

Chapter 4
enzyme Polymer
stability in Polymer particles
biocatalytic support for application as vyidely
membrane enzyme applicable

immobilization i

(Chapter 2) support

effectiveness

Chapter 6
Improved reactor
efficiency by area selective
enzyme immobilization

Chapter 5

Improved enzyme
selectivity by changed
micro-environment

Figure 1-1 Important parameters when developing new polymer carriers for the immobilization of enzymes and their
discussion in the different chapters of the thesis
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2 Background

Application of enzymes in biocatalysis

Enzymes are natural molecules, precisely proteins, which are produced in living cells and
developed by natural evolution in order to catalyze essential reactions for the metabolism of
organisms. Their discovery, isolation and application outside living organisms as biocatalysts in
chemical reactions, was and still is very intriguing to scientists." In biocatalysis, enzymes are
used for synthesis of chemical compounds by conversion of natural or synthetic substrates.
Thus, they substitute or supplement existing chemical catalysts, or provide completely new
routes for particular reaction steps or the entire synthesis of chemical molecules. Nowadays,
enzymes, either isolated or in whole cells, are already applied as biocatalysts for the production
of pharmaceuticals, fine chemicals, or in the food industry.” In these cases, enzymes are used
under a broader range of conditions, which include new substrates, large ranges in pH and
temperature, high substrate and product concentrations, as well as organic solvents. Even
though these conditions differ significantly from their natural environment, active, substrate
specific and selective enzymes are require for the economic, sustainable and technical feasibility
of a biocatalytic process. Additionally, high biocatalytic activity over a long operational time is
necessary. In order to meet these requirements the discovery and isolation of different variants
from known enzymes and evolving methods in protein engineering are playing a crucial role.®
Alternatively, immobilization of enzymes has already in the 1960s been identified as a
promising method in order to improve enzyme stability and reusability.* These beneficial
features combined with advantages with respect to downstream processing increased the
relevance of enzyme immobilization for industrial processes tremendously.®”

Immobilization of enzymes

The recovery and reusability of the biocatalyst for industrially relevant processes is of
significant importance. Simple separation of the enzymes and their repeated application over
extended periods of time are essential for the realization of economical, technical and
sustainable processes. Enzyme immobilization, which describes the fixation of enzymes and
thus, limits their mobility, is therefore an excellent and probably the most important concept
enabling enzyme recovery and reusability.® Furthermore, enzymes are considered to be
relatively instable, especially under the conditions used for biocatalytic applications.
Immobilization has already been demonstrated to improve enzyme stability and in some cases
their activity. Thus, enzyme immobilization combines simplification in downstream processing,
ideally combined with improvements in enzyme performance, which makes it a crucial concept
in biocatalysis and related fields.

In this context, enzyme performance is used as a general term including activity, stability,
selectivity and effectiveness. Enzyme activity describes the amount of converted substrate per
unit time and is often related to the amount of used enzyme. Thus, the “international unit” (IU)
or simply “unit” (U) defines the activity as the conversion of 1 micro mole substrate per
minute.” More relevant, however, is the specific and volumetric activity relating the activity to
the amount of enzyme, either by mass or volume. For immobilized enzymes, the activity can
additionally be expressed relative to the amount of support. Enzyme stability is a measure for
the deactivation of an enzyme, which can be divided into storage and operational stability. Thus,
stability describes the enzyme performance, under different conditions and can be expressed as
activity relative to the initial activity. Storage or in other words resting stability describes the
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deactivation of the enzyme with time as the only parameter. In order to measure storage
stability, external influences such as temperature and pH have to be constant.’® Operational
stability, however, considers the influence of the catalyzed reaction towards the enzyme
performance. Therefore, using immobilized enzymes in batch processes the operational stability
is a measure related to the reusability. Selectivity can be divided into enantio-, regio- and
chemoselectivity, which are all important measures depending on the biocatalytic reaction. In
this thesis, selectivity is mainly related to chemoselectivity, which means the preference for a
specific reaction over one or more plausible reactions. Additionally, enzyme effectiveness is
another term, which is discussed in this thesis and refers to the exploitation of a given amount of
immobilized enzymes and their contribution to the performance of the biocatalytic reactor. All
these parameters are significant measures for the use of enzymes in their free or immobilized
conformation as biocatalysts.

During the past decades, different strategies for enzyme immobilization and their influence on
enzyme activity, stability and selectivity have been thoroughly reviewed.*® Generally, many
different methods have been utilized in order to achieve immobilized enzyme systems, always
with the goal to obtain improvements in terms of (bio-) catalytic performance for a selected
application (see Figure 2-1).

Enzyme immobilization

|
[ I

Carrier-free Immobilization
immobilization using a carrier
I
Cross-linking Entrapment Bound to carrier
| Into carrier
[ I I |

Cr9ss—|inked Cross-linked  Cross-linked Cross—lin_ked Adsorption I-oni.c qual_ent
dissolved enzyme enzyme spray dried inding binding

enzyme aggregate crystal enzyme

Figure 2-1 Overview of different approaches for enzyme immobilization based on the use of a carrier

These methods can be divided into two main groups, depending on whether the immobilization
is achieved by means of a carrier as a support or not. Carrier-free immobilization mainly
includes cross-linking by using molecules (cross-linking agents), which can react multiple times
with the enzymes and thus, forming an enzyme aggregate.® Depending on the cross-linking
strategy various methods are available. Glutaraldehyde (GA), being a bifunctional aldehyde,
which can react covalently with enzymes is the most common and widely used one. However,
also physical cross-linking is possible. Conversely, using a carrier for immobilization, enzymes
can either be entrapped into the carrier matrix, for instance into gels or microcapsules, or
alternatively bound to the carrier surface.'® The latter option can be realized by means of
physical adsorption, ionic or covalent bond formation. For this approach, different support
materials, such as glass, metals, nanomaterials and polymers have already been investigated.* It
has been emphasized that for successful implementation of carrier immobilized enzyme
processes the type of support, immobilization strategy, used enzyme and reaction conditions
play a crucial role and their effects overlap each other. Therefore, all of these factors have to be
taken into consideration and finally balanced in order to establish a feasible process.
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Carrier-bound enzyme immobilization

As mentioned, physical adsorption is one of the oldest and easiest methods for enzyme
immobilization on solid supports. Due to its advantages, being fast, simple and reversible, this
method has been studied extensively with various supports. Physical adsorption onto carriers
often results in highly active biocatalytic systems, since no chemical modification of the enzyme
is required, contrary to covalent immobilization. However, a drawback of adsorbed systems is a
potential enzyme leakage due to relatively weak interactions with the support. In order to
overcome this issue, further approaches by combining different methods, such as adsorption-
cross-linking or adsorption-covalent bonding, were developed.?

Covalent immobilization is generally an important alternative to adsorption, offering a tightly
bound enzyme-support system, which is consequently less prone to exhibit enzyme leakage.”
However, the stronger interactions between immobilized enzymes and the support, as a result of
covalent bond formation, can affect the enzyme structure significantly, which can have positive
as well as negative consequences. Conventionally, covalent immobilization is achieved by the
chemical reaction between specific functional groups from the support (as exemplified in Figure
2-2A\) with reactive groups situated in the enzyme (Figure 2-2B).

A R: active functional groups, responsible for covalent binding B
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K @ functional surface group not participating in covalent binding j k

Figure 2-2 A) Representation of carriers with reactive functionalities that are selective towards enzyme
immobilization as well as functionalities, which are not able to form covalent bonds with enzymes, but contribute to
non-covalent surface-enzyme interactions; B) reactive enzyme functionalities originating from amino acids, which
can react with carrier functionalities

The latter ones originate from amino acids, which are present at the surface of the enzyme. In
order to achieve a stable covalent bond between the enzyme and the support, many carrier-
bound functional groups have been investigated. Noteworthy is also the presence of carrier-
bound functional groups, which do not participate in the covalent immobilization (see Figure 2-
2A). The nature of these functionalities contributes significantly to physical interactions
between the carrier and the enzyme and thus the biocatalytic performance.

In general, various factors for stabilization and destabilization have been identified for the
attachment of enzymes to solid surfaces, which have already been broadly reviewed.***"?
Enzyme activity and stability are strongly related to the obtained protein structure
(conformation) and its preservation in a biocatalytic process. Interactions of any kind between
the enzyme and the support can directly affect the enzyme structure and thus the resulting
performance, as illustrated in Table 2-1. For this reason different approaches have been
investigated in order to achieve surface modifications, which lead to improved biocatalytic
activity of immobilized enzymes. In order to prevent deactivation, the properties of the surface
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have to match structural and compositional characteristics of a particular enzyme and provide a
favorable local environment for the immobilized enzyme.? Interactions based on surfaces
containing charged®, hydrophilic® or hydrophobic®” moieties can affect the enzyme structure
substantially. Whether, these interactions are beneficial or not, depend in any case on the match
between surface and enzyme. For instance, hydrophobic interactions are usually considered to
affect the enzyme activity negatively due to unfolding of the hydrophobic enzyme structure.?
Lipases, however, contain a characteristic hydrophobic peptide chain (called “lid”) covering the
active center of the lipase, which opens up due to hydrophobic interactions with the carrier.
Consequently, their active center shows improved accessibility for substrate molecules and thus,
demonstrates increased activity when immobilized on hydrophobic supports.™

Direct attachment to the surface via covalent binding, for instance by multibond attachment,
leads to structurally confined and rigid immobilized enzymes with strong interactions between
the surface and the enzyme (see Table 2-1).? This rigidification leads commonly to
improvements in stability due to conformational restrictions of the enzyme.*® In some specific
cases, this strong attachment of enzymes to a surface can also have a beneficial effect on the
activity. On the other hand, strong rigidification might cause unfavorable conformation changes,
which could be overcome by the introduction of spacer molecules between the surface and the
enzyme. Polymers grafted to or from a surface”° as well as surface bound tethers'**" can act
as spacers, which offers higher mobility of the enzyme. This may result in an improved enzyme
activity, but could also negatively impact the stability due to higher mobility and reduced
rigidity.

Moreover, the choice of carrier can also indirectly influence the enzyme behavior without
directly affecting its structure. Surface hydrophilicity/hydrophobicity might impact the partition
of deactivating reagents (solvent, surfactants, dissolved gases etc.) in a favorable way on the
surface.”® Thus, deactivating reagents exhibit a reduced effect on immobilized enzymes.
However, as discussed, each enzyme has a unique structure and consequently, the final result on
activity and stability is a balance between several effects, which should preferably be identified
for each specific enzyme. Predictions and generalizations about stabilization effects on specific
surfaces are therefore not universally applicable.

Furthermore, the immobilization on porous materials offers the advantages of creating a
protected environment, and form due to diffusion limitations substrate, product and pH
gradients, which can be beneficial under specific circumstances.**** Additionally to favorable
properties of protective pH, substrate and product gradients, diffusion limitations impact mass-
transport processes, which are playing a significant role for the implementation of biocatalytic
processes.” Mass-transport limitations can substantially affect the overall activity of
immobilized enzyme. Additionally to the catalytic step, several other rate limiting parameters
can contribute to the alteration of the apparent enzyme activity. In general it can be
distinguished between external and internal diffusion of both, substrate and product. External
diffusion, also called film diffusion, considers mass-transport through a boundary layer directly
on the support surface. Internal or pore diffusion is related to the diffusion between the support
surface and the catalytic active site. A comprehensive determination including the mathematical
description of diffusion and mass-transfer in biocatalysis has been widely discussed in
literature.’®** However, in order to evaluate and optimize the immobilized enzyme, it is
important to determine the rate limiting step being either the intrinsic enzyme activity or
diffusion related. In practice, various methods have been identified to determine possible mass-
transfer limitations, including the increase of stirrer-speed in stirred batch reactors or the flow
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Table 2-1 Overview of immobilization characteristics on solid supports and their features and influence on enzyme

performance

Support_ Resulting effect Influe_npe on enzyme activity, stability, Influence Ref.
properties selectivity type
Polar / charged Electrostatic Possible conformational changes of the enzyme (or  ES 2425
support surface interaction even distortion), changes in enzyme orientation,
(repulsion or which can have both, positive or negative effect on
attraction) or enzyme performance (depending on enzyme-
hydrogen bonds surface)
Hydrophilicity or ~ Hydrophobicand ~ Hydrophobic interactions may lead to structural ES %27
hydrophobicity of  hydrophilic distortion, however, beneficial for lipases
support surface interactions with
enzyme Hydrophilic surfaces lead generally to high enzyme ES 2
conformation retention
Alteration of Possible improvement of enzyme environmentand P B
medium partition  thus activity by alteration of partition of
compounds, like deactivating agents towards and
away from enzyme
Functional groups ~ Rigidification of  Improved stability by retention of enzyme structure ~ ES 2215
for multi-point the protein under drastic conditions, like high temperatures, in
bonding structure the presence of distorting agents, mechanical stress
Decrease in mobility and unbeneficial changes of ES B
enzyme structure might lead to activity reduction
Prevention of enzyme inhibition, due to inhibition ES 34
site blocking
Functional groups  Rigidification of Reduction of subunit dissociation, which results ES 3
for multi-subunit  the protein often in increased activity
bonding structure
Attached spacer Effect on mobility  Increased enzyme mobility and thus possibly ES 230
for covalent improved activity
immobilization
Increased mobility, nature of spacer and enzyme ES 2
binding to spacer might affect the biocatalytic
stability either positively or negatively
Effect on micro- Micro-environmental changes through the spacer ES =
environment beneficially affect the biocatalytic activity
Porous support Alteration of Change in substrate and product concentration in P s
substrate and proximity to enzyme, which can improve
product partition biocatalytic activity under specific circumstances
Influence on Limiting access of deactivating agents, like gas P n
enzyme alteration  bubbles, organic solvent
by harsh reaction
conditions Reduced negative influence of strong stirring P/ES 8
(mechanical stabilization)
Diffusion effects Possible positive effect on enzyme stability due to P %

gradients in substrate concentration and pH

ES: enzyme structure, P: process related
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rate in plug-flow reactors, in order to reduce internal diffusion. Furthermore, reduction in
particle (support) size and increase of pore size are possible parameters. Consequently,
increased reaction rates indicate diffusion limitations of the process.®

In summary, successful immobilization of enzymes depends on many different factors, related
to the nature of the enzyme, type of immobilization, environment and process related
limitations. All of these parameters play a significant role for the implementation of successful
enzyme immobilization.*

Polymer materials as enzyme carriers

As already discussed, the selection of a suitable carrier for enzyme immobilization, including its
material, design, chemical nature, mechanical properties, density and porosity, is strongly
dependent on the biocatalytic reaction, the nature of the enzyme and the process conditions.
Polymer materials with a broad range in chemical structure have demonstrated simple
processibility, fabrication, and possibilities for post-fabrication functionalization. Their large
variety of possible material geometries, such as coatings, films, particles, membranes, monoliths
and many more, provide an enormous application spectrum. Thus, due to their large variations
of inherent properties, polymers can be tailor-made for specific purposes and have shown their
suitability as enzyme support.>*” Industrially, many resins, which are fabricated to porous or
non-porous particles of different polymers, have evolved to be attractive for enzyme
immobilization. Industrially relevant synthetic polymers are polyacrylates, poly(methacrylate)s,
polystyrene and polypropylene, containing different functionalities enabling various types of
adsorption (non-specific, specific, hydrophobic), ionic interactions or covalent binding of
enzymes. Hydrophilic Eupergit® C is a widely used copolymer consisting of methacrylamide,
glycidyl methacrylate and allyl glycidyl ether, which is cross-linked by N,N’-methylene-
bis(methacrylamide). Its porous particles have been applied for covalent immobilization of
various different enzymes, such as glucose oxidase, phosphodiesterase, and penicillin G acylase
(PGA).® On the other hand, hydrophobic supports, like macroporous Amberlite XAD-7 being
an acrylic polymer, have served for the adsorption of enzymes, as exemplified for immobilized
lipase B from Candita antarctica (CALB), which is commercially available as Novozyme
435.%% Furthermore, natural polymers like cellulose, starch, agarose or chitosan and their
particles have been successfully applied for the industrial immobilization of PGA, laccases,
lipases and glucose isomerase.” These examples show that support properties for the
immobilization of specific enzymes can be tailored by selecting different type of polymers or by
changing the polymer bulk composition. Moreover, post-fabrication surface functionalization of
a selected polymer material can be used for distinct modification of the material properties. For
instance, hydrophilicity or hydrophobicity of the carrier can be modified and applied for specific
applications, such as for the improvement in anti-fouling properties of membranes.*

Additionally to the type of polymer, different preparation methods allow variations in the
appearance of these materials, such as coatings, gels, and porous structures. Consequently, this
strategy can be used to tune the material according to their application. For instance, the use of
polymer particles in general enables the application of immobilized enzymes in batch reactors
as well as in continuous packed-bed reactors. Additionally, the preparation of polymer
membranes and their application as biocatalytic membrane reactors (BMRs) has gained
significant attention. o-Amylase, lipase, laccase and several other enzymes have already been
immobilized onto polymer membranes made of polyacrylonitrile (PAN), polypropylene,
polyamide and more specific modified polymers.”® Other fields, in which enzyme
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immobilization has also benefited from polymer support materials are medical applications,
microfluidics and biosensors.

Thiol-ene chemistry in polymer materials

Recently, a few examples illustrated the immobilization of enzymes onto polymer supports
based on thiol-ene chemistry (TEC).*** TEC is well-known to be a versatile and efficient type
of reaction and thus, has been exploited widely in material science.”* TEC describes
conventionally the radical mediated reaction between a thiol group and an electron rich carbon-
carbon double bond, called ene, whereas, thiol-Michael addition refers to the reaction with
electron deficient enes under alkaline conditions.* TEC accepts a wide range of possible thiol
as well as ene substrates, which facilitates the formation of a vast amount of chemical
structures. Due to its beneficial features, being a very rapid and nearly quantitative method,
tolerating oxygen and water, being orthogonal to other organic reactions and its mild reaction
conditions it has emerged to an attractive pathway for the synthesis and functionalization of
polymers.*** Especially the photochemically mediated TEC has been used for the synthesis of
linear, dendritic, and cross-linked polymer scaffolds, which, depending on the reaction
conditions, have been applied for preparation of hydrogels,*® nano- and microparticles,®
porous structures by emulsion templating,* and development of soft lithography.**** The wide
range of applicable monomers reflects the high modularity of thiol-ene (TE) networks, which
can be used to tailor their mechanical properties.”® Not only the type of monomers, but also their
stoichiometry towards each other can be used to tune the mechanical and surface properties of
the network.*** Therefore, off-stoichiometric thiol-ene (OSTE) materials, in which a
stoichiometric imbalance between thiol and ene functionality is used, have been increasingly
applied for the fabrication of microfluidics and lab-on-chip technologies.®®®* The applied
stoichiometric imbalance, using either thiol or ene functionality in excess, results in unreacted
functional groups in the bulk and on the surface, which have already been exploited for surface
functionalization under photochemical TEC conditions. Thus, different chemistries have been
introduced onto OSTE surfaces, such as hydrophilic poly(ethylene glycol) (PEG) groups,
hydrophobic fluorinated groups® or biological affinity moieties, like biotin.®* OSTE surfaces
were also functionalized with more specific groups, such as maleic anhydride*® and
cysteamine®, which have been applied for immobilization of enzymes.

This approach was further extended introducing these functionalities in micro-sized patterns by
use of stencil masks in photochemical reactions. This type of surface functionalization can in
principle be used on any alkene or thiol terminated surface, as demonstrated on thiol functional
self-assembled-monolayers (SAM’s)® and polydimethylsiloxane (PDMS)% as well as on alkene
functional polymer brushes on silicon or glass wafers.” These advantageous features make TEC
a powerful tool for preparation of polymer materials and for efficient surface functionalization.
Therefore, it has been one of the primary techniques applied in this PhD study.
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3 Thiol-ene (TE) based screening platform for enzyme
immobilization

As initially described, one of the major requirements for immobilized enzymes as biocatalysts,
is a high biocatalytic activity. Therefore, the objective of this PhD study was the versatile
functionalization of polymer surfaces in order to investigate their impact on the biocatalytic
performance of immobilized enzymes. Depending on the chemical nature of the support, a
variety of different interactions between the surface and the enzyme can be formed. Thus,
beneficial changes of the micro-environment, created by different surface chemistries, are
intended to improve the enzymatic performance. Consequently, the objective of this chapter is
the development of a method for fast screening of various surface functionalities and their
impact on residual activity of immobilized horseradish peroxidase (HRP), as illustrated in
Figure 3-1. The work has been published in publication 1 (see Appendix 1).

Figure 3-1 lllustration of a versatile screening platform for the investigation of different surface functionalities and
their impact on the activity of immobilized HRP

Versatile TEC for material and surface development

The properties of a particular support are crucial for the successful immobilization of enzymes.
Therefore, a vast number of different materials, like glass, metals and polymers have been
tested. Especially polymers have extensively been used due to the easy processibility, adjustable
mechanical properties, conductivity, and ease of post-functionalization.’” However, in order to
determine a suitable support for a specific enzyme, separate trial and error experiments of
different materials with different characteristics have usually to be conducted. In order to
improve this process, it would be desirable to use a single material, of which the properties can
easily be modified and thus, tested for the immobilization with enzymes. As previously
discussed, TEC, combining high efficiency and versatility in polymer synthesis and
functionalization, would be well-suited for the preparation of such as a screening platform.
Consequently, using this approach the preparation of a library would simplify the entire
screening process and could allow predictions for new enzyme-support combinations.

The aforementioned development of stoichiometric thiol-ene (STE) and furthermore OSTE
polymer thermosets with tunable mechanical and surface properties was recently
reported.>*%5%8¢8 Therefore, STE and OSTE based microfluidics,”®° particles™, hydrogels* and
high internal phase emulsions (HIPEs) were fabricated.® Further surface modification by TEC
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allows the introduction of various chemistries on the surface and consequently surface
properties, such as hydrophilicity can be tailored.®® These beneficial features of
photochemical TEC as a method for material preparation as well as post-preparation surface
functionalization offer a large spectrum of possibilities in order to develop suitable supports for
the immobilization of specific enzymes. This approach has been demonstrated in this Chapter
through the fabrication of a microwell plate as tunable enzyme support.

Preparation of a TE based microwell plate

STE/OSTE microplates were prepared through a 2-step curing process via photoinitiated TEC
using pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) and 1,3,5-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (TATATO) as shown in Figure 3-2A.
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Figure 3-2 A) schematic representation of the microplate preparation using a 2-step curing process, (1) curing by
irradiation with UV light of the top part prepared from a stoichiometric thiol-ene (STE) mixture of PETMP and
TATATO in a PDMS mold, (2) the prepared top part is placed on a OSTE mixture (excess 90% thiol) of PETMP and
TATATO, where a second curing step by irradiation with UV light leads to the final microplate, (3) which contain
excess thiol groups in the bottom and STE on the well walls, B) Photographs of the final microwell plate.

In a first stage, the top part of the microplate in a STE mixture of PETMP and TATATO was
photochemically cured in the presence of TPO-L in a polydimethylsiloxane (PDMS) mold, as
shown in Figure 3-2A (1). The mold consisted of the outer geometries of the microplate (127.7
x 85.6 mm?), pillars with the size of the round wells (diameter 15.1 mm) and a depth of 5 mm.
A second mold with a depth of 1.5 mm and the outer diameters of the microtiter plate was then
applied for the second curing step. Here, an OSTE composition of PETMP, TATATO and TPO-
L using a 90 % excess of thiol was applied for the well bottom. The previously prepared STE
top part was then placed on top of the uncured OSTE mixture and both parts were cured
together (see Figure 3-2A (2)). This preparation process resulted in a fully sealed microplate
consisting of 24 wells with a depth of 5 mm, shown in Figure 3-2A (3) and Figure 3-2B. Due to
the used compositions, excess thiol groups remained on the bottom of each well. The side walls
of the wells, based on a STE composition, did not contain any residual thiols, as determined
using Ellman’s reagent, which is commonly used for quantification of thiol groups either on
surfaces or in solution (see Appendix 1.2, Figure S2).” From these results it could be seen that
Ellman’s reagent, which was added to a STE surface, exhibit a very low absorbance compared
to the OSTE with 90 % excess of thiols. Therefore, it was deduced that the number of thiols on
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the side walls was considered negligible and that modification of surface bound thiols occurred
exclusively on the bottom surfaces. Furthermore, the transmittance of the OSTE material was
measured in order to validate the possible application in colorimetric assays. The material
demonstrated a strong absorbance in the UV range from 220 to 340 nm, as shown in Appendix
1.2, Figure S3. Between 340 and 410 nm, the transmittance increased up to 36 % (absorbance =
0.44) and at any wavelength above, the material was completely transparent (absorbance <
0.15). In general, the absorbance of the STE/OSTE microplate does not substantially differ from
a commercial polystyrene microplate, as indicated in Appendix 1.2, Figure S3. Therefore, the
STE/OSTE plate is well suited for any application in which absorbance measurements of
solutions or surface modifications are performed.

Photochemical functionalization of microwell surfaces

Excess thiol groups on the bottom surface originating from the OSTE mixture allow controlled
surface functionalization via TEC and surface chain transfer free radical polymerization (SCT-
FRP). In this study, the surface modification using both methods has been conducted with a
large range of monomers in order to introduce different types of functionalities as illustrated in
Scheme 3-1.
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Scheme 3-1 Surface functionalization of thiols from OSTE microwell surfaces via two different routes; left: surface
thiol-ene chemistry (TEC) with allyl alcohol (AA), allyl malonic acid (AMA), allyl pentafluorobenzene (APFB), allyl
trifluoroacetate (ATFA), 2,2,3,3,4,4,5,5 octafluoropentyl acrylate (OFPA), allyl amine hydrochloride (Aam hc), 1-
vinyl imidazole (Vim) and allyl glycidyl ether (AGE) at low concentration (0.3 M) leading to a functional monolayer
on the surface; right: SCT-FRP with methoxy poly(ethylene glycol) methacrylate (MPEGMA), zwitterionic
sulfobetaine methacrylate (SBMA, via [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)Jammonium hydroxide),
OFPA and glycidyl methacrylate (GMA) based monomers at high concentration (0.7 — 2.4 M), leading to a functional
polymer grafted surface.
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With the aim to develop a platform for enzyme immobilization, which enables screening of
various surface functionalities and their impact on the activity of surface bound enzymes, a
variety of functional monomers were utilized under TEC conditions. Based on different types of
possible interactions and immobilization mechanisms various reactive moieties were selected.
Hydroxyl functional groups (AA) were introduced as well as fluorine groups (APFB, ATFA and
OFPA). pH responsive modifications, with either acidic groups (AMA) or basic functionalities,
such as amine (Aam hc) and imidazole (Vim) were used as well. This range of introduced
surface chemistries offered possible immobilization mechanisms including hydrophilic (with
OSTE-AA, -AMA), hydrophobic (OSTE-APFB, -ATFA, -OFPA) and ionic interactions
(OSTE-Vim and -AMA). Furthermore, epoxides were introduced (AGE) allowing
bioconjugation through covalent enzyme binding with amine, thiol, imidazole or phenolic
moieties from the enzyme.”® The application of such a broad range of reagents demonstrates the
great versatility of this process and can extensively be expanded, since TEC offers a vast range
of surface chemistries by reaction of any allyl, vinyl or acrylic compound onto the screening
platform. Photochemical surface TEC was performed with low monomer concentrations (0.3 M)
in ethanol solutions in order to prevent polymerization reactions. The IR spectrum of the
starting material (OSTE) contains typical alkane (C-H, 2968 cm™), carbonyl (C=0, 1729 cm™),
alkene (C=C, 1683 cm™) and aliphatic ester (C-O-C, 1141 cm™) elements. Comparison with
TEC grafted surfaces did not exhibit significant differences, as illustrated in Appendix 1.2,
Figure S4. This could be explained by a low surface coverage due to a TE addition on the
surface. Small structural changes as a result of monolayer formation can generally not be
detected by attenuated total reflectance (ATR) FT-IR due to the domination of the bulk material
in the spectrum, caused by the penetration depth of the IR signal. However, by using x-ray
photoelectron spectroscopy (XPS) in combination with static water contact angle (WCA)
measurements, the individual modifications were confirmed, as shown in Table 3-1 for the
virgin (OSTE) and TEC modified surfaces.

The atom composition of the unreacted OSTE surface estimated by XPS was in agreement with
the theoretical values and therefore used for further comparisons with modified surfaces.

Table 3-1 XPS data and static water contact angles (WCA\) of virgin and functionalized OSTE surfaces via TEC with
a variety of ene compounds

Cls O1ls N1s S2p Fls WCA
Surface type
[atom%] [atom%] [atom%] [atom%] [atom%] ]
61.1+0.6 23.3+0.2 4.5+0.3 11.1+0.3
+
OSTE (60.6) (24.9) (4.1) (10.4) 67.0+1.2

OSTE-APFB 58.8+2.8 27.2+2.0 2.7+0.0 9.9+0.5 1.4+0.3 62.4+2.1
OSTE-ATFA 55.3+0.0 28.6+0.1 5.240.2 8.1+0.2 2.840.1 41.1+2.4
OSTE-OFPA 53.4+0.4 26.9+0.1 4.5+0.3 8.1+0.0 7.1£0.6 T77.7+4.1

OSTE-AA 60.4+0.2 27.620.7 4.5+0.5 7.620.4 35.0+1.5
OSTE-AMA 61.3+0.1 27.8+0.1 4.2+0.0 6.7+0.1 25.1+3.6
OSTE-Vim 63.3£1.5 22.6+0.8 7.320.2 6.8+0.5 38.5£3.6
OSTE-AGE 58.7+0.6 28.7+0.3 4.2+0.3 8.4+0.2 55.9+3.7
OSTE- Aamhc ~ 59.3+0.2 26.5+0.1 5.540.1 8.7+0.1 55.4+4.7

In parenthesis, theoretical atom composition of the virgin surface (OSTE), results are based on three
replicated measurements on the same surface (n=3)
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Surface functionalization with fluorinated reagents such as APFB, ATFA and OFPA was
confirmed by the presence of fluorine atoms (F1s) in the XPS spectra, which was not detected
on the native OSTE surface. APFB modified OSTE exhibited with 1.4 atom% the lowest
fluorine content, which suggested a low grafting efficiency. This could be improved by reaction
with ATFA and OFPA (2.8 and 7.1 atom%). In contrast to the allylic reagents, OFPA being an
acrylic monomer is prone to undergo polymerization under radical conditions. Here, the overall
atom composition of OFPA modified surfaces under TEC conditions, showed additional to the
increase in fluorine content a slight reduction in carbon, sulfur and nitrogen. This confirmed that
under the applied low concentration TEC conditions, even for an acrylic monomer like OFPA,
the addition reaction dominated, leading to the formation of a monolayer (polymerization could
then be suppressed). The atom composition after surface TEC with AMA, AA and AGE did not
differ significantly from the reference OSTE surface. This could be attributed to similar
theoretical atom composition of these reagents and the OSTE base material. In contrast, surface
functionalization via TEC of Vim and Aam hc could be clearly confirmed by a significant
increase in nitrogen (N1s) content, from 4.5 (OSTE) to 7.3 and 5.5 atom%, respectively. Vim is
a reactive monomer and known to polymerize under radical condition, which could explain the
relatively strong increase in nitrogen content using Vim.” Consequently, the high reactivity of
Vim could have led to the formation of short polymer grafts on the surface, even at low
concentrations and short reaction times.

In addition to XPS analysis, the impact of the different surface modifications was also
investigated by water contact angle (WCA) measurements. The WCA of APFB reacted surface
(62.4°) changed slightly compared to the reference surface (OSTE, 67.0°), which was assumed
to be the result of the low reactivity, as already seen from the XPS data. A similar trend was
observed for OSTE-ATFA, where the WCA was reduced more significantly to 41.1° upon
modification. This was attributed to the polar nature of ATFA. As expected, increased
hydrophobicity of the surface was achieved via functionalization with OFPB, which was
confirmed by a WCA of 77.0°. Reduced WCAs of 35.0° (OSTE-AA), 25.1° (OSTE-AMA) and
55.2° (OSTE-AGE) were observed due to the introduction of hydroxyl, carboxylic acid and
epoxide groups via surface TEC with AMA, AA and AGE. Similarly, WCAs of 38.5° (OSTE-
Vim) and 55.4° (OSTE-Aam hc) validated the functionalization with Vim and Aam hc. This
illustrates the versatility of the system providing successful surface modification by TEC and
that the surface properties of the microplate wells could be adjusted by the formation of a
functional monolayer.

Additionally, thiol groups are known to serve as chain transfer agents in free radical
polymerization reactions in order to reduce molecular weight of the polymers. Surface bound
thiols can act in a similar way as reported earlier for other types of surfaces, where the surface
could be grafted by termination of growing polymer chains.”* " In this study, we have expanded
this SCT-FRP approach as an alternative method to TEC for controlled surface modification of
OSTE materials. Different acrylic and methacrylic monomers containing PEG (via MPEGMA),
a zwitterionic sulfobetaine (SBMA), fluorine (OFPA) and epoxide groups (GMA) were utilized.
In this case, by running the photochemical reaction at a higher concentration, polymer grafting
onto the well surfaces could be achieved by SCT-FRP in the presence of DMPA as radical
photoinitiator, as shown in Scheme 3-1. Typically, the liquid monomers were used in a 1:2
volume ratio in ethanol, whereas SBMA, being a solid, was applied in a concentration of 2.4 M.
In contrast to TEC, surface modification via SCT-FRP can be confirmed by IR spectroscopy, as
illustrated in Figure 3-3.
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Figure 3-3 IR spectra of virgin OSTE surface and OSTE grafted via SCT FRP with various acrylate and methacrylate
based polymer, such as MPEGMA, GMA, SBMA or OFPA

A clear indication of the formation of a thick surface layer by SCT-FRP is the complete
disappearance of the S-H stretch band at 2572 cm™ upon surface polymerization of each
monomer. The spectrum of OSTE-g-pMPEGMA showed a strong absorption at 1100 cm?,
which can be assigned to C-O-C stretch vibration originating from the PEG side chain. An
additional band at 904 cm™ for the OSTE-g-pGMA is observed, which is the epoxide ring
vibration. In the IR spectrum of the OSTE surface upon grafting with pSBMA, a band at 3439
cm™ indicates the ammonium N-H stretch vibration. Furthermore a broadening of the C-O-C
stretch absorption at 1143 cm™ as well as the strong band at 1036 cm™ confirms the presence of
pSBMA. Surface grafting with pOFPA led to the appearance of carbon-fluorine bands at 1163,
806 and 539 cm™. XPS and WCA analysis corroborated these results, which are presented in
Table 3-2. XPS analysis of a pMPEGMA grafted surface (OSTE-g-pMPEGMA) showed
significantly increased carbon and oxygen contents, which is consistent with the theoretical
value of MPEGMA. Combination with the simultaneous decrease in sulfur and nitrogen
confirms the polymer grafting of the OSTE-g-pMPEGMA surface. Similar XPS results were
achieved by polymer grafting with pPGMA, where the oxygen and carbon content increased
approaching the theoretical value of the monomer. The amount of nitrogen and sulfur was even
lower compared to OSTE-g-pMPEGMA, indicating an even thicker pGMA layer. The
theoretical atom composition of SBMA is more similar to that of the OSTE background, which
leads to only minor changes in the atom composition as a result of grafting. However, the
content of the individual atoms from the OSTE-g-pSBMA surface approximated the theoretical
values of the SBMA monomer, substantiating the success of the grafting reaction. Compared to
the aforementioned surface modification via TEC with OFPA, polymerization conditions
(higher concentration, longer reaction time) lead here to the appearance of a much higher
fluorine content of 44.0 atom% compared to the 7.1 atom% by TEC. Additionally, the total
atom composition of the OSTE-g-pOFPA surface was found to be in good agreement with that
of the pure monomer, which confirms the formation of a polymer layer on the surface under
SCT-FRP conditions. These presented changes in atom composition, upon polymer grafting
with the individual monomers, were corroborated by the variation in WCAs of the reacted
surfaces.
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Table 3-2 XPS data and static water contact angles (WCA\) of virgin and grafted OSTE surfaces via SCT FRP with a
variety of acrylate and methacrylate based polymers®

Cls O1s N1s S2p Fls WCA
Surface type
[atom%b] [atom%b] [atom%b] [atom%b] [atom%o] M|
61.1 23.310.2 4.5+0.3 11.1+0.3
OSTE (60.6) (24.9) @1) (10.4) 67.0+1.2
65.6+0.6 30.1+0.2 0.5+0.4 3.9+0.2
OSTE-g-pMPEGMA (67.6) (32.4) 0.0) 0.0) 25.4+3.6
70.7+0.4 28.7+0.4 0.5+0.1
-0- +
OSTE-g-pGMA (70.0) (300) (0.0) 69.6+7.5
62.9+0.0 25.2+0.0 4.7+0.1 7.240.1
OSTE-g-pSBMA 61.1) 278) 5.6) 5.6) 20.4+4.8
43.2+0.6 11.1+0.3 0.5+0.1 1.3+0.3 44.0+1.3
OSTE-g-pOFPA (44.2) (aL1) ©0.0) ©0.0) (44.0) 118.1+1.9

dn parenthesis, theoretical atom composition of the virgin surface (OSTE) and monomers used for SCT
FRP, results are based on three replicated measurements on the same surface (n=3)

Grafting with pMPEGMA increased the hydrophilic character, which was shown by a reduction
in WCA from 67° (OSTE) to 25.4°. Similarly, a substantial hydrophilization was achieved by
grafting with pSBMA (20.4°) confirming the surface reaction. The WCA increased slightly
upon SCT-FRP using GMA (69.6°). OSTE-g-pOFPA exhibits a very high WCA of 118.1° and
demonstrates the drastically increased hydrophobicity of the surface upon polymer grafting,
which is significantly higher than the one obtained from TEC using the same monomer (77.0°).
These results, together with the earlier discussed XPS and IR data, illustrate the potential for
altering surface properties through selection of reaction conditions. Low concentrations and
short reaction times lead to addition of the acrylate to the thiol groups based on TEC. Increased
concentrations and longer reaction times favor polymerization, which undergoes chain transfer
or termination with surface thiols leading to a thicker surface coating. The application of either
surface modification method, TEC or SCT-FRP, demonstrated the versatility of these grafting
reactions in order to achieve high control over the surface functionality and properties.

Immobilization of horseradish peroxidase (HRP) on functional surfaces

The functionalized well bottom surfaces were subsequently used for enzyme immobilization.
For this purpose, a rhodamine labelled horseradish peroxidase (Rho-HRP) dissolved in PBS
buffer (pH7.3) was used as a model enzyme. HRP (EC 1.11.1.7), belonging to the class of
peroxidases, catalyzes the oxidation of electron donating substrates with hydrogen peroxidase
(H,0,). The reaction mechanism has already been extensively discussed in literature.”” Several
isoenzymes of HRP exist, from which the C type is the most common one. It is an important
and well-studied enzyme and is accepting a wide range of substrates, such as phenols, aromatic
amines, indoles and sulfonates.”® The oxidation of different chromogenic, fluorescent and
chemiluminescent molecules by HRP is used in spectrophotometric applications like analytical
diagnostics in biosensors for the detection of peroxidases. Moreover, due to the ability to
oxidize phenols, HRP is also applied in wastewater treatment, and also for the polymerization of
phenols, which makes it to a widely applicable enzyme.

Here, the presence of immobilized Rho-HRP was confirmed by fluorescence intensity (FI)
measurements on all surfaces. In order to evaluate qualitatively the amount of immobilized
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enzyme, Fl measurements (Aexcitation = 544 NM, Aemission = 595 nm) of the surfaces were conducted
before (as reference) and after incubation with Rho-HRP. Figure 3-4 shows the reference
corrected FI measurements of enzyme exposed TEC (A) and SCT-FRP modified surfaces (B).
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Figure 3-4 Reference corrected fluorescence intensity of virgin (OSTE) and functionalized surfaces via TEC (A) and
SCT FRP (B) after immobilization of rhodamine labeled horseradish peroxidase (Rho-HRP), excitation at 544 nm
and emission at 595 nm

It can be seen that the native OSTE surface exhibited a substantial FI upon exposure to Rho-
HRP (Figure 3-4A, OSTE), which relates to significant loading of labeled enzyme on the
surface. TEC functionalized surfaces, such as APFB, ATFA, AA, AMA and Vim provided
similar FI results and consequently comparable adsorption of Rho-HRP. Higher FI results are
the consequence of OFPA modifications, which is an indication for increased enzyme loading.
Accordingly, the lower FI values of Aam hc compared to other functionalized surfaces suggest
lower enzyme coverage. Compared to all aforementioned surfaces, surface functionalization
with epoxide groups due to the reaction with AGE leads to a drastic increase in FI upon
exposure to enzyme, which is more than 6-fold higher compared to that of the native OSTE
surface. Amine groups from lysine or thiols from cysteine residues within the enzyme structure
are expected to react covalently with epoxide groups on the surface and thus create a higher
enzyme loading.” Similar measurements were performed with surfaces functionalized by SCT-
FRP, as shown in Figure 3-4B. The highest FI was observed for pMPEGMA modified surfaces.
This result was unexpected, since PEG surface grafts were reported in the literature to exhibit
anti-fouling properties and therefore reduced unspecific protein adsorption.®" In order to
explain this discrepancy, FI of Rho-HRP was measured in solution in the presence of different
MPEGMA concentrations, as presented in Appendix 1.2, Figure S5. These results show a direct
correlation of FI with increasing amounts of MPEGMA. This effect of FI enhancement for Rho-
HRP in the presence of MPEGMA could indicate an artificially high loading of enzyme on the
OSTE-g-pMPEGMA surfaces. Good biocompatibility and anti-fouling properties have also
been described for zwitterionic polymers, such as pSBMA.#2% Herein, pSBMA grafted surfaces
with an increased hydrophilicity, show a very low FI after enzyme immobilization, which
reinforces the hypothesis of low enzyme loading on these surfaces. Surface functionalization by
pOFPA under SCT-FRP conditions shows slightly increased FI compared to the native OSTE
surface, which is similar to that of TEC functionalized surface with OFPA (Figure 3-4A).
Relatively similar enzyme loading based on comparable FI results were achieved by surface
grafting with pGMA via SCT-FRP, even though the epoxide containing pGMA enables
covalent immobilization. A significant advantage of this platform is that biocatalytic activity of
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immobilized enzymes could be measured spectrophotometrically directly in a microplate reader
by using a colorimetric assay. For immobilized Rho-HRP on the previously prepared surfaces
by either TEC or SCT-FRP, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS) was used as a colorimetric assay. In the presence of H,O,, HRP catalyzes a one-
electron oxidation of ABTS to a radical cationic product (ABTS®"). The absorbance maximum
of ABTS at 340 nm (g340=3.6 x 10* M cm™) is shifted to 414 nm (£414=3.6 x 10° M™ cm™) for
its oxidized product ABTS*®*, from which the activity of immobilized HRP can be determined.®
The slope of absorbance at 414 nm, which correlated directly to the formed product, over time,
was used to express the initial enzymatic activity of the particular surfaces, as shown in Figure
3-5A for TEC modified surfaces.
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Figure 3-5 Initial enzyme activity of Rho-HRP immobilized on virgin (OSTE) and functionalized surfaces via TEC
(A) with various ene compounds and SCT FRP (B) with various acrylate and methacrylate based polymers

From these results, a clear difference in Rho-HRP activity from the individual surface
modification, upon enzyme immobilization, can be seen. In general, the displayed activities are
caused by two factors, enzyme loading and biocatalytic activity, which both directly affected the
overall activity. This directly reflects the influence of the individual surface chemistry. The
native OSTE surface exhibited an activity of 0.022 Aabs min™. Even though TEC modified
surfaces with fluorinated (APFB, ATFA and OFPA), hydroxyl (AA) and carboxylic acid
containing compounds (AMA) expressed a substantial enzyme loading, these were not active at
all (see Figure 3-5A), which suggested an unfavorable environment for the enzyme by these
functional groups. On the contrary, imidazole (Vim) and amine (Aam hc) functional surfaces
showed the highest initial activities for TEC modified surfaces of about 0.023 and 0.018 Aabs
min™, respectively. These results indicate that amine, imidazole as well as thiol groups from the
native OSTE surface provide a more beneficial local environment towards the enzyme and thus,
activity was retained. FI indicated high enzyme coverage on surfaces, functionalized with
epoxide groups (OSTE-AGE). However, the resulting initial activity was only 0.009 Aabs min™,
which is significantly lower than that of OSTE, Vim and Aam hc surfaces. It was assumed that
this is a result of unfavorable interaction of the surface with the enzyme, which is known to
have a significant impact during the adsorption-covalent immobilization mechanism onto epoxy
supports.” As a consequence, blocking of the active site or conformational changes of the
enzyme could have resulted in the low activity.

Likewise, the initial enzyme activity was determined from surfaces grafted with polymer layers
by SCT-FRP after Rho-HRP immobilization (see Figure 3-5B). Hydrophilic surfaces due to
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grafting with pMPEGMA and pSBMA tend to be enzymatically inactive. The low activity of
OSTE-g- pSBMA correlates directly with the low enzyme loading, which was determined by FI
measurements. The low activity of pMPEGMA grafted OSTE surfaces relates well with the
anti-fouling nature of PEG grafted surfaces. Their tendency to FI enhancement indicates an
artificially high enzyme loading. Surfaces which were grafted with hydrophobic pOFPA by
SCT-FRP, exhibit a similar activity (0.019 Aabs min™) compared to the original OSTE surface,
which correlates well with the results from the FI measurements. The activity was found to be
substantially higher than those of surfaces with OFPA monolayer functionalization via TEC,
even though both surfaces show comparable enzyme loadings. Thus, increased hydrophobic
interactions between the enzyme and the surface created by a thicker surface layer seems to
have a positive effect on the enzyme activity A high HRP activity (0.07 Aabs min™) can be seen
from OSTE-g-pGMA surfaces prepared by SCT-FRP. GMA based polymers, bearing epoxide
groups, allow covalent attachment of HRP and has already been used in various studies for
enzyme immobilization.?**®" Compared to the epoxide functional monolayer formed from AGE
by TEC, the pGMA surface layer shows a decreased enzyme loading, but substantial
improvement of enzymatic activity.

Conclusions

In this chapter, a single, versatile platform for testing a broad variety of surface chemistries as
support for enzyme immobilization is proposed. The main objective was to change the micro-
environment generated by the support surface and hence, identify suitable surface/enzyme
combinations with improved biocatalytic activity. This strategy indeed permits a faster, easier
and broader surface—enzyme screening compared to the traditional “trial and error” method. The
results showed that the STE/OSTE microplate is suitable for colorimetric measurements above
340 nm and the thiol functional wells can be functionalized through either TEC or SCT-FRP
providing a broad selection of functional surfaces as a functional monolayer or thicker polymer
layer. Thus, different surface functionalities, such as hydroxyl, carboxylic acid, amine, fluorine,
imidazole, epoxide, PEG and zwitterionic groups could be introduced, which consequently
changed the surface environment. Through immobilization of HRP as a model enzyme, the
effects of surface/enzyme interactions were illustrated, showing clear correlations between
surface functionalities and enzymatic activities. HRP displayed improved activities when
attached directly to imidazole, thiol and amine functional surfaces, compared to hydroxyl,
fluorinated, carboxylic acid or epoxide containing surfaces. Immobilization of HRP on pOFPA
modified surfaces demonstrated a significant activity, which might be caused by increased
hydrophobic interactions between enzyme and surface. Therefore, this platform showed how
different surface chemistries and thus, micro-environments, affect significantly the biocatalytic
activity of immobilized HRP. Thereby this screening platform demonstrated its potential to be
used for other enzymes, facilitating the identification of suitable surfaces for immobilization.
Furthermore, by use of such a platform it would be possible to determine the influence of other
parameters, such as temperature, pH, and e.g. substrate concentration.
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4 OSTE particles as enzyme support

The previously presented STE/OSTE platform demonstrated high suitability for initial screening
of immobilized enzyme activity as a function of surface chemistry. However, a broad
applicability of the immobilized enzymes is of high importance. In industrial processes,
polymer particles are often applied as enzyme support, since particles offer a large surface area
and allow simplified purification of the biocatalyst from the reaction. Therefore, the goal of this
study was to extend the developments of the OSTE material by implementing a new and simple
procedure for the preparation of OSTE microparticles. Particles with large variety of possible
surface functionalities, which is illustrated in Figure 4-1, were intended to serve as support for
the immobilization of enzymes, which is the content of manuscript 2 (see Appendix 2).
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Figure 4-1 Illustration of prepared OSTE particles, which were subsequently surface functionalized by means of
TEC and surface chain transfer free radical polymerization (SCT-FRP)

Polymer particles based on TEC

The high versatility and modularity of TEC has also resulted in the preparation of well-defined
polymer particles with controlled attributes, such as surface functionality, particle size, and
thermal and mechanical properties. Polymer particles are attractive due to their large application
spectrum, such as drug-delivery, paints and coatings, chromatography and catalyst supports.®#
TE particles are typically prepared by heterogeneous techniques, such as suspension and
emulsion polymerization processes. Initially, well-defined water immiscible monomer droplets,
facilitated by the use of different stabilizers and co-solvents, are formed in an aqueous phase.
Following polymerization, well-defined particles are obtained, as shown by Durham et al., who
investigated the effect of different monomer combinations, stabilizers and stabilizer
concentrations,®>®® as well as the effects of different modes of initiation, such as
photochemical, thermal and redox initiation and their influence on particle size.” Similarly,
porous TE and thiol-alkyne particles were prepared using different porogens.®** Jasinski et al.
used photoinitiated TEC for the preparation of nanoparticles from linear polymers.*® Likewise
thiol-Michael addition has been used for the formation of monodisperse particles at the
micrometer scale.®®% It has also been demonstrated that the surface of OSTE particles,
containing excess thiol or ene groups, can be functionalized with fluorescent moieties by thiol-
Michael reaction under alkaline conditions, photochemical TEC or by thiol-isocyanate
reaction,’*%%

However, surfactants as well as organic co-solvents are generally necessary for the formation of
polymer particles via suspension polymerization. Therefore, the objective of this study was the
development of a simple method for the controlled formation of OSTE particles without using
surfactants or organic co-solvents by replacing water with glycerol as the dispersing medium
and their subsequent application as enzyme supports.
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Preparation of OSTE particles in glycerol

Here, in a surfactant and organic co-solvent free process, OSTE particles were prepared by
suspension polymerization in glycerol, which is a byproduct of biodiesel production and
therefore a cheap, green and environmentally friendly alternative to water.’®® OSTE particles
(90% thiol excess) were prepared by one-pot mixing of the monomers PETMP and TATATO
and the photoinitiator TPO-L in glycerol in a high speed mixer, as shown in Figure 4-2A.
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Figure 4-2 A) Preparation of OSTE microparticles via suspension in a speedmixer followed by subsequent
photochemical cross-linking of PETMP and TATATO. B) Particle size (Dv50) as a function of mixing speed with
optical microscopy images (50 x magnification) of the OSTE particles.

Mixing speeds in the range of 1000 to 3500 rpm were applied in order to obtain well-dispersed
OSTE droplets in glycerol, followed by photochemical cross-linking. The resulting
microparticles were characterized by dynamic light scattering (DLS) and optical microscopy. As
illustrated in Figure 4-2B, the applied mixing speed could be used to control the particle size.
The particle size, depicted here as median of the volume distribution (Dv50) obtained from
DLS, decreased with increasing mixing speeds from 402 + 43 pm to 404 + 3.6 pm.
Additionally, the size distributions (span) of the formed particles (between 1.1 and 2.4) was
very similar to those obtained from traditional processes in water, in which sodium dodecyl
sulfate (SDS) or sodium dodecyl benzene sulfate (SDBS) as surfactants and water as a
dispersion phase were used.*® Optical microscopy images (see Figure 4-2B) confirmed the
spherical shape of the prepared particles as well as the decreasing size of particles as a function
of mixing speed.

Two routes for surface functionalization of OSTE particles

Post-preparation surface functionalization was conducted by photoinitiated TEC using different
vinyl, allyl or (meth-)acrylic monomers as well as by SCT-FRP, as a novel pathway for surface
modification of OSTE particles. As previously shown on flat surfaces, these approaches
demonstrated the capacity of excess surface thiols for versatile surface functionalization with
control over different surface chemistries (see Figure 4-3).
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Figure 4-3 Surface functionalization of OSTE particles via two different routes, left: surface TEC with different
reagents, such as 1-vinyl imidazole (Vim), allyl trifluoroacetate (ATFA), 2,2,3,3,4,4,5,5 octylfluoropentylacrylate
(OFPA), allyl malonic acid (AMA), allyl alcohol (AA), and allyl glycidyl ether (AGE) at low concentration (0.3 M)
leading to a functional monolayer on the surface; right: SCT-FRP with various monomers, such as Vim, 2-
hydroxyethyl methacrylate (HEMA) and OFPA at high concentration (0.7 — 2.4 M), leading to a functional polymer
grafted surface.

OSTE particles (prepared at a mixing speed of 1000 rpm) were surface functionalized via TEC
introducing hydroxyl (AA), epoxide (AGE) and fluorinated groups (ATFA, OFPA).
Additionally, pH responsive particle surfaces were achieved by grafting with Vim and AMA.
Photochemical TEC was conducted at low monomer concentrations (0.3 M) in order to suppress
potential polymerization reactions to occur. The IR spectrum of the virgin OSTE particles was
characterized by alkane (2960 cm™, C-H), thiol (2569 cm™, S-H) carbonyl (1730 cm™, C=0),
alkene (1678, C=C) and ester (1020 cm®, C-O-C) stretches. TEC surface functionalized
particles did not show any significant changes in their IR spectra, as shown in Appendix 2.2,
Figure S1. This was attributed to the penetration depth of the IR signal of several micrometers
into the sample, which is known to result in very low intensity from thin surface layers.’®*
Consequently, the OSTE background dominated the spectrum. However, analysis via surface
sensitive x-ray photoelectron spectroscopy (XPS) confirmed the surface modification with the
individual reagents (see Table 4-1).

The atom composition of the virgin OSTE particles determined by XPS was in good agreement
with the theoretical values. Surface TEC with ATFA and OFPA showed fluorine (F1s) contents
of 17.3 atom% and 9.0 atom%, which confirmed the functionalization, since fluorine was
unique for these types of particles. Modification using Vim led to an increase in nitrogen
content (4.4 N1s atom%) compared to the original OSTE surfaces (3.0 N1s atom%). The atom
composition after surface modification with AGE, AA and AMA was identical to the reference
OSTE particles, which is a result of similar theoretical atom compositions of these monomers
and the OSTE material. Overall, short reaction times (5 min) and low monomer concentrations
(0.3 M) limited the thiol-ene reaction to a surface reaction forming a functional monolayer.
Conversely, by increasing the monomer concentration to classical polymerization conditions
(2:2 viv monomers to ethanol) and extending the reaction time to 30 min, it was possible to
promote polymerization and termination on the surface by SCT-FRP in order to achieve a thick
and dense polymer layer on the particle surface. In this way, it is possible to control the type of
grafting reaction by tuning the reaction conditions, which was demonstrated by SCT-FRP with
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Table 4-1 XPS data of pristine and surface functionalized OSTE particles

article tvoe Cls Ols N1s S2p Fls
1
P P [atom%b] [atom%b] [atom%o] [atom%b] [atom%o]
60.1+1.4 26.6+£0.9 3.0+£0.6 10.3+0.3
OSTE (60.6) (24.9) (4.1) (10.4) )
OSTE-Vim? 60.8+£0.5 242 +0.8 44+0.3 106 +0.8 -
OSTE-ATFA? 52.8+0.4 215+05 24104 6.0+£04 17.3+£0.7
OSTE-OFPA? 555+1.0 224+0.7 41+05 9.0+£05 9.0+£17
OSTE-AGE? 62.3+£0.3 24.1+£05 35+£05 101+0.3 -
OSTE-AA? 62.2+0.9 23.6+0.7 35+04 10.7+0.2 -
OSTE-AMA? 61.7+£0.3 244 +0.5 3.7+£0.0 10.2+05 -
OSTE-pVim® 63.8+0.9 19.0+0.3 9.0+0.3 8.2+0.8 -
OSTE—pOFPAb 42.6+0.2 11.1+£05 0.6£0.6 14+02 444 +1.0
OSTE—pHEMAb 62.9+0.7 283105 22+0.1 6.6 +0.1 -

dsurface functionalization via TEC and ®via SCT-FRP

Vim, OFPA and HEMA. The monomers were polymerized in proximity to the particles and IR
analysis confirmed a significant polymer grafting (see Appendix 2.2, Figure S2). The spectrum
of OSTE-g-pVim exhibited a sharp alkene stretch at 662 cm™, which confirmed the introduced
imidazole groups. The polymer grafting with pOFPA and pHEMA was confirmed through the
presence of C-F stretches (806 cm™) typical for fluorinated compounds and hydroxyl stretches
(3465 cm™, O-H), respectively. Additionally, increased intensity of the C-O band at 1129 and
1143 cm™, originating from the ester in the pendant group confirmed the polymer grafting.
Furthermore, XPS analysis showed substantial changes in atom composition for SCT-FRP
functionalized particles, which were significantly higher than the corresponding particles
prepared by TEC (see Table 4-1). The substantial decrease in sulfur content (S1s) in each case
(pVim, pOFPA, and pHEMA) illustrated the formation of a polymer surface layer. pHEMA
grafted particles showed increased oxygen and carbon content, as well as a significant reduction
in nitrogen content (2.2 atom% N1s), confirming the pHEMA grafting. Surface grafting with
pVim and pOFPA resulted in significant increases in nitrogen (9.0 atom% N1s) and fluorine
(44.4 atom% F1s) content, respectively, compared to the reference OSTE surface. These results
confirmed that the grafting density can be controlled by selecting TEC conditions for monolayer
formation or polymer grafting via SCT-FRP.

Furthermore, a swelling study of the pristine and functionalized particles was conducted in
ethanol and water in order to determine the swelling behavior as a function of the surface
chemistry (see Figure 4-4). The pristine OSTE particles displayed a very similar median size
(Dv50) in both ethanol (353 pm) and water (408 pm). Statistical ANOVA analysis using a
significance level < 0.05 revealed a minor reduction in particle size in both, ethanol and water,
upon TEC functionalization. Compared to the pristine OSTE, Vim, ATFA and OFPA functional
particles could be considered similar when swollen in ethanol, whereas AMA, AGE and AA
showed further decrease in size. This general tendency was statistically more pronounced in
water, where all functionalized particles, besides OSTE-Vim, decreased significantly in size
compared to the pristine one. This general size reduction in both ethanol and water was
attributed to the newly introduced functional moieties that prevented the penetration of solvent
into the particle core and thereby limited the swelling of the particles.
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Figure 4-4 Swelling study of OSTE particles containing various surface functionalities grouped by ANOVA analysis
(letters above bars, p=0.05) in ethanol and water individually.

Compared to functionalizations by TEC, SCT-FRP with Vim, OFPA or HEMA resulted in
particles with a significant reduction in size when measured in ethanol (120 to 174 um). A
reference experiment without initiator and UV irradiation did not show any changes in particle
size, which confirmed that the reduction in size was a result of functionalization and not
abrasion from the agitator. The size of the particles was highly dependent on the type polymer
graft, where pHEMA grafted particles had similar sizes in water and ethanol. In contrast, OSTE-
pVim particles submerged in water exhibited a much higher degree of swelling (293 pm)
compared to the swelling in ethanol (173 um), which could be explained by protonation of
imidazole moieties in water and the resultant repulsive interactions between the polymer grafts
leading to an increased thickness of the grafting layer. Likewise pOFPA grafted particles were
observed to exhibit significantly different sizes in water and ethanol with a particle size of 447
pm in water, almost 4-fold higher than the corresponding particle size in ethanol. The difference
in size was attributed to a high degree of agglomeration as a result of the hydrophobic nature of
the pOFPA, which was also observed visually.

Epoxide functional particles as support for HRP in a plug-flow reactor

In order to demonstrate their application potential, particles were used as a support for enzyme
immobilization in a biocatalytic plug-flow reactor. Epoxide groups are known to covalently
bind enzymes through direct reaction with amine and thiol groups, which are found in the lysine
and cysteine residues on the surface of the protein structure.** In this study, OSTE particles,
which were prepared at 1000 rpm mixing speed, were surface functionalized through TEC with
AGE. These epoxide functional particles (OSTE-AGE) were incubated with HRP serving as a
model enzyme, as illustrated in Figure 4-5A.

After filling the reactor with HRP immobilized particles and thorough rinsing with PBS buffer,
the enzymatic activity was continuously tested using a solution containing ABTS (1 mM) and
H,0, (10 mM) in phosphate buffer (pH 5, 0.1 M) as a colorimetric assay. As previously
discussed ABTS could be oxidized by HRP in the presence of H,0, to ABTS®*, which showed
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Figure 4-5 A) Immobilization of HRP on OSTE-AGE particles. B) Photographs of plug-flow reactor at 1 min, 10
min and 60 min of reaction time using a flow of 0.2 ml min-1 during a ABTS/H,0, activity measurement of
immobilized HRP on OSTE-AGE particles. C) Enzyme activity as background corrected absorbance at 412 nm over
time of OSTE-AGE particles with immobilized enzyme (full squares) and a reference (without enzyme -empty
squares)

background corrected absorbance (abs)

a distinct absorbance maximum at 414 nm. Using a constant flowrate of 0.2 mL min™ allowed
sampling at regular time intervals. In Figure 4-5B, photographs of the reactor at 1, 10 and 60
minutes operation time are shown, where the substrate solution was continuously added at the
top and samples were taken at the bottom. The green color, which is formed after 1 min only at
the top and over the entire reactor at 10 and 60 min, corresponds to the formed product. The
absorbance of the withdrawn samples corresponding to the formed ABTS®* was determined
and monitored over time, as shown in Figure 4-5C (full squares). Once the residence time
within the plug-flow reactor of 6 min was reached, the absorbance from the product measured at
the outlet increased significantly. After 15 minutes, steady state conditions were reached
demonstrating stable enzymatic activity over the entire operation time. Reference particles
(OSTE-AGE particles without HRP) were also tested, and are represented as empty squares in
the Figure 4-5C, showing no enzymatic activity at any time. These results demonstrate the
successful application of the prepared and surface functionalized OSTE particles in a
biocatalytic application.

Conclusions

The scope of this study was the development of a widely applicable OSTE support suitable for
the immobilization of enzymes, which has been achieved by implementing a novel, green and
simple method for the preparation of OSTE particles in a controlled fashion. This approach
demonstrated a high control over particle size and the possibility of post-preparation surface
functionalization via surface TEC or SCT-FRP and thereby, the introduction of different surface
chemistries. The functional monolayer, which formed via TEC, resulted in a minor decrease in
particle size, when submerged in ethanol or water. Thicker polymer surface grafts as a result of
SCT-FRP showed substantially reduced swelling in ethanol and increased swelling and
agglomeration tendencies in water. However, the functional OSTE particles provided an
excellent and broadly applicable support for the immobilization of enzymes as demonstrated
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with HRP. Here, epoxide functional particles allowed the covalent attachment of HRP, which
were subsequently utilized in a continuous biocatalytic reaction using a plug-flow reactor. The
complementary nature of the simple particle preparation and the controlled surface
functionalization opens up for a broad range of possibilities allowing the investigation of
different surface chemistries on the immobilization of different enzymes under applied
conditions. Hence, activity, stability or selectivity of immobilized enzymes depending on micro-
environmental variations can be investigated, either in batch reactors or as shown in continuous
plug-flow reactors.
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5 Tailored enzyme selectivity of immobilized B-glucosidase

Additionally to activity and applicability, high selectivity is another crucial parameter for the
application of immobilized enzymes in biocatalytic reactions. Therefore, improvements in
enzyme selectivity through tailored surface functionalization and thus, micro-environmental
changes were a further goal of this PhD project. As earlier discussed, tailored changes in surface
chemistry of OSTE surfaces allowed distinct modifications of the micro-environment and thus,
influenced the activity of immobilized HRP significantly. Here, the immobilization of B-
glucosidase was investigated, which is an enzyme that catalyzes both, hydrolysis and trans-
glycosylation of different glycoside substrates. The objective of this study was the synthesis of
alkyl-glycosides by improving the selectivity of immobilized B-glucosidase through changing
the surface chemistry of the OSTE support, as illustrated in Figure 5-1. This chapter is based on
manuscript 3, which can be found in Appendix 3.
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Figure 5-1 Illustration of B-glucosidase immobilization on functional OSTE particles and their use for enzymatic
selectivity investigation

Importance of alkyl glycosides and their enzymatic synthesis

Alkyl glycosides are amphiphilic molecules, in which a hydrophilic sugar moiety is covalently
linked through a glycosidic bond to a hydrophobic alkyl chain. Due to their structure, alkyl
glycosides are industrially useful as non-ionic surfactants in detergents and cosmetics. %%
Compared to the traditional method of chemical preparation, enzymatically catalyzed synthesis
of alkyl glycosides through glycosylation using glycoside hydrolases (EC 3.2.1) has lately
received increased attention due to mild reaction conditions and high selectivity.'**®
Enzymatic glycosylation involves the reaction of an alcohol directly with a monosaccharide in
reverse hydrolysis (thermodynamic control), or with a glycoside as a donor undergoing a trans-
glycosylation (kinetic control). The developments within this field have been the subject of a
recent mini review, which summarized different approaches in order to increase the catalytic
activity, selectivity and yields.’®® Especially the selectivity between synthesis (s) (in this case
trans-glycosylation) and hydrolysis (h) is an important parameter that can be described as a ratio
of the individual reaction rates ry/r, or as a selectivity S, taking the nucleophile concentrations
(or activities) into account.’”'® For the synthesis of alkyl glycosides, water-miscible'® as well
as water-immiscible alcohols, as glycoside acceptors have been studied. It has been shown that
the enzyme activity and selectivity are highly dependent on the water activity'*®*°**? and the
alcohol concentrations and can be exploited in 2-phase systems."*''* Protein engineering of -
glucosidases™®® as well as the choice of other glycoside hydrolases™®** were also considered in
order to improve the selectivity and activity. In addition, immobilization of -glucosidases on
commercial resins was investigated for trans-glycosylation reactions, resulting in improved
activity and selectivity at low water activities compared to freeze-dried enzymes.™ Increased
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stability and reusability was obtained from immobilization on zinc oxide (ZnO) as solid
support.® In general, many different materials, such as chitosan, calcium alginate and polymer
materials have already been applied for glycoside hydrolase immobilization.** Recently, OSTE
materials have also been used as an enzyme support.**** As previously demonstrated, the
development of an OSTE microtiter plate allowed screening of a large range of surface
chemistries as promising supports for the immobilization of enzymes.*?? Thus, fast and versatile
investigation of micro-environmental effects on enzyme activity was possible, as verified by the
use of HRP. Changes in the environmental properties at the interface between the enzyme and
support surface have already been shown to be an important factor for the performance of
immobilized enzymes.?® For immobilized p-galactosidases and lipases for instance, it has been
found that a favorable environment can improve both, the stability and activity.'>'2*%

The objective of this study was to investigate micro-environmental influences towards the
biocatalytic activity and more importantly selectivity of an immobilized -glucosidase, with the
goal to increase the trans-glycosylation over hydrolysis. Therefore, the versatility of functional
OSTE nparticles offered an excellent opportunity for the investigation of the micro-
environmental effects by changing the surface chemistry.

Surface functional OSTE particles as support for B-glucosidase

OSTE particles were prepared by suspension polymerization in accordance to the method
described in Chapter 4. Similarly, by rapid mixing (1000 rpm), the monomers PETMP and
TATATO as well as TPO-L as a photoinitiator, formed micrometer sized droplets in glycerol,
followed by photochemical cross-linking. The off-stoichiometric ratio between the monomers
(90% thiol in excess) resulted in thiol functional particles, which were subsequently subjected
for further surface functionalization. Photochemical TEC and SCT-FRP were previously
described to be efficient methods for the introduction of distinct functionalities as a functional
monolayer or thicker polymer grafts (see Chapter 4). In this study, TEC was applied with AA,
AMA, OFPA and Vim in order to introduce different functional groups on the particle surface,
as illustrated in Scheme 5-1.
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Scheme 5-1 Surface functionalization of OSTE particles via thiol-ene chemistry (TEC) using Vim, AA, AMA, and
OFPA introducing a functional monolayer; and via surface chain transfer free radical polymerization (SCT-FRP)
using Vim grafting the surface with a dense polymer layer (pVim) followed by immobilization of B-glucosidase on
pristine and functional OSTE particles
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Thus, hydroxyl, carboxylic acid, fluorine and imidazole functional particles were obtained. In
contrast to this monolayer functionalization achieved by TEC, SCT-FRP was applied using Vim
in order to create a functional pVim layer on top of the particle surface. The chemical changes
on the surface after TEC and SCT-FRP were confirmed by FT- IR and XPS measurements, as
described in Chapter 4. The different functionalities in this study were selected in order to create
various surface environments for the immobilization of B-glucosidase, and thus impact the
enzyme performance in terms of activity and selectivity. Hydroxyl or carboxylic acid functional
particles were intended to form hydrophilic interactions or hydrogen bonds, whereas fluorinated
particles have the potential of creating hydrophobic interactions between the surface and
immobilized enzymes. Imidazole groups and their derivatives are known for their biological
relevance and have already demonstrated beneficial effects for immobilized HRP.*?? Following
the surface functionalization, B-glucosidase from Thermotoga neapolitana (EC 3.2.1.21) was
immobilized onto the pristine (OSTE) and functionalized particles by submerging the particles
into a phosphate buffer solution (0.1 M, pH 7.2) containing B-glucosidase (1.0 mg mL™). An
aliquot of the supernatant was withdrawn before and after the incubation time and the protein
content was estimated using the assay developed by Bradford.’? The amount of immobilized
enzyme per gram particle is illustrated in Figure 5-2 for the individual particle types. From these
results a significant enzyme loading for OSTE-AMA, OSTE-OFPA and OSTE-pVim particles
could be concluded. In contrast, low amounts of immobilized enzyme were found on pristine
OSTE particles, OSTE-AA as well as OSTE-Vim particles. However, as a result of relatively
large solution volumes compared to the amount of particles, and the reproducibility of the
spectrophotometer, substantial uncertainties for the quantification were observed using the
method by Bradford in this case. Therefore, the amount of immobilized B-glucosidase was not
considered in the evaluation of activity and selectivity, which was solely based on the type of
particles used.
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Figure 5-2 Quantification of immobilized B-glucosidase onto pristine and functional OSTE particles based on the
Bradford assay

Activity of immobilized B-glucosidase on different surfaces

As a model system, the B-glucosidase catalyzed competition reaction between trans-
glycosylation and hydrolysis of p-nitrophenyl glucopyranoside (pNPG) was selected, as
illustrated in Scheme 5-2.
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Scheme 5-2 Enzymatic conversion of p-nitrophenyl B-D-glucopyranoside (pNPG) catalyzed by B-glucosidase
immobilized on pristine and functional OSTE particles, in order to determine the biocatalytic activity and selectivity
between trans-glycosylation with 1-propanol forming propyl-glucoside (propyl-G) and p-nitrophenol (pNP) as
products and hydrolysis with water forming glucose and pNP as products

1-Propanol was used as a water soluble glycosyl acceptor in order to obtain a one-phase reaction
system with different volume ratios between alcohol and acetate buffer (0.1 M, pH 5.0). B-
Glucosidase from Thermotoga neapolitana, which already demonstrated its potential as a
catalyst for the trans-glycosylation of pNPG with 1-hexanol in a 2-phase system (r/r, = 4.0),"
was immobilized on pristine and functional OSTE particles (see Scheme 5-1). Initial
experiments with free B-glucosidase, in which the 1-propanol content was varied from 75 to 5
vol%, demonstrated high preference of B-glucosidase for trans-glycosylation over hydrolysis at
high water contents (see Appendix 3.2, Figure S1). Under these conditions, the ratio between
trans-glycosylation and hydrolysis r¢/r, ranged between 28.3 and 2.6 (see Appendix 3.2, Table
S1). However, it is particularly interesting to improve the selectivity even further at lower
alcohol contents. In order to study the effects of the micro-environment on the enzyme
selectivity with high precision, a regime with significant reaction rates for both trans-
glycosylation and hydrolysis was chosen, which was achieved using 1-propanol contents of 5, 2,
and 1 vol% and 95, 98, 99 vol% acetate buffer, respectively. In these experiments, the pristine
and functional OSTE particles with immobilized B-glucosidase (= 0.6 g particles) were
submerged in acetate buffer/1-propanol solutions containing pNPG (28 mM) as the substrate.
The resulting enzyme activity, as combined initial reaction rate of trans-glycosylation and
hydrolysis was evaluated according to the particle functionality as well as the amount of 1-
propanol, which is presented in Figure 5-3.
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B-glucosidase activity (UM hg,,.....")
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Figure 5-3 Activity (combined initial reaction rates of trans-glycosylation and hydrolysis) of B-glucosidase
immobilized on pristine (OSTE) and functional OSTE particles in solutions with different 1-propanol contents, such
as 5, 2and 1 vol%
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From these results a general increase in overall enzyme activity with increasing alcohol content
was observed, indicating that the enzyme has a high preference for 1-propanol as acceptor
substrate. Furthermore, the activity varied substantially between the individual functional
particles due to micro-environmental differences around the enzyme. Depending on the amount
of 1-propanol, the reference OSTE particles containing B-glucosidase showed a high activity of
4.2109.7 uyM h? gpamaes'l, whereas a considerably reduced activity by 3 to 12-fold was observed
for hydroxyl (OSTE-AA), carboxylic acid (OSTE-AMA) and fluorine (OSTE-OFPA) functional
particles. Immobilization of P-glucosidase on imidazole functional particles (OSTE-Vim)
resulted in activities of about 3.2 to 6.9 uM h™* gpanicles'l, which was even further increased by
polymer grafting (OSTE-pVim) (6.9 - 13.6 UM h™ Gpanicies ) cOrresponding to a factor of 1.4
compared to the pristine particles. Reactions ran in total for 23 hours and the conversion was
monitored in time course plots as shown in Figure 5-4A-C. The reaction reached 100 %
conversion for OSTE-pVim and OSTE-Vim particles as well as pristine OSTE particles after 23
hours at any alcohol concentration. For the remaining particle types OSTE-AA (84-52%),
OSTE-AMA (43-26%) and OSTE-OFPA (75-40%) conversions below 100% were achieved.
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Figure 5-4 Time course of pNPG conversion catalyzed by B-glucosidase immobilized on pristine (OSTE) and
functionalized OSTE particles OSTE-AA, OSTE-AMA, OSTE-OFPA, OSTE-Vim and OSTE-pVim in reaction
solution, containing (A) 5 vol% , (B) 2 vol% and (C) 1 vol% 1-propanol

Trans-glycosylation vs. hydrolysis catalyzed by immobilized B-glucosidase

The previously obtained activities (initial reaction rates) from pNPG consumption were split
into the individual rates for trans-glycosylation and hydrolysis (see Appendix 3.2, Table S2) in
order to calculate the reactivity ratios rg/r, for the individual particles. The ratios r¢r, as a
measure for the selectivity is presented in Figure 5-5 for the three different 1-propanol contents
and the different particles.
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Figure 5-5 Selectivity (r¢/r,) between trans-glycosylation (s) and hydrolysis (h) of pNPG catalyzed by B-glucosidase
immobilized on pristine (OSTE) and functionalized OSTE particles OSTE-AA, OSTE-AMA, OSTE-OFPA, OSTE-
Vim and OSTE-pVim at different 1-propanol contents

From these results, it could be seen that the selectivity (r¢/r,) improved with increasing alcohol
concentration. Furthermore, the results demonstrated that the immobilization has a considerable
impact on selectivity at higher alcohol contents. Using 1 vol% of 1-propanol, r¢/r, ratios below 1
(0.35 to 0.60) were obtained, implying substantial preference for the hydrolysis for all types of
particles as well as in solution. An increase of 1-propanol content to 2 vol% resulted in similar
trans-glycosylation and hydrolysis rates and therefore r¢/r, values of about 1 were obtained for
immobilized and free enzyme. An exception being OSTE-AMA particles consisting of
carboxylic acid surface moieties, which generated a preference for trans-glycosylation (ri/ry, =
2.3) already at this low alcohol content. This tendency was even more pronounced at higher
alcohol concentration (5 vol%) with a ry/r, of 9.2. The high preference for trans-glycosylation of
OSTE-AMA was also seen for Vim and pVim functional (6.6/6.7), pristine OSTE (5.4), OSTE-
OFPA (4.4) and OSTE-AA (3.7) particles. At this 1-propanol content, immobilization of -
glucosidase improved in each case the formation of propyl-G compared to the reaction in
solution (with rJr, of 3.2). As assumed, the differences in selectivity were ascribed to the
variations in surface chemistry and consequently in the generation of different enzyme-surface
environments. Despite significant differences in overall activity, identical selectivity was
achieved for OSTE-Vim and OSTE-pVim particles both containing imidazole functional groups
underlining a high dependency of the selectivity on the surface chemistry and micro-
environment.



Conclusions 39

Conclusions

In this study, OSTE particles containing various surface functionalities were exploited for the
immobilization of B-glucosidase in order to improve the selectivity between trans-glycosylation
and hydrolysis by changing the micro-environment of the enzyme. Therefore, OSTE particles
were prepared by suspension polymerization in glycerol, as described in Chapter 4. Through
subsequent surface functionalization via TEC and SCT-FRP various surface chemistries were
introduced. The different nature of particles functionalized with hydroxyl (AA), carboxylic acid
(AMA), fluorine-containing (OFPA) and imidazole (Vim and pVim) groups allowed changes in
surface properties and consequently environmental variations. B-glucosidase from Thermotoga
neapolitana was immobilized via physical adsorption and all particles exhibited significant
activity for the reaction of pNPG depending on the surface functionality. Especially, pristine
OSTE (containing surface thiols) as well as imidazole (OSTE-Vim and OSTE-pVim) functional
particles demonstrated high activities between 6.9 and 13.6 uM h* gpanicles'l. Furthermore, in
each case an increase in overall activity was observed with increased 1-propanol contents from
1 to 5 vol%. Similarly, the trans-glycosylation over hydrolysis ratio increased with increasing
alcohol concentration. Compared to free B-glucosidase, trans-glycosylation could be further
promoted by immobilization on OSTE particles. Especially at 5 vol% alcohol, the selectivity
r/ry, increased almost 3 fold from 3.2 up to 9.2 for carboxylic acid functional particles (OSTE-
AMA), which was attributed to the individual surface functionalities. These results
demonstrated clearly that variations in surface chemistry and thus, changes in surface
environment have a significant impact on the selectivity of immobilized enzymes and therefore
can be used in order to tailor biocatalytic reactions as demonstrated with -glucosidase in this
case.
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6 Spatial distribution of enzymes in a microfluidic reactor

The relevance of highly active, stable and selective immobilized enzymes for biocatalytic
processes has already been comprehensively discussed. Nevertheless, enzymes are generally
considered to be expensive biocatalysts and consequently, their most effective exploitation is of
high importance for the design of efficient biocatalytic reactors. Here, the spatial distribution of
immobilized enzymes in a biocatalytic reactor is considered to be a significant factor
contributing to the effectiveness of the applied biocatalyst. Thus, the preparation and selective
surface functionalization of a microfluidic device allowed the immobilization of HRP in
different surface patterns and the investigation of local enzyme distribution and its influence
towards the overall reactor efficacy (see Figure 6-1). The experimental results were compared
with computational fluid dynamics simulations (CFD) in order to develop a methodology with
the goal to predict and improve the performance of a biocatalytic reactor, which is the core of
manuscript 4 (see Appendix 4).

Figure 6-1 lllustration of fabricated microreactors including the area selective immobilization of horseradish
peroxidase (HRP) and subsequent reactor performance tests using ABTS as a colorimetric assay

Microfluidics, OSTE+ materials and spatial distribution of catalyst

Recently, Schéapper et al. developed a theoretical topology optimization of immobilized yeast
cells, which resulted in an 8-10 fold improvement in theoretical production rate.*?® Inspired by
this approach and by applying enzymes instead of whole cells, computational fluid dynamic
(CFD) simulations demonstrated that in a laminar flow field of a square reactor with a
distributed flow pattern, the biocatalytic reactor efficacy considerably depends on the
positioning of the immobilized enzyme.’”® By varying computationally the topology of
immobilized enzymes inside the reactor, simulated reactor configurations with substantially
improved productivities were obtained. In order to verify the computational results, an
experimental setup is required in which the same conditions were applied.

Due to their small size, low consumption of reagents and limited reaction volumes as well as
high throughput combined with a high degree of reproducibility, microfluidic devices have
proven to be suitable to test the influence of such modifications in continuous flow
systems.’***¥! Additionally, good heat and mass transfer in combination with laminar flow
provide good control over reaction conditions.”*? Laminar flow restricts mixing to occur
exclusively by diffusion, unless this is circumvented by specific microchannel configurations.
Heterogeneous reactions take place solely on the surface of the catalyst or on the surface that the
catalyst is bound to. In these systems, diffusion shows a great impact on the overall reaction,
which is influenced by many different parameters, such as flow rate, concentration, dimensions
of the reactor geometry and reaction rate.*** Microfluidic systems are traditionally fabricated in
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glass or polymeric materials such as poly(methyl methacrylate) (PMMA) or PDMS 1313
Especially PDMS has been used extensively for microfluidics due to the ease of fabrication and
relatively low cost.**” Mold casting enables the preparation of different reactor designs and has
been applied for the development of biocatalytic microreactors. Hence, enzymes were
immobilized on polymer microbeads™*®**® or onto the reactor walls.**® Alternatively, the
formation of a surface patterned phospholipid bi-layer or an adsorbed protein layer enabled the
attachment of enzymes on the PDMS surfaces.'*

Direct protein and enzyme immobilization onto polymer surfaces in microfluidic devices of
OSTE material is an interesting alternative to the currently used PDMS systems. The OSTE
approach has recently been updated in order to improve mechanical properties as well as surface
bonding, which is essential for the fabrication of microfluidics. In this OSTE+ system,
Bisphenol A diglycidyl ether (BADC) undergoes a thiol-epoxy reaction in an additional,
orthogonal curing step. This enables covalent sealing between interfaces of the precured
material in order to prevent leaking under operating conditions, which is a well-known
challenge in microfluidics.*** Further surface functionalization via photochemical TEC offers
a possible pathway for surface modification in various patterns by application of a stencil 3%
So far, OSTE(+) thermosets have been rarely used for the immobilization of enzymes.

The objective of this proof-of-concept study was the methodological development of a
biocatalytic reactor, which enabled experimental confirmation of the computationally
investigated effect of immobilized enzymes and their local distribution towards the overall
reactor efficacy. The correlation between experimental and computational results should
demonstrate the potential of CFD simulations to predict the biocatalytic performance of such
reactors, and would thus open up for the use of CFD for optimization of the microfluidic reactor
configuration.

Preparation of OSTE+ microreactors

In Figure 6-2 the fabrication process of the thiol-ene-epoxy based microreactors is illustrated,
including the used monomers (A), the photochemical (B) and the subsequent thermal (C) curing
step. As base compounds PETMP, TATATO and BADC (see Figure 6-2A) were used in a ratio
of 2.0:1.0:0.25.
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Figure 6-2 Schematic representation of the preparation of OSTE+ microchips with subsequent surface modification.
A) Monomers for OSTE+ preparation tetra functional thiol PETMP, trifunctional allyl TATATO and bifunctional
BADC, B) First UV curing of the OSTE+ mixture via thiol-ene reaction followed by C) a second curing that seals the
system “leakage free”

The liquid mixture was cured in a PDMS mold using lucirin as a photoinitiator and UV light
(A=365 nm), as illustrated in Figure 6-2B. After crosslinking, the upper and lower part of the
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microchip were assembled and residual epoxide and thiol groups were utilized in a thermal
bonding reaction at the interface, which resulted in a stable and leakage-free microreactor (see
Figure 6-2C). The geometry of the microreactor is based on a square shape with a length and
width of 30 mm and a thickness of 0.25 mm with an inlet and outlet channel of 10 mm in length
and width located at the two opposite ends of the reactor, as can be seen in Figure 6-3A.
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Figure 6-3 A) Microreactor geometry, B) Microreactor surface modification via TEC using allyl disperse red, C1-3)
Images of surface functionalized microchips using allyl disperse red and different stencil masks: C1 — coarse
checkerboard, C2 — fine checkerboard, C3 - half reacted surface

Area selective surface functionalization and HRP immobilization

The reactor was prepared using a thiol-ene mixture with excess of PETMP, which leads to
residual unreacted thiol groups within the bulk material and on the reactor surface. These free
thiol groups on the microreactor surface permit functionalization of the surface after assembly
of the microfluidic system. Application of stencil masks combined with UV initiated surface
grafting enabled preparation of various patterns in the reactor. In order to test the enzymatic
activity of immobilized enzymes in various configurations, four different geometric patterns
were selected. A full surface (30 x 30 mm?), a half surface (15 x 30 mm?) and two checkerboard
patterns with either a fine (256 squares of 1.7 x 1.7 mm? each of which 128 were modified) or a
coarse (64 squares of 3.55 x 3.55 mm? each of which 32 were modified) were prepared. In order
to test and visualize the surface patterning, an allyl functional disperse red dye was used as
shown schematically in Figure 6-3B. The high selectivity of the reaction permits direct and
accurate replication of the applied stencils as shown in the photographs of the final surfaces in
Figure 6-3C. Additionally, due to the use of benzotriazole as UV-absorber, significant reaction
selectivity for the irradiated surface was obtained. In fact, by irradiation from the top,
exclusively the upper surface of the reactor cavity was modified with the allyl disperse red
leaving the bottom surface unreacted. An image of the upper and lower surface after
photochemical reaction with the red dye can be found in Appendix 4.2, Figure S2. The surface
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modification procedure offers a controlled area functionalization with high selectivity for the
irradiated surface by UV initiated TEC. Replacement of the dye with allyl glycidyl ether
undergoing the same TEC leads to surface patterned epoxides, which are known to covalently
bind enzymes via ring-opening with free amine residues from the enzyme structure . The
reaction scheme from surface modification with allyl glycidyl ether and subsequent covalent
immobilization of HRP (EC 1.11.1.7) can be seen in Figure 6-4.
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Figure 6-4 Microchip functionalization of remaining surface thiol groups using allyl glycidyl ether via UV initiated
thiol-ene reaction and subsequent covalent HRP immobilization with introduced epoxide groups on the microreactor
surface

HRP dissolved in PBS buffer was immobilized on the epoxy patterned reactors by overnight
incubation. The quantification of the immobilized amount of HRP was attempted using the
Bradford assay™*® and the bicinchoninic acid (BCA) assay, which were in both cases
inconclusive due to the low concentration of enzyme and interference with residual thiol groups
on the surface, respectively.*® Quantification using fluorescently labeled enzymes on thiol-ene
surfaces confirmed the presence of immobilized enzymes on the surface, but could not be used
to determine the amount of attached enzyme due to background fluorescence from the material
(see Appendix 4.2, Figure S3). Therefore, the exact quantification of the enzyme concentration
on the surfaces was not possible.

Reactor performance depending on distribution of immobilized HRP

In the presence of H,0,, HRP catalyzes a one-electron oxidation of ABTS to a radical cationic
product (ABTS®"). Kinetic parameters of immobilized HRP have been studied previously in a
microfluidic packed bed reactor'®, monolith structures™ or on planar surfaces.*® It has been
shown that apparent enzyme kinetics vary greatly depending on the applied configuration, flow
rate and type of immobilization compared to that of enzymes free in solution. In this study, HRP
was uniformly immobilized via covalent bonding on the same support, which resulted in the
same individual activity for all immobilized enzymes. However, their contribution to the overall
reactor activity is a function of many parameters, including flow rate mass transfer, diffusion
but also the spatial distribution of the immobilized enzymes in the microreactor. The used
concentrations of ABTS and H,0, were significantly higher than required for the applied
conditions in order to ensure large excess of substrates. The overall reactor performance of the
individual configurations was constantly measured over time as shown in Appendix 4.2, Figure
S4. An average of the absorbance measured under steady state conditions between 350 and 850
s, which was in agreement with CFD, correlated directly to the formed product at the outlet of
the reactor, as presented in Figure 6-5.

A reference measurement was performed, in order to eliminate the potential contribution of
adsorbed enzymes to the measured activities. The native surface, undergoing the same enzyme
incubation procedure, did not show any activity (Figure 6-5, reference). Therefore, the absence
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Figure 6-5 Overall reactor performance of the different reactor configurations illustrated as absorbance
measurements at 414 nm corresponding to the formed product at the reactor outlet

of unspecific adsorption of HRP on the selected surfaces could be confirmed, which makes this
surface well suited for immobilization of HRP. These results of the four different configurations
show clearly that the fully modified microreactor, containing the largest activated surface and
thus the highest amount of immobilized HRP, was the most active one. The two checkerboard
structures had a reduced performance by 26 and 30 % of that of the fully immobilized surface.
Furthermore, the overall reactor activity was reduced even further when only half of the reactor
surface was modified.

The main focus of this study was the determination of the effect of enzyme distribution over the
reactor surface and the specific system was therefore designed only to illustrate the impact of
different surface patterns. Therefore, the product absorbance for the individual patterns is
additionally shown relative to the respective modified surface area, which allows direct
comparison of the reactor efficiency between the selected patterns (see Figure 6-6A). The areas
of the individual activated surface patterns were calculated from the applied photomasks (see
Appendix 4.2, Table S1).

Investigating the impact of different patterns demonstrated a slightly reduced absorbance per
enzyme area (by 23%) for the microreactor with half of the area covered compared to the fully
modified surface, which was not entirely plausible due to symmetry of the pattern, but was
finally attributed to experimental inaccuracy. However, the fine and the coarse checkerboard
structures exhibited an increased efficiency with 81 and 56 % higher absorbance per active area
than the fully modified surface, which demonstrates a significant improvement in product
concentration relative to the functionalized surface area or in other words, amount of
immobilized enzyme. In fact, it is clearly demonstrated here that the enzyme distribution over
the surface affects the overall activity of the microreactor. This improvement of the reactor
productivity is influenced by a series of other factors such as flow conditions, substrate
diffusion rates and local substrate concentrations. The flow within this reactor geometry is
characterized by a gradient, in which the highest velocity is present in the center of the reactor
and a reduced velocity at the sides. The difference in velocities across the reactor can
consequently influence the mass transport and mixing of the fluid. Therefore, the accessibility
of substrate for the enzyme near the surface depends on the position and the local conditions.
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The selection of this particular reactor design was used in order to generate this complexity of
overlapping phenomena.
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Figure 6-6 A) Comparison of experimentally determined ABTS®" absorbance at 414 nm per mm? modified area at
the reactor outlet in steady state condition (blue) and ABTS** outlet concentration obtained from CFD simulations in
mM mm (red) of various surface patterns, reference (HRP adsorption on non-modified surface, empty squares), half
modified surface, coarse checkerboard, fine checkerboard, fully modified surface; and B) Illustration of product
concentration on the top surface in the microreactor (in steady state simulations) dimensions using fully modified
surface (a), half modified surface (b), fine checkerboard structure (c), coarse checkerboard structure (d), where red
surfaces illustrate a high and blue surfaces a low product concentration.

CFD simulations were conducted in order to validate the experimentally determined
performance of the microreactors as a function of the different enzyme immobilization patterns,
the impact of the laminar flow conditions, geometry and material transport limitations
(diffusion). The product concentrations at the outlet of the reactor for each modified surface
area were determined, as presented in Figure 6-6A (red) and visualized in different patterns, as
shown in Figure 6-6B. In the flow simulations under steady-state condition all parameters were
selected to reflect the experimental setup, such as dimensions of the microreactor, outlet, inlet
and immobilization patterns, flow rates, substrate concentrations and theoretical diffusivity.
Therefore, it is not possible to compare the results from the experimental and the computational
results directly, but merely the trends. Using the same surface patterns, the CFD simulations
exhibit the same trend in terms of reactor efficiency as seen in the experimental setup (see
Figure 6-6A, red). The simulation of the full and half modified surface show very similar
product concentrations relative to the activated surface area. Similarly for the experimental
results, the product concentration obtained from CFD simulations showed an increase of 78 and
57 % for the fine and the coarse checkerboard structure compared to the fully modified surface.
The experimental results and computational findings correlate well and demonstrate a clear
dependence of the overall product formation relative to the distribution pattern of enzymes on
the modified surface area.

Conclusions

The most effective exploitation of expensive enzymes in a biocatalytic process is of crucial
importance. The local position of immobilized enzymes in a bioreactor has been identified to be
an important factor, which influences the contribution of the individual enzyme to the overall
reactor efficacy. Therefore, this proof-of-concept study correlates experimental results of
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fabricated microreactors containing immobilized enzymes in different surface patters with
results from CFD simulations. Thereby, it demonstrated how the position of immobilized
enzymes influences the biocatalytic efficacy of a reactor and thus, how reactor performance can
be predicted and potentially optimized.

Initially, an experimental setup was prepared in which HRP could be selectively immobilized in
specific patterns onto the surface of an OSTE+ microfluidic reactor. OSTE+ based microfluidic
devices were surface modified with allyl disperse red, illustrating the effect of applied stencil
masks, and with allyl glycidyl ether enabling the covalent immobilization of HRP. The
performance of the microreactors was significantly influenced by patterning of the enzyme on
the surface and two checkerboard structures. Fine and coarse patterns showed an efficiency
increase by 81 and 56 % higher absorbance per active area compared to the fully covered
surface, which demonstrates a significant improvement in effectiveness of the applied enzymes.
These results correlated very well with CFD simulations of the same reactor designs, illustrating
that the configuration pattern plays a significant role in explaining the outstanding performance
of the two checkerboard structures.
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7 Biocatalytic polysulfone (PSf) membranes

As demonstrated throughout the previous chapters, tailored surface modification of polymer
materials is an excellent strategy in order to improve their application as new and versatile
enzyme supports. Different surface chemistries create distinct changes in the micro-environment
between surface and enzyme, which has been used for the preparation of immobilized enzymes
with increased biocatalytic activity and selectivity. Generally, also the biocatalytic stability of
enzymes can be improved through immobilization. Hence, surface functionalization of a
polymer material, here a polysulfone (PSf) membrane was investigated in order to enhance the
stability of immobilized alcohol dehydrogenase (ADH). These membranes were initially
heterogeneously surface functionalized prior to polymer grafting with the goal to generate a
beneficial environment for immobilized ADH maintaining high biocatalytic activity during
continuous operation (see Figure 7-1). This work is based on unpublished results and the
experimental data can be found in Chapter 10. Additional information, such as Figures and
Tables are available in Appendix 5.

PSf membrane Polymer surface Immobilization
functionalization grafting & & € %!
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Figure 7-1 Schematic representation of surface functionalization of PSf membranes by a two-step process including
lithiation and acylation, followed by polymer grafting, which allowed the immobilization of ADH

Modification and application of PSf membranes

Polysulfone (PSf) as a suitable material for polymer membranes has gained high importance
throughout the past decades due to its outstanding properties, such as the acceptance of a wide
pH range and organic media as well as a very good thermal and mechanical stability. Therefore,
PSf membranes have been used in a broad range of applications including gas and liquid
separation,* in fuel cells®® and ion-exchange processes.” Furthermore, the development of
PSf membranes as support for enzyme immobilization in biocatalytic membrane reactors
(BMRs) has demonstrated increased relevance.™® The significant advantage of BMRs is the
direct combination of a biocatalytic reaction with a separation step. However, in order to
achieve a high biocatalytic productivity, high enzymatic activity and stability are required,
which is mainly a function of the type of immobilization, the generated environment as well as
the process conditions.™* So far, various approaches have been investigated including pressure-
driven entrapment into pristine'>*or modified PSf membranes'>**® as well as by cross-linking
of entrapped enzymes.”*"**® Furthermore, immobilization by induced fouling into the skin layer
and alternatively in the porous support layer were studied.'** %!

Additionally to biocatalytic challenges, pressure-driven membranes generally require high
permeability and thus, good anti-fouling properties. High membrane flux and low fouling are
directly related and can be significantly improved by increasing the hydrophilicity of the
membrane surface.* Membrane surface modification has been shown to be a successful
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pathway in order to improve anti-fouling properties’™ as well to generate a beneficial
environment for immobilized enzymes.”” PSf membranes can generally be modified through
coating with an additional surface layer, such as hydrophilic poly(ethylene glycol) (PEG) or
poly(vinyl alcohol) (PVA) based polymers'®*® or cross-linked hydrogels’®®**¢ which
demonstrated significantly improved fouling resistance. For the preparation of biocatalytic
membranes, polyethylenimine (PEI) was coated onto PSf allowing immobilization of f3-
galactosidase onto the attached polyelectrolyte layer.*®” The incorporation of PEG into a sodium
alginate coatings increased simultaneously membrane flux as well as biocatalytic performance
of entrapped ADH.'®® Surface modification by covalent grafting is a second possibility in order
to improve anti-fouling and biocatalytic performance of BMRSs, which can be achieved by
plasma treatment, UV irradiation and by chemical means. Plasma treatment has been used in
order to covalently link hydrophilic polymers, such as PEG and poly(acrylic acid) (polyAAc)
onto PSf membranes.®'"° Plasma was also applied for the grafting of amine functional
polymers onto PSf, which allowed covalent enzyme immobilization.'* Reduced membrane
fouling was also achieved through UV initiated grafting of poly(ethylene glycol) methacrylate
(PEGMA).* UV-polymerization of acrylic acid (AAc) and acrylamide (AAm) resulted in PSf
membranes with improved water permeability and by activation of the carboxylic acid moieties
catalase was covalently immobilized demonstrating improved biocatalytic activity.'® Wet
chemical methods were also used in order to introduce various functionalities onto PSf surfaces.
For instance, Friedel-Crafts catalysts allowed chloromethylation, aminomethylation as well as
functionalization with propylene oxide.'"**® Heterogeneous lithiation with subsequent
carboxylation using CO, and further modification resulted in PSf membranes with either
carboxylic acid or acyl fluoride functionality.r””*® These small molecular weight modifications
have been extended by further polymer grafting, for instance through surface-initiated atom
transfer free radical polymerization (SI-ATRP) of halogen functionalized PSf surfaces prepared
by chloromethylation. This “grafting from” approach substantiated the introduction of
hydrophilic polymers and thus, improved anti-fouling properties of the membrane.®*”
Alternatively, the use of “Click Chemistry” as a “grafting to” technique permitted the
introduction of a large range of different substituents or fully characterized polymers.’®® As
such, the hydrophilicity of PSf membranes has been increased by Cu(l)-catalyzed alkyne azide
cycloaddition (CuAAC) between azide functional PSf and terminal alkyne functional
zwitterionic and PEG based polymers.'®1%

This broad toolbox of functionalization methods opens up for tailor-made surface modifications
of PSf membranes allowing distinct changes of membrane properties, which makes them
suitable for different applications. In this study, the formation of a biocatalytic PSf membrane
through immobilization of ADH by maintaining high membrane permeability was the focus.

Heterogeneous lithiation and acylation of PSf membranes

Functionalized PSf membranes were prepared by following an in situ two-step process. Firstly,
commercially available PSf membranes were heterogeneously lithiated using n-butyllithium (n-
BuLi) in diethyl ether, followed by acylation using various acid chlorides, as illustrated in
Scheme 7-1.
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Scheme 7-1 PSf membranes (PSf-1) were lithiated with n-butyl lithium (n-BuLi), and subsequently acylated using
pentadecafluorooctanoyl chloride (a), methacryloyl chloride (b), 3-(chloromethyl)benzoyl chloride (c), 1-naphthoyl
chloride (d) and 2-furoyl chloride (e) in order to obtain small molecular weight functional PSf membranes PSf-2a-e.

Typically, lithiations are conducted under low temperatures (e.g. -78 °C) as a result of the
reactivity of n-butyllithium and the potential degradation of commonly used solvents such as
tetrahydrofuran.*®® A few examples in which heterogeneous lithiation was performed at ambient
conditions have also been seen.® Therefore, reaction conditions were modified to
accommodate the membrane in terms of solubility as well as mechanical performance, where
diethyl ether was identified as the optimal solvent leading to maintained integrity of membrane
and support layer after the reaction. Diethyl ether, compared to THF, also allowed the lithiation
reaction to be conducted at higher temperatures due to the increased half-life time of diethyl
ether compared to THF. Thus, the lithiation step was conducted at room temperature and the
subsequent acylation at 0°C. By reacting the lithiated PSf membrane with
pentadecafluorooctanoyl chloride, covalent functionalization of the membrane surface (PSf-2a)
was confirmed by the appearance of carbonyl stretches at 1804 and 1750 cm™ in the respective
IR spectra (see Figure 7-2).
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Figure 7-2 IR spectra of PSf membrane (PSf-1) and activated PSf membranes PSf-2a (1)-(5) with

pentadecafluorooctanoyl chloride with increasing n-BuLi concentration from 1.16 mmol gyt Gmembrans - (PSF-2a (1))
until 39.8 MMOl,,.guLi Omembrane - (PSF-2a (5)), magnification in the wavelength range of 1720 to 1860 cm™

The generation of two bands in the carbonyl range was explained by the introduction of a ketone
group represented as the band at the lower wavenumber (here 1750 cm™), which has been
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already reported for the homogeneous modification of PSf with n-BuLi and acid chlorides.'®
The membranes applied in this study were commercially available and thus, the exact
composition — particularly the additives added after synthesis, which also influence the
performance of the membrane — remained unknown. Therefore, the second carbonyl band at the
higher wavenumber, here 1804 cm™, was assigned to a carbonyl group originating from
acylation of hydrophilic residues in the membrane surface. They exhibited a weak reactivity
towards surface active reagents such as TFAA (Appendix 5, Figure S1), which indicated that the
surface itself has some hydroxyl groups as a result of processing. Thorough washing and
Soxhlet extraction of the membranes with ethanol did not allow extraction of the introduced
functionalities from the membrane (based on the IR spectra) and both modifications covalently
bound to the membranes. The capability of the method was investigated by applying various n-
BuL.i concentrations, ranging from 1.2 to 39.8 mmol of n-BuL.i per gram of membrane, followed
by acylation using pentadecafluorooctanoyl chloride, leading to PSf-2a (1) to (5). The
concentration dependent surface modification can be seen from the IR data presented in Figure
7-2. The respective IR spectra show an intensity increase in the ester carbonyl band in line with
increasing n-BuLi concentration until 20.5 mmol, g,.; gmembrane’l. In contrast, the band at 1750
cm™ reaches already a steady intensity at 4.5 mmol,.guLi Omemorane - (PSF-2a (2)), which could
originate from saturation of the heterogeneous aromatic substitution reaction. However, the
reaction forming the carbonyl band at 1804 cm™ is still taking place with additional amounts of
n-BuL.i and acid chloride, respectively. These results were confirmed by XPS analyses showing
an increasing fluorine atom content with increasing n-BuLi concentration (see Table 7-1).

Table 7-1 PSf membranes reacted with different concentrations of n-BuLi and subsequent acylation using
pentadecafluorooctanoyl chloride (PSf-2a), dynamic water contact angles, and fluorine content by XPS

c 0, i O recedi F content
Entry (mmOIn-BuLi gmembrane-l) advgncmq recgqu (atom%)
PSf-1 0 88.1 48.7 -
PSf-2a (1) 1.16 81.9 40.2 8.0
Psf-2a (2) 4.49 99.3 54.0 29.8
Psf-2a (3) 10.0 109.0 58.0 30.6
PSf-2a (4) 20.5 110.0 72.9 36.1
Psf-2a (5) 39.8 119.1 64.4 425

The theoretical fluorine content, assuming each PSf repeating unit reacts once with n-BuLi
followed by acid chloride, was calculated as being 27.9 atom%. A fluorine content of 29.8
atom% was already obtained at 4.5 mmol g for PSf-2a (2). By increasing the n-BuLi
concentration up to 39.8 MmOl ,.guLi Gmemorane > @ fluorine content of up to 42.5 atom% was
achieved, indicating that additional functionalization, besides the known PSf reaction, occurred.
These results are in agreement with those obtained from the aforementioned IR spectroscopy,
which exhibited a well-controlled surface reaction in terms of surface loading. Additionally,
WCAs increased from 88.1 ° and 48.7 ° for the original surface up to 119.1° and 64.4°,
respectively, clearly corroborate derivatization through an increase in hydrophobicity as a
function of increased content of fluorine (see Table 7-1).

In order to emphasize the ease and the potential value of this heterogeneous modification
technique, various organic acid chlorides were investigated, as shown in Scheme 7-1. In this
way, methacryl (PSf-2b), 3-(chloromethyl)benzyl (PSf-2c), naphthyl (PSf-2d), and furyl (PSf-
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2e) functionalities were introduced, thereby demonstrating the versatility of this activation
procedure. For each of these modifications, a concentration of 5 mmol, gy gmemb,ane'l, identified
above as the optimal concentration for having a significant impact on surface functionalization,
was utilized. Functionalization was confirmed by IR analysis and the appearance of the
previously mentioned carbonyl stretch bands, as shown in Figure 7-3.
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Figure 7-3 IR spectra of initial PSf membrane (PSf-1) and activated PSf membranes PSf-2 with various acid
chlorides, PSf-2b: methacryloyl chloride, PSf-2c: 3-(chloromethyl)benzoyl chloride, PSf-2d: 1-naphthoyl chloride,
PSf-2e: 2-furoyl chloride

Additionally, IR bands characteristic to the different functionalities illustrate modifications
made to the membrane surface. The methacryloyl-functionalized PSf membranes (PSf-2b)
showed the two carbonyl stretches at 1732 and 1675 cm™, with the latter one appearing within
the range of a typical C=C stretch. The additional ester was confirmed with the additional
carbonyl peak at 1765 cm, which originates from the methacryloyl group. The spectrum of
PSf-2c, shows in addition to the carbonyl bands (1726/1680 cm™) the introduction of a
significant band at 708 and a small band at 757 cm™ assigned to an aromatic out-of-plane
deformation and a carbon-chloride vibration, respectively. The acylation using 1-naphthoyl
chloride provided an IR spectrum showing a C-H out-of-plane deformation characteristic for
naphthalenes at 778 cm™ in addition to the respective carbonyl bands at 1727 and 1671 cm™. 2-
furoyl functionalized PSf membranes offered similar results, with carbonyl stretches at 1737
and 1668 cm™, while bands at 1391 (furylic C=C stretch vibration) and 759 cm™ (furylic C-H
stretch vibration) confirmed the reaction. The introduction of the various functional groups
opens up for further derivatization methodologies through, for example, methacryl groups by
thiol-ene reactions*®**** or Aza Michael additions'®, whereas furyl groups are known to react in
Diels-Alder cycloaddition, ™%

Polymer modified PSf membranes via “Grafting from” and “Grafting to”

Chloride functional PSf membranes PSf-2c allowed further polymer grafting directly via SI-
ATRP through a “grafting from” approach and after substitution of the chloride by an azide
through CUAAC as a “grafting to” approach, as illustrated in Scheme 7-2.
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Scheme 7-2 Two surface grafting approaches: “Grafting from” by SI-ATRP of the chloride functionalized PSf
membranes (PSf-2c) to provide PSf-4a-d; azidation of PSf-2c, leading to PSf-3, followed by “Grafting to” through
CuAAC with alkyne functionalized polyPEGMA, resulting in PSf-5

Therefore, various hydrophilic monomers, such as 2-hydroxyl methacrylate (HEMA) (PSf-4a),
methoxy poly(ethylene glycol) methacylate (MPEGMA) (PSf-4b), PEGMA (PSf-4c) and 1-
vinyl imidazole (Vim) (PSf-4d) were reacted onto PSf-2c under SI-ATRP conditions. IR
analysis confirmed the reaction by significantly increased intensity in the ester band at
1726 cm™ compared to the ketone carbonyl band at 1680 cm™ for the used methacrylates (see
Appendix 5, Figure S2). Furthermore, the appearance of bands related to C-O-C ether at 1100
cm™ (for PSf-4a, b, c) and hydroxyl groups at 3466 cm™ (for PSf-2a) provided evidence for the
“grafting from” method being efficient. Grafting of poly(1-vinyl imidazole) (pVim) could not
conclusively be confirmed by IR. XPS analysis corroborated the polymer grafting via SI-ATRP,
as shown in Table 7-2.

Table 7-2 XPS data of activated and polymer grafted PSf membranes

Membrane Cls Ols N1s S2p Cl2p

modification  [atom%)] [atom%%] [atom%s] [atom%s] [atom%]
PSf-1 82.8+0.2 13.1+£0.2 - 4.0+£00
PSf-2¢ 799+1.2 122+0.3 - 22+0.1 57+£11
PSf-4a 720+0.5 243+0.9 - 14+0.1 19+0.2
PSf-4h 72.2+0.8 249+0.8 - 1.7+£0.2 1.0+£0.1
PSf-4¢ 774+0.1 19.0+£0.3 - 26+0.2 09+0.2
PSf-4d 729+34 145+0.7 5.8+0.2 23%0.2 19+07
PSf-3 783+1.8 135+0.8 34+14 23+£0.1 24+£0.3
PSf-5 71.3+0.9 254 +1.7 1.1+04 0.9+0.2 1.3+£0.2

Initially, the introduction of SI-ATRP initiating sites through activation with 3-
(chloromethyl)benzyl groups (PSf-2c) was confirmed by the appearance of a significant
chloride signal (5.7 atom%) compared to the pristine membrane (PSf-1). Polymer grafting using
HEMA, MPEGMA and PEGMA (PSf-4a,b,c) demonstrated a substantial increase in oxygen
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content and pVim grafting (PSf-4d) was confirmed through the presence of nitrogen (5.8
atom%). Furthermore, all polymer grafted surfaces PSf-4a-d, including pVim, showed
significantly reduced WCAs confirming an increase in the hydrophilicity (see Appendix 5,
Figure S3).

In an alternative strategy the chloride groups of PSf-2¢ were substituted by azides, thus allowing
grafting through CuAAC with alkyne-terminated polymers (see Scheme 7-2). The azide
functional PSf surface (PSf-3) showed an IR absorption band at around 2100 cm™, characteristic
for the azide (-N=N=N) stretch (see Appendix 5, Figure S4). The appearance of a nitrogen N1s
split peak and a decrease in the chloride Cl1s peak in the XPS spectrum corroborated the
substitution reaction (see Table 7-2 and Appendix 5, Figure S5, S6). In order to undergo a
CuAAC as a “grafting to” reaction, a hydrophilic alkyne-terminated polyPEGMA (alkyne-
pPEGMA) was prepared by ATRP and reacted onto the functional PSf-3 surface in order to
obtain PSf-5 (see Scheme 7-2). The increase in ester C=0 stretch intensity at 1726 and the C-O
ether band at 1096 cm™ confirmed the grafting (see Appendix 5, Figure S4). The preservation of
the azide vibration band at 2100 cm™ showed that only surface functionalization took place and
that the aqueous environment prevents penetration into the hydrophobic membrane, whereas the
ATR FT-IR measurement penetrates several micrometres into the sample, thus identifying
residual azide groups in the bulk. In contrast, XPS analysis penetrates the surface by up to 10
nanometres, and the PSf-5 spectrum in our study showed only a single nitrogen N1s peak (see
Appendix 5, Figure S7 and S8). This change from a split to a single nitrogen peak is
characteristic of the formation of a triazole group from an azide.'®® Compared to the precursor,
azide functionalization (PSf-3) resulted in a slight decrease in WCAs. This minor increase in
hydrophilicity was significantly intensified through CUAAC with the alkyne-pPEGMA resulting
in substantial reduced WCAs (see Appendix 5, Figure S3), showing similar results compared to
SI-ATRP grafted membranes.

Biocatalytic membrane through immobilization of ADH

Compared to the pristine PSf membranes (PSf-1),having a molecular weight cut-off (MWCO)
of 20 kDa, the water permeability of chloride (PSf-2c) and azide functional (PSf-3) membranes
decreased slightly. Polymer grafting through SI-ATRP and CuAAC, however, resulted in a
significant permeability reduction of up to 89 % (see Appendix 5, Table S1) and thus, actual
application of the membranes was not practical. Therefore, PSf membranes with a MWCO of
100 kDa, exhibiting a 10-fold higher permeability, were selected for surface grafting with pVim
for the subsequent application as a biocatalytic support. Imidiazole groups showing
biocompatible and antimicrobial features as well as being bioactive moieties due to their ability
to bind to metal ions and form hydrogen bonds.!* Additionally, Vim functional surfaces
demonstrated recently beneficial results of immobilized of horseradish peroxidase and f3-
glucosidase as shown in Chapter 2 and 4.'% In this study, ADH from Saccharomyces cerevisiae
(EC 1.1.1.1), a zinc metalloenzyme belonging to the family of oxireductases, has been used.'*
ADH catalyzes the oxidation of alcohols to the corresponding aldehyde or ketone, by
simultaneously reducing B-Nicotinamide adenine dinucleotide (NAD®) to NADH as the
cofactor. Therefore, ADH has a significant importance, including the enantioselective oxidation
of alcohols. The ADH catalyzed reverse reaction of a carbonyl substrate to the corresponding
alcohol using NADH is also possible, which can be used in fermentation applications, but also
in the third step of sequential reduction of carbon dioxide to methanol.'*? However, the stability
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of ADH is significantly limited and therefore, various immobilization approaches have already
been investigated with the goal to improve the enzyme activity and stability.'**%

Here, PSf membranes (100 kba MWCO), were functionalized with pVim using short grafting
times (5 and 40 min) in order to retain high membrane permeability, which were subjected for
the immobilization of ADH. Consequently, ADH (0.1 mg L™, 45 mL, in phosphate buffer, pH
7) was immobilized by pressure driven filtration into virgin (PSf-1) as well as pVim
functionalized membranes (PSf-4d-100k-5min and PSf-4d-100k-40min). In an additional
rinsing step, phosphate buffer (40 mL) was passed through the membranes in order to prevent
any enzyme to remain in the retentate. Figure 7-4A demonstrates the permeability during the
immobilization, from which a significant reduction in permeability of the two pVim grafted
membranes compared to the virgin PSf-100k-1 was observed.
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Figure 7-4 Comparison between permeability (A) and amount of enzyme collected in the permeate during ADH (B)
immobilization on pristine PSf membrane (PSf-1) and pVim grafted PSf membranes for 5 and 40 min (PSf-4d-100k-
5min and PSf-4d-100k-40min)

Furthermore, a permeability loss between 31 and 49 % was observed for both pVim
functionalized membranes, as shown by initial and final permeability in Table 7-3. Even though,
PSf-4d-100k-5min and PSf-4d-100k-40min exhibited significantly reduced permeabilities, their
use as support for enzyme immobilization was still promising. The amount of ADH in the
permeate throughout the immobilization process (see Figure 7-4B) showed initially a steady
increase indicating enzymes passing through the membrane. The slope of permeated ADH over
accumulated permeate volume was very similar for the virgin PSf-1 as well as the pVim
modified membranes indicating that no significant pore size reduction occurred under the
applied grafting conditions via SI-ATRP.

As soon as buffer was added the amount of enzyme in the permeate remained constant after 56
mL confirming that all possible ADH was flushed out of the membrane. Consequently, the
difference between the applied ADH stock solution and the final amount in the permeate
resulted in the final immobilization yield. Thus, the enzyme loading was calculated to be around
0.5 mg for the virgin membrane (PSf-1), which was further increased by a factor of 2 through
pVim grafting (see Table 7-3).
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Table 7-3 Membrane performance and enzyme loading during immobilization of ADH for virgin (PSf-100k-1) and
pVim grafted PSf membranes (PSf-4d-100k-5min and PSf-4d-100k- 40min)

Initial membrane final membrane Enzyme Enzyme Loading
Entry permeability permeability loading loading Efficiency
(Lm?h?*bar) (Lm?2h*'bar?) (mg) (mg cm?) (%)
PSf-100k-1 549 + 85 282+5 0.51+0.04 0.038 +0.003 135+0.8
PSf-4d-
. 435+25 276+27 0.98 +0.06 0.073 +£0.005 23.7+04
100k-5min
PSf-4d-
100k-40min 49.0+6.9 33.7+3.0 1.05 +0.03 0.079 +0.002 275+2.6

In this study, ADH catalyzed the reduction of formaldehyde (HCOH) to methanol (CH;OH) by
simultaneous oxidation of B-nicotinamide adenine dinucleotide reduced form (NADH) to
NAD®, which was used for the evaluation of the biocatalytic activity and stability of
immobilized ADH. During constant permeation of substrate no significant change in membrane
permeability was observed for all three tested membranes (see Figure 7-5A).

500 100+
A Bl latsaisirtafattatjrin,
90 1 +
5 5 s s 5 - 57 min
400] s oo oo o o o omin 804 ea 82 min
"; 70 ' e LI
E300- "

a o
S o
n n

N
Q
=1

L

N

S
L

conversion (%)

permeability (L bar
w
o
I

iy
Q
=1
L
n
=3
L

57 min
82 min
68458288858 5 2 & & & 3
T T T T T T T T J T T T T T T T T J
0 10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
cumulated permeate volume (mL) cumulated permeate volume (mL)

-
=)
n

0

o
o

o PsSf-1 o PSf-4d-100k-5min & PSf-4d-100k-40min = PSf-1 e PSf-4d-100k-5min 4  PSf-4d-100k-40min

Figure 7-5 Permeability (A) and NADH conversion (B) during enzymatic reaction catalysed by immobilized ADH
on pristine PSf membrane (PSf-1) and pVim grafted PSf membranes for 5 and 40 min

However, similarly to the immobilization procedure, the virgin PSf-100k-1 membrane exhibited
a 10-fold increased permeability compared to the pVim grafted ones. The conversion was
estimated spectrophotometrically through absorbance measurements of NADH at a wavelength
of 340 nm and is presented in Figure 7-5B. For ADH immobilized in PSf-100k-1, a substantial
decrease in conversion from around 94 % to 64 % within 88 mL of accumulated permeate in 6
min was observed, which indicated enzyme deactivation in the original porous PSf structure.
Due to the reduced permeability of pVim (for 5 as well as 40 min) grafted membranes, 88 mL
of permeate were collected after 82 and 57 min, respectively. Within this time, these membranes
demonstrated a significant improved stability by remaining highly active (conversion > 94 %)
during the entire procedure. This outstanding performance compared to the virgin membrane
was ascribed to the generation of a beneficial environment supplied by pVim reducing enzyme
deactivation within this period and thus improving the biocatalytic performance substantially.
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Conclusions

In this study, a facile and easily conductible methodology has been applied in order to
covalently surface modify commercially available PSf membranes. For this purpose, off-the-
shelf PSf flat sheet membranes were heterogeneously lithiated prior to acylation, using various
acid chlorides. Retaining membrane integrity by introducing target functionality onto the
surface shows the versatility and importance of this method. Surface modifications with
methacryloyl-, furoyl-, and halogen-containing functional groups open up a broad range of
surface grafting reactions for tailoring the surface properties of the applied membranes.
Chloride functionality to the membrane surface allowed polymer surface by SI-ATRP treatment
of hydrophilic monomers such as HEMA, MPEGMA, PEGMA and Vim in a “grafting from”
approach. Conversion of anchored chlorides into azide groups offered the possibility for surface
functionalization via CUAAC with an alkyne-pPEGMA as a “grafting to” techniques. Both
cases resulted in significantly improved membrane hydrophilicity. Immobilization of ADH onto
pVim grafted PSf membranes with a MWCO of 100 kDa demonstrated a 2 fold increase in
enzyme loading (loading of 23 — 27 %) compared to virgin PSf membranes. Furthermore, high
enzyme activities (conversions > 94 %) and significantly improved enzyme stability were
achieved using pVim grafted membranes. These outstanding performances by maintaining
permeabilities in a good operational window demonstrated their potential as excellent support
for ADH. This toolbox of simple surface activation followed by polymer grafting of
commercially available PSf membranes opens up for the application of a broad variety of
potential polymers and their possibility to serve as improved BMRSs.



59

8 Conclusions

Biocatalytic processes require active, stable and selective biocatalysts in order to be
economically and environmentally feasible. Due to its advantages in terms of improved
purification procedures and promoting biocatalytic stability, enzyme immobilization is an
important concept within biocatalysis. However, a suitable immobilization strategy depends on
the nature of the enzyme and the support, type of immobilization, micro-environmental effects
and applied process conditions. These factors play a significant role and have to be taken into
consideration when developing immobilized enzyme systems, which require being highly
active, selective, effective, stable and applicable.

In this dissertation, these requirements are addressed by exploiting polymer materials as enzyme
supports. The versatile surface functionalization of different polymers permitted the
introduction of tailored properties for distinct purposes within enzyme immobilization. Initially,
a platform, based on STE/OSTE materials was developed allowing a broad screening of
different surface chemistries and thus the influence of micro-environmental changes towards the
biocatalytic activity of immobilized enzymes. It demonstrated the importance of a precise
match between the surface functionality of the support and the enzyme in order to obtain a
highly active system. For practical application of the identified candidates exhibiting excellent
enzyme activities, OSTE particles containing highly versatile surface chemistries were prepared.
These particles showed their high application potential as a suitable support for enzyme
immobilization in continuous plug-flow or batch reactors. Furthermore, the influence of
different surface functionalities towards the selectivity of enzymes was investigated by
immobilization of B-glucosidase onto functional OSTE particles. Hereby, changes in the micro-
environment around the immobilized enzyme improved the enzymes selectivity significantly, as
demonstrated through the competitive reaction between trans-glycosylation and hydrolysis
catalyzed by B-glucosidase. Additionally, the exploitation of enzymes in their most effective
way is a fundamental goal for efficient reactor design. Therefore, the local distribution of
enzymes immobilized on the surface of a microreactor was investigated towards their
contribution to the overall reactor performance. In this way, specific surface patterns were
identified, showing a significant increase in effectiveness of the applied enzymes. Finally,
enzyme stability, being one of the most crucial parameters for the continuous application and
the reusability of a biocatalyst, was addressed by the preparation of biocatalytically active PSf
membranes. Here, surface grafting with specific polymers allowed enzyme immobilization with
a significant improvement in terms of operational stability compared to unmodified membranes
and shows the substantial impact of the generated micro-environment towards the enzyme
stability.

As demonstrated in this thesis, different aspects are playing a crucial role for the development of
immobilized enzymes in biocatalytic processes. The versatile application of polymers and their
potential for broad surface functionalization allows detailed and distinct modifications of the
support in order to achieve improved biocatalytic performance. Therefore, tailor-made materials
and the understanding of their influence expand the possibilities for the preparation of excellent
enzyme supports substantially.
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9 Future Work

The investigation of enzyme immobilization onto functionalized polymer surfaces and their
importance for the development of biocatalytic systems with improved performance was the
core of this project. This concept has been demonstrated by focusing on the introduction of
different surface chemistries and thus, creating micro-environmental changes, onto different
polymers, which were used for the immobilization of different enzymes.

Initially, the impact of micro-environmental changes through tailor-made surface
functionalization was shown through the developed screening platform, which offered the
possibility for investigation and distinct selection of suitable surface-enzyme combinations. As a
proof-of-concept, different candidates in terms of surface functionality as well as model
enzymes were selected. This platform opens up for further investigation of a vast number of
different influence factors, being (1) extended and more complex surface chemistries, (2)
binding chemistries between surface and enzyme, like different covalent, ionic or physical
attachment, (3) the type of enzyme and (4) process parameters, like pH, temperature, and
substrate concentration. Thereby, optimal immobilization and process conditions for a particular
enzyme could be identified in a fast and straight forward way. Consequently, the generation of a
library would allow comparison and the identification of similarities between different enzymes,
which could lead to predictions of new enzyme-surface candidates. However, the quantitative
determination of immobilized enzyme in this setup would be of significant value. Precise
quantification requires assays with increased sensitivity and reduced unspecific side reactions or
alternative methods, such as quartz crystal micro balance.

Additionally to the identification of beneficial surface-enzyme combinations through changes in
the micro-environment, the understanding of the individual effects between enzyme and support
is crucial for specific design of immobilized enzyme. In order to generate this data,
computational methods in combination with experimental investigations, could generate more
structural evidence for the observed tendencies.

Furthermore, TEC has demonstrated its excellent features for the preparation of TE materials in
different forms, such as a microplate, polymer particles and microfluidics. This versatility could
be extended for the preparation of additional geometries. For instance, the fabrication of porous
particles would be an obvious choice, due to their advantage of a significantly increased surface
area. Thereby, an increased amount of enzymes could be immobilized, which would improve
the sensitivity of quantification. Furthermore, through tailored pore functionalization, enzyme
activity and stability could be positively influenced.
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10 Experimental Section

Materials and methods

Materials

Polysulfone membranes GR61PP (PSf-1, 20kDa MWCO) were obtained from Alfa Laval. N-
butyl lithium (n-BuLi, 25 M in hexane), pentadecafluorooctanoyl chloride (97%), 3-
(chloromethyl)benzoyl chloride (98%), methacryloyl chloride (97%), 1-naphtoyl chloride
(97%), 2-furoyl chloride (95%), sodium azide (99%), tetrahydrofuran (THF, > 99%),
copper(I)chloride (99%), 2,2’ bipyridine (98%), copper(Il)sulfate (99,9%), (+)-sodium L-
ascorbate (NaAsc, 98%), propargyl 2-bromoisobutyrate (97%), 1-vinyl imidazole (Vim, > 99
%), formaldehyde (HCOH, 37 wt% in water), N,N,N’,N"”,N"-pentamethyldiethylenetriamine
(PMDETA), alcohol dehydrogenase from Saccharomyces cerevisiae (ADH, > 300 units/mg
protein) and B-Nicotinamide adenine dinucleotide, reduced disodium salt hydrate (NADH, >
97%) were purchased from Sigma Aldrich. Poly(ethylene glycol) methacrylate (PEGMA, 360 g
mol™), poly(ethylene glycol)methylether metacrylate (MPEGMA, 300 g mol™), and 2-
hydroxyethyl methacrylate (HEMA; 97%) were purchased from Sigma Aldrich and passed
through a short plug-flow column containing aluminum oxide (Sigma-Aldrich, activated, basic,
Brockmann |, standard grade) prior to using for SI-ATRP or regular ATRP. Diethyl ether
(Sigma-Aldrich, 99.8%) was dried with molecular sieves (Sigma-Aldrich, 4 A) prior to using for
lithiation reactions. All other chemicals were acquired from Sigma Aldrich were used as
received.

Characterization

NMR spectroscopy was carried out on a Bruker Avance 300 MHz spectrometer. Chemical shifts
are given in ppm. Number average molecular weights of the alkyne-pPEGMA were determined
by 'H NMR experiments. Additionally, molecular weights and the polydispersity index of
alkyne-pPEGMA was estimated by size exclusion chromatography (SEC), using a Viscotek
GPCmax VE-2001 equipped with a Viscotek TriSEC Model 302 triple detector array (refractive
index (RI) detector, viscometer detector, and laser light-scattering detector with a light
wavelength of 670 nm and measuring angles of 90° and 7°) and a Knauer K-2501 UV detector
using two PLgel mixed-D columns from Polymer Laboratories (PL). The samples were run in
THF at 30°C (1 mL min™). Molecular weights were calculated using polystyrene (PS) standards
from PL. Differential scanning calorimetry (DSC) was performed using a TA instruments
Discovery DSC at a heating and cooling rate of 10°C min™. The melting temperatures (T, are
reported as the peak temperatures of the endothermic melting peaks. Glass transition
temperatures (T,’s) were measured at the inflection point. Fourier transform infrared (FT-IR)
spectroscopy was carried out using a Nicolet iS50 FT-IR fitted with a diamond crystal
attenuated total reflection accessory (ATR), which operated at a resolution of 4 cm™ and 32
scans per measurement and was used to identify chemical modifications made by surface
functionalization. XPS experiments were conducted on a Thermo Fisher Scientific K-Alpha
(East Grinstead, UK). Large area surface analysis used a 400 um spot of monochromatized
aluminum Ko radiation, following which survey (pass energy 200 eV) and high-resolution (pass
energy 50 eV) spectra for relevant elements were acquired. Data analyses of the obtained XPS
spectra were performed using the Avantage software package as provided by the manufacturer.
Advancing and receding water contact angles (WCAs) of the PSf membrane surfaces were
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determined by using a Dataphysics Contact Angle System OCAZ20. Each surface was tested via
the dynamic sessile drop method at 23°C, and the average value was determined from three
different measurements. For Scanning Electron Microscopy, the membranes were submerged in
liquid nitrogen and broken by bending with two precooled tweezers. Subsequently, the samples
were dried at room temperature and mounted onto a sample holder and coated with a thin gold
film using a sputter coater (Cressington, model 208HR). The cross-sectional scanning electron
micrographs were recorded with a FEI Quanta 200 FEG microscope and the secondary electron
signal was recorded at 5keV with an Everhart-Thornley detector.

Membrane permeability measurements were carried out in a stirred cell (Amicon 8050,
Millipore, USA), using a fixed stirring speed at 100 rpm and an effective membrane surface
area of 13.4 cm?. The cells were filled with 40 mL of phosphate buffer (0.1M, pH 7). A constant
nitrogen pressure of 2 bar was maintained while collecting permeate into a beaker until 13 to 25
mL of permeate was collected. Placing the beaker on an electronic balance allowed for
monitoring the permeate flux and, consequently, permeability (permeate density was defined as
1 g mL™). The permeate flux was calculated according to the following equation:

Fl _Y
ux = o

where V is the volume of permeate solution in mL; t is the time of the flux experiment in h and
S is the effective membrane area in m2
Subsequently the permeability was calculated as followed:

Flux

Permeability =

where P is the applied N, pressure to the membrane in bar. One-way ANOVA analysis in order
to calculate the statistical significance of the various permeabilities was conducted in Origin
(OriginLab Corporation). Statistical significance between the results was established at p<0.05.

Preparation of activated PSf membrane (PSf-2a)

In a general activation procedure, a piece of PSf-1 (2x2 cm?, 0.216 g) was first submerged in
ethanol for 2 h, then in diethyl ether for 0.5 h. Thereafter, it was transferred into a pre-dried
schlenk tube under nitrogen atmosphere, which was then evacuated and back-filled with N,
three times. Diethyl ether (20 mL) was added under stirring, and n-BuLi (0.1 mL, 0.25 mmol,
1.2 mmol g™ memprane) Was added dropwise at room temperature. The reaction mixture was stirred
for 2 h. The membrane surface changed colour from white to light yellow. Then, the reaction
was cooled down to 0°C, and pentadecafluorooctanoyl chloride (0.08 mL, 0.31 mmol) was
added slowly. After continuing stirring for another 60 min, the reaction was quenched by adding
ethanol (appr. 20 mL). The reacted membrane was removed from the reaction flask and
thoroughly rinsed with ethanol before drying in an oven in vacuo at room temperature.

PSf-2a (1) IR (cm™): 2971 (C-H), 1804 (C=0), 1750 (C=0), 1585 (C=Carom), 1502 (C=Carom),
1488 (C-Harom), 1200 (C-F), 1143 (C-F), 1105, 1014 (C-O-C), 832 (C-Harom), 659 (C-F), 559
(oop arom), 529 (C-F)
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Synthesis of PSf-2b. Compound PSf-2b was synthesized in accordance with the general
procedure in which PSf-1 (7x5 cm?, 1.034 g), diethyl ether (100 mL), n-BuLi (2.0 mL, 5.0
mmol, 4.9 mmol g'lmemb,ane), and methacryloyl chloride (0.65 mL, 6.5 mmol) were used.

PSf-2b IR (cm™): 2970 (C-H), 1731 (C=0), 1675 (C=0/C=Ciyen), 1585 (C=Curom), 1503
(C=Charom), 1295 (C-0), 1229 (C-0O-C), 1149, 1014 (C-O-C), 558 (oop arom).

Synthesis of PSf-2c. Compound PSf-2c was synthesized in accordance with the general
procedure in which PSf-1 (12 pieces & 5x5 cm?, 5.3 g), diethyl ether (400 mL), n-BuLi (10.6
mL, 26.5 mmol, 5.0 mmol g'lmemb,ane), and 3-(chloromethyl)benzoyl chloride (4.6 mL, 31.7
mmol) were used. An inert atmosphere was achieved in this case through bubbling with N, for
15 min, before adding n-BulLi.

PSf-2¢ IR (cm™): 2967 (C-H), 1732 (C=0), 1680 (C=0), 1585 (C=Carom), 1502 (C=Caom), 1488
(C-Harom), 1294 (C-0O), 1228 (C-O-C), 1168 (CO-Cypenyr), 1014 (C-O-C), 833 (C-Harom), 757 (C-
Cl), 707 (oop arom), 560 (oop arom).

Synthesis of PSf-2d. Compound PSf-2d was synthesized in accordance with the general
procedure in which PSf-1 (2x2 cm?, 0.254 g), diethyl ether (20 mL), n-BuLi (0.5 mL, 1.3 mmol,
4.9 mmol g™ membrane), @nd 1-naphthoyl chloride (0.25 mL, 1.6 mmol) were used.

PSf-2d IR (cm™): 2967 (C-H), 1726 (C=0), 1670 (C=0), 1584 (C=Carom), 1504 (C=Carom), 1296
(CO), 1228 (C-0O-C), 1168 (CO-Cpyhenyr), 1123 (C-O-C), 1014 (C-O-C), 778 (C-H oop), 566 (oop
arom).

Synthesis of PSf-2e. Compound PSf-2e was synthesized in accordance with the general
procedure in which PSf-1 (2x2 cm?, 0.244 g), diethyl ether (20 mL), n-BuLi (0.5 mL, 1.3 mmol,
5.1 mmol g™ membrane), and 2-furoyl chloride (0.18 mL, 1.7 mmol) were used.

PSf-2e IR (cm™): 2966 (C-H), 1735 (C=0), 1668 (C=0), 1582 (C=Carom), 1503 (C=Cuom), 1463,
1391 (C=C furyl), 1291 (C-0), 1227 (C-O-C), 1168 (CO-Csrom), 1013 (C-O-C), 929 (C-H furyl),
759 (C-H furyl), 566 (oop arom).

Preparation of azide functionalized PSf membrane (PSf-3)

Into a round-bottom flask, NaNs (1.10 g, 16.8 mmol), H,O (205 mL), and PSf membrane PSf-2¢c
(four pieces at 5x5 cm?, theor. 1.76 g) were added. This mixture was stirred under reflux for 22
h. The membrane was then removed from the reaction bath and thoroughly rinsed with H,O
before immersing in a H,O/ethanol (50:50) bath until further use.

PSf-3 IR (cm™): 2968 (C-H), 2099 (N;) 1734 (C=0), 1679 (C=0), 1585 (C=Cgom), 1503
(C=Carom), 1294 (C-O), 1230 (C-O-C), 1168 (CO-Cppenyi), 1014 (C-O-C), 833 (C-Hyrom), 707
(oop arom), 558 (oop arom).

Preparation of grafted PSf membrane via SI-ATRP (PSf-4a)

In a typical grafting experiment, CuCl (107 mg, 1.07 mmol) and 2,2’ bipyridine (347 mg, 2.20
mmol) were introduced into a round-bottom flask. The flask was evacuated and backfilled with
N, three times. Then, HEMA (8.15 mL, 8.75 g, 65.9 mmol), ethanol, and water (4 mL of each,
bubbled with N, for 60 min prior to use) were introduced. After 50 min of purging with N, this
mixture was transferred under N, into a schlenk tube equipped with a PSf membrane PSf-2c
(5x5 cm?, appr. 0.44 g) and kept in an inert atmosphere. The reaction flask was then heated up
to 35°C, and the polymerization was allowed to proceed for 180 min before being stopped by
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removing the membrane from the polymerization bath. The substrate was thoroughly rinsed
with water and kept immersed in a H,O/ethanol (50:50) bath until further use.

PSf-4a IR (cm™): 3443 (O-H), 2964 (C-H), 1726 (C=0), 1682 (C=0), 1585 (C=Curom), 1503
(C=Cuom), 1234 (C-0O-C), 1152 (C-0), 1079 (C-OH), 1014 (C-O-C), 832 (C-Harom), 757 (C-CI),
707 (oop arom), 567 (oop arom).

Synthesis of PSf-4b. Compound PSf-4b was synthesized in accordance with the general
procedure in which PSf-2c (5x5 cm?, appr. 0.44 g) was modified using CuCl (107 mg, 1.07
mmol), 2,2’ bipyridine (347 mg, 2.20 mmol), MPEGMA (18.5 mL, 19.44 g, 60.5 mmol),
ethanol, and water (9.5 mL of each, bubbled with N, for 60 min prior to use).

PSf-4b IR (cm™): 2966 (C-H), 1729 (C=0), 1680 (C=0), 1585 (C=Caom), 1503 (C=Carom)
1294, 1236 (C-0O-C), 1150 (C-0), 1013 (C-O-C), 833 (C-Harom), 707 (C-Cl), 559 (oop arom).

Synthesis of PSf-4c. Compound PSf-4b was synthesized in accordance with the general
procedure in which PSf-2c (5x5 cm?, appr. 0.44 g) was modified using CuCl (107 mg, 1.07
mmol), 2,2’ bipyridine (347 mg, 2.20 mmol), PEGMA (20.8 mL, 23.01 g, 56.7 mmol), ethanol,
and water (each 10.5 mL, bubbled with N, for 60 min prior to use).

PSf-4c IR (cm™): 3367 (O-H), 2965 (C-H), 1728 (C=0), 1678 (C=0), 1585 (C-Cyrom), 1503 (C-
Carom), 1230 (C-O-C), 1152 (C-0), 1013 (C-0O-C), 834 (C-Harom), 757 (C-CI), 707 (oop arom),
558 (oop arom).

Synthesis of PSf-4d. Compound PSf-4d was synthesized in accordance with the general
procedure in which PSf-2c (5x5 cm?, appr. 0.44 g) was modified using CuCl (107 mg, 1.07
mmol), 2,2’ bipyridine (347 mg, 2.20 mmol), Vim (18.0 mL, 18.7 g, 199 mmol), ethanol, and
water (each 12 mL, bubbled with N, for 60 min prior to use).

PSf-4d IR (cm™): 3384 (O-H), 2965 (C-H), 1728 (C=0), 1678 (C=0), 1585 (C-Carom), 1503 (C-
Carom), 1235 (C-O-C), 1150 (C-0), 1013 (C-O-C), 832 (C-Hgom), 710 (oop arom), 558 (oop
arom).

Synthesis of alkyne polyPEGMA

In a typical ATRP experiment, CuCl (20.2 mg, 0.200 mmol) was added into a schlenk tube
equipped with a stirring bar and a rubber septum, which was evacuated and back-filled with N,
three times. Subsequently, PEGMA (2.6 mL, 8.0 mmol), water (7.8 mL), and methanol (7.8
mL) were added and two freeze-pump-thaw cycles were performed. PMDETA (42 pL, 0.20
mmol) was added and an additional freeze-pump-thaw cycle was carried out. Then, propargyl-2-
bromoisobutyrate (32 pL, 0.20 mmol) was added followed by a final freeze-pump-thaw cycle.
Polymerization was run at 25°C for 90 min. Finally, the product was concentrated in vacuo and
precipitated three times from THF into diethyl ether. Drying of the precipitate under vacuum
conditions led to a light-blue, highly viscous oil as the targeted product (m =1.44 g, 49 % yield).
T, (°C): -49.2 (DSC); M, (g mol™): 2500 (SEC), 1900 (*H NMR); M,,/M,: 1.06 (SEC); IR (cm’
1): 3464 (O-H), 2869 (C-H), 1726 (C=0), 1450 (C-H), 1247 (C-O), 1096 (C-O-C), 747 (C-CI);
'H-NMR (3, ppm, 300 MHz, CDCls): 4.05 (br s, 10.5 H), 3.66 (or m, 106H), 2.22 (s, 1H), 1.13
(m, 19 H).

Preparation of grafted PSf membrane via CUAAC (PSf-5)
Alkyne-polyPEGMA (0.4131g, 0,217 mmol), H,O (18 mL), aqueous CuSO, solution (0.890
mL, 0.1M, 0.089 mmol), and aqueous sodium ascorbate (1.78 mL, 0.1 M, 0.178 mmol) were
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added under stirring into a reaction vial. After 30 minutes, the slightly milky reaction mixture
turned yellow and the PSf membrane PSf-3 (5x5 cm?) was introduced. After stirring for 14 h,
the colour of the reaction mixture changed to brown and the reacted membrane was removed,
thoroughly rinsed with water, and kept immersed in a H,O/ethanol (50:50) bath until further
use.

PSf-5 IR (cm™): 3453 (O-H), 2965 (C-H), 2100 (N3), 1731 (C=0), 1679 (C=0), 1585 (C-Carom),
1503 (C-Cyrom), 1247 (C-0), 1228 (C-0-C), 1013 (C-O-C), 746 (C-Cl), 833 (C-Harom), 707 (00p
arom), 559 (oop arom).

Immobilization of alcohol dehydrogenase (ADH) in PSf membranes

The pristine membrane (PSf-1) was prior to alcohol dehydrogenase (ADH) immobilization
submerged in ethanol for 2 h and subsequently rinsed with deionized water. Modified
membranes were stored in ethanol/water (50:50 vol%) and rinsed with deionized water prior to
immobilization. A round PSf membrane (r=2.25 cm) was placed in an Amicon 8050 stirred cell
instrument and 45 ml of a phosphate buffer solution (0,1 M, pH=7.0) containing ADH (100
mg/L) was added. The pressure driven immobilization was conducted under a pressure of 1.5
bar and stirring at 100 rpm. After 44 ml of ADH solution were collected, 10 mL phosphate
buffer was added. After collecting further 10 mL of permeate, a second portion (35mL) of
phosphate buffer was flushed through the membrane until a final permeate volume of 88 mL
was collected. The cumulated permeate was collected in a beaker and after each 4 ml, an aliquot
of 100 pL was withdrawn for analysis. The concentration of ADH was measured as protein
concentration at 280 nm in microtiter plates (96 wells, acrylic from CORNING) using a
microtiter plate reader (POLARstar OMEGA from BMG Labtech equipped with an UV-VIS
probe).

Enzymatic reaction of immobilized ADH

50 mL of a phosphate buffer solution (0,1 M, pH=7.0) containing NADH (100 pM) and HCOH
(100 mM) was added to the membrane previously immobilized with ADH. A pressure of 1.5 bar
and stirring of 100 rpm were used during the filtration. The cumulated permeate was collected
in a beaker and after each 4 ml, an aliquot of 100 uL was withdrawn for analysis. The NADH
concentration was determined through absorbance measurements at 340 nm in microtiter plates
(96 wells, acrylic from CORNING) using a microtiter plate reader (POLARstar OMEGA from
BMG Labtech equipped with an UV-VIS probe).
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Efficient immobilization of enzymes on support surfaces requires an exact match between
the surface chemistry and the specific enzyme. A successful match would normally be identi-
fied through time consuming screening of conventional resins in multiple experiments testing
individual immobilization strategies. In this study we present a versatile strategy that largely
expands the number of possible surface functionalities for enzyme immobilization in a single,
generic platform. The combination of many individual surface chemistries and thus immobili-
zation methods in one modular system permits faster and more efficient screening, which we
believe will result in a higher chance of discovery of optimal surfacelenzyme interactions.
The proposed system consists of a thiol-functional microplate prepared through fast photo-
chemical curing of an off-stoichiometric thiol-ene (OSTE) mixture. Surface functionalization
by thiol-ene chemistry (TEC) resulted in the formation of a functional monolayer in each well,
whereas, polymer surface grafts were introduced through surface chain transfer free radical
polymerization (SCT-FRP). Enzyme immobilization on the modified surfaces was evaluated by
using a rhodamine labeled horseradish peroxidase (Rho-HRP) as a model enzyme, and the
amount of immobilized enzyme was qualitatively assessed by fluorescence intensity (FI) meas-
urements. Subsequently, Rho-HRP activity was measured directly on the surface. The broad
range of utilized surface chemistries permits direct correlation of enzymatic activity to the sur-
face functionality and improves the determination of promising enzyme-surface candidates.
The results underline the high potential of this system as a screening platform for synergistic
immobilization of enzymes onto thiol-ene polymer surfaces. © 2017 American Institute of
Chemical Engineers Biotechnol. Prog., 000:000-000, 2017
Keywords: thiol-ene chemistry, surface functionalization, enzyme immobilization, enzyme-
surface interaction

Introduction

Immobilized enzymes are widely used as biosensors, in
drug delivery, as well as in dairy and food processes for the
production of pharmaceuticals and cosmetics." Their high
substrate specificity, selectivity, and efficiency at mild
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reaction conditions, such as ambient temperature, physiologi-
cal pH, and atmospheric pressure make them interesting
alternatives to conventional catalysts. However, as functional
biocatalysts, enzymes frequently demonstrate limited opera-
tional stability. Immobilization of enzymes has generally
been demonstrated to have a stabilizing effect due to stron-
ger confinement in enzyme rigidity, which leads to improved
pH, organic solvent, and thermal stability.s’5 However,
increased stability and even improved selectivity or activity
can only be achieved, when a favorable environment for the
enzyme is obtained. Further advantages are the improved
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recovery and purification from reaction media and potential
recirculation of immobilized biocatalysts in the process.®
Depending on the application and the particular enzyme of
interest, many strategies are available for immobilization
with, or without, a support matrix.”® Cross-linking enzymes
by either physical or covalent interactions, leads to the for-
mation of enzyme aggregates, which can directly be used.’
Entrapment or binding to a support matrix requires the use
of a solid carrier material.'® However, a general concern of
most of these procedures is the potential reduction in biocat-
alytic activity upon immobilization due to a combination of
various individual factors, such as changes in conformation
and accessibility to the active site.'" These factors are
greatly influenced when confining structural freedom or even
changing their structural conformation upon immobiliza-
tion.'? In some specific cases, strong attachment of enzymes
to a surface, for instance by multibond attachment, might
also have a beneficial effect for the activity in addition to
improvements in stability due to conformational restrictions
of the enzyme.'?

For the attachment of enzymes to the surface of solid sup-
ports various factors for stabilization and destabilization
have been identified and reviewed by Talbert and Goddard.'*
To prevent deactivation, the properties of the surface (hydro-
philicity, hydrophobicity, charge, surface topology, and func-
tionality) have to match structural and compositional
characteristics of a particular enzyme and provide a favor-
able local environment for immobilized enzyme.'

Each enzyme or protein has a unique structure and gener-
alizations about stabilization effects on specific surfaces are
therefore not universal applicable. For this reason different
approaches have been investigated to achieve surface modifi-
cations, which can lead to improved biocatalytic activity of
immobilized enzymes. Surface functionalizations with
charged,'®"” hydrophilic,'”® or hydrophobic'® moieties as
well as functional groups, to which enzymes can bind cova-
lently,® have been investigated. Direct attachment to the
surface via covalent binding leads to structurally confined
and rigid immobilized enzymes with strong interactions
between the surface and the enzyme.'* Polymers grafted to
or from a surface? ™ as well as surface bound tethers®**
can act as spacers between surface and enzyme, which offers
higher mobility of the enzyme. This may either result in an
improved enzyme activity, or this may negatively impact the
stability due to higher mobility and reduced rigidity. Conse-
quently, the final result on activity and stability will be a
balance between several effects, which should be identified
for each specific enzyme.

Different materials like glass, metals or polymers can
serve as a solid support for enzyme immobilization. The
easy processibility of polymers, adjustable mechanical prop-
erties, conductivity, and ease of post-functionalization make
polymers an extensively used support material.”® Recently,
the development of stoichiometric thiol-ene (STE) and fur-
thermore off-stoichiometric thiol-ene (OSTE) polymer ther-
mosets with tunable mechanical properties was reported.”’ "
OSTE materials show high compatibility with many solvents,
are thermally stable and can directly be surface functional-
ized after preparation. Here, thiol and alkene containing
monomers undergo cross-linking by thiol-ene chemistry
(TEC) under radical conditions. TEC is an efficient method
providing high yields under relatively mild reaction condi-
tions.>" This highly modular system has allowed STE and
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OSTE materials to be applied for fabrication of microflui-
dics,*** particles,® hydrogels,®> or high internal phase
emulsions (HIPE).>® Variations in stoichiometry between the
reagents lead to either unreacted thiol or alkene groups,
which are present in the bulk OSTE material as well as on
the surface. This excess of functional groups can be used
further for surface modification via TEC.” " Hence, surface
hydrophilization, hydrophobization, as well as introduction
of biological moieties has been reported.*'™* Post prepara-
tion modification of the materials has even been shown to be
possible by incorporation of glycidyl methacrylate into a
photocurable TE material, which resulted in unreacted epox-
ide groups after curing. These residual functionalities were
used for covalent immobilization of o-amylase for the prepa-
ration of a biocatalytic surface.*

However, due to the vast amount of existing enzyme sup-
port resins, the selection of a suitable candidate for specific
enzymes is very difficult, as a beneficial match surface-
enzyme cannot be generally predicted by just considering the
chemistry of the support surface and its potential interaction
with the enzyme. For instance, these interactions can be of
hydrophilic or hydrophobic nature as well as formed hydro-
gen bonds, which show a different influence on different
enzymes and thus, impact their biocatalytic performance.
Therefore, the objective of this study was to develop a sin-
gle, versatile platform that allows broader screening of dif-
ferent surface chemistries for enzyme immobilization. For
this purpose the high modularity in preparation of TE mate-
rials and their possibility for facile surface modification was
exploited to illustrate their potential as support for the immo-
bilization of enzymes. An STE/OSTE microplate was fabri-
cated, which enabled versatile surface functionalization via
photochemical TEC or in a new approach through surface
chain transfer free radical polymerization (SCT-FRP). Initial
activity measurements of immobilized horseradish peroxi-
dase as a model enzyme on those surfaces were conducted,
which were used for evaluation of beneficial surface chemis-
tries as enzyme support. Such a microplate permits screening
of synergistic interactions between enzymes and surfaces in
a time-saving, systematic approach, which should enable fac-
ile identification of efficient immobilization systems.

Materials and Methods
Materials

Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP,
>95%), 1,3,5-Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione
(TATATO, 98%), allyl pentafluorobenzene (APFB, >99%),
allyltrifluoroacetate (ATFA, 98%), allyl alcohol (AA, 99%),
allyl malonic acid (AMA, >98%), 1-vinyl imidazole (Vim,
>99%), allylamine hydrochloride (Aam, 98%), [2-(Metha-
cryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydrox-
ide (97%) as a sulfobetaine methacrylate (SBMA), 2,2-
dimethoxy-2-phenylacetophenone (DMPA, 99%), allyl gly-
cidyl ether (AGE, >99%), horseradish peroxidase (HRP,
lyophilized powder, 50-150 U mg '), 2.2'-Azino-bis(3-eth-
ylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS,
>98%) and hydrogen peroxide (H,O,, 3%) were obtained
from Sigma Aldrich and used without further purification.

Methoxy  poly(ethylene  glycol) = monomethacrylate
(MPEGMA, M, 500), glycidyl methacrylate (GMA, 97%)
and 2,2,3,3,4,4,5,5 octafluoropentyl acrylate (OFPA, 97%)
were purchased from Sigma Aldrich and passed through a
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short plug flow column containing aluminum oxide (Sigma-
Aldrich, activated, basic, Brockmann I, standard grade) prior
to use. Ethanol was obtained from VWR Chemical. Lucirin
TPO-L (ethyl-2, 4, 6-tri- methylbenzoylphenyl phosphinate)
was obtained from IGM Resins. Sylgard 184 — poly(dime-
thylsiloxane) (PDMS) elastomer kit was purchased from
Dow Corning.

Characterization

Fourier transform infrared (FT-IR) spectroscopy was per-
formed using a Nicolet iS50 FT-IR fitted with a diamond
crystal attenuated total reflection accessory (ATR), which
operated at a resolution of 4 cm™ ' and 32 scans per mea-
surement and was used to identify chemical modifications
made by surface functionalization. XPS experiments were
conducted on a Thermo Fisher Scientific K-Alpha (East
Grinstead, UK). Large area surface analysis used a 400 um
spot of monochromatized aluminum Ko radiation, following
which survey (pass energy 200 eV) and high-resolution (pass
energy 50 eV) spectra for relevant elements were acquired.
Data analyses of the obtained XPS spectra were performed
using the Avantage software package as provided by the
manufacturer. Average values and standard deviations were
conducted for each surface in technical replicates of three
(n=13). Static water contact angles (WCAs) of the virgin
and functionalized OSTE surfaces were determined by using
a Dataphysics Contact Angle System OCA20. Each surface
was tested via the static sessile drop method at 23°C, the
average value and standard deviations were determined from
three technical replicates (n = 3).

The immobilization yield of rhodamine labeled HRP in
the wells was determined using a POLARstar® Omega from
BMG Labtech equipped with a fluorescence probe (gain of
1,000 as a general setting of the instrument) at 25°C. This
value was subtracted by the fluorescence intensity result
measured prior enzyme immobilization. The enzyme activity
of immobilized Rho-HRP was determined by absorbance
measurements (at 414 nm) using a POLARstar® Omega
from BMG Labtech equipped with a UV-VIS probe (20
scans per measurement) at 25°C. For each surface, immobili-
zation of Rho-HRP including FI and enzyme activity meas-
urements, were performed in experimental replicates of three
(n=13), from which the average values and standard devia-
tions were calculated.

Preparation of OSTE microtiter plate

In a stoichiometric ratio between thiol and ene groups,
PETMP (24.44 g, 0.050 mol, 0.20 mol thiol), TATATO
(16.64 g, 0.067 mol, 0.20 mol ene) and TPO-L (11.1 mg,
0.03 wt%) were mixed with a dual asymmetric centrifuge
Speed-Mixer, High Wycombe, UK, DAC 150 FVZ-K at
2,500 to 3,500 r.p.m. for 2 min screened from ambient light.
A previously prepared PDMS mold with the negative imprint
of the top part of the microtiter plate was filled with this
mixture, which was subsequently cured under UV light (1=
365 nm, 2.9 mW Cmfz) for 3 min. Then, PETMP (22.06 g,
0.045 mol, 0.18 mol thiol), TATATO (7.91 g, 0.032 mol,
0.095 mol ene) and TPO-L (8.1 mg, 0.03 wt%) were mixed
in a Speed-mixer and a second PDMS mold for the bottom
component was filled with this mixture. This mixture was
left under sunlight for 7 min and then the previously top
component was attached from the top. This assembly was

3

again cured under UV light (A= 365 nm, 2.9 mW cm?) for
3 min resulting in the final microwell plate. A schematic
drawing with measures of the top and bottom component of
the microwell plate separately is shown in Supporting Infor-
mation Figure S1.

IR (cm™'): 2,961 (C-H), 2,571 (S-H), 1,731 (C=0),
1,678 (C = Cyikene), 1,459 (O-CHy eger)s 1,351, 1,141 (C-O-
Cs(re(ch vibr)’ 1’021 (C-O-C), 764(C‘O‘Cdefomalion)i 528.

Surface functionalization via TEC with allyl
pentafluorobenzene (OSTE-APFB)

In a general functionalization procedure, an ethanolic solu-
tion (10 mL) containing APFB (0.460 mL, 3.0 mmol) and
TPO-L (9.9 mg, 1 mol%) was prepared screened from ambi-
ent light. 300 pL of this solution was added to a single well
and subsequently irradiated with UV light (A= 365 nm, 2.9
mW cm ™ ?) for 5 min. Subsequently, the well was thoroughly
rinsed with Ethanol and finally blow dried with air. Typi-
cally, five replicates of each modification were prepared.

IR (cm™Y): 2,959 (C-H), 2,567 (S-H), 1,730 (C=0),
1,678 (C = Cakene)s 1,459 (O-CH; eger), 1,352, 1,140 (C-O-
Cslrelch vibr)’ 1’022 (C-O-C), 764 (C'O'Cdeformation)s 528.

Preparation of OSTE-ATFA

OSTE-ATFA was prepared in accordance with the general
procedure, using 300 pL of an ethanolic solution (10 mL) of
allyltrifluoroacetate (ATFA, 0.27 mL, 2.1 mmol) and TPO-L
(9.0 mg, 0.7 mol%) as reagents.

IR (cm™): 2,961 (C-H), 2,571 (S-H), 1,731 (C=0),
1,678 (C = Cyikene)> 1,459 (O-CHy cger)s 1,353, 1,141 (C-O-
Catreteh vibr)> 1,021 (C-O-C), 764 (C-O-Cgeformation)s 328.

Preparation of OSTE-OFPA. OSTE-OPFA was prepared
in accordance with the general procedure, using 300 pL an
ethanolic solution (10 mL) of 2,2,3,3,4,4,5,5 octafluoropentyl
acrylate (OFPA, 0.58 mL, 3.0 mmol) and TPO-L (9.3 mg,
0.97 mol%) as reagent.

IR (cm "): 2,961 (C-H), 2,570 (S-H), 1,730 (C=0),
1,678 (C = Cakene)> 1,459 (O-CHy cger), 1,353, 1,141 (C-O-
Citretch vibr)s 1,021 (C-0-C), 764 (C-O-Ceformation)> 528.

Preparation of OSTE-AA. OSTE-AA was prepared in
accordance with the general procedure, using 300 pL of an
ethanolic solution (10 mL) of allyl alcohol (AA, 0.20 mL,
3.0 mmol) and TPO-L (10.5 mg, 1.1 mol%) as reagent.

IR (cm™"): 2,961 (C-H), 2,570 (S-H), 1,731 (C=0),
1,678 (C = Calkene)s 1,459 (O-CH, cger)s 1,353, 1,141 (C-O-
Citretch vibr)s 1,020 (C-O-C), 764 (C-O-Ceformation)> 328.

Preparation of OSTE-AMA. OSTE-AMA was prepared
in accordance with the general procedure, using 300 pL of
an ethanolic solution (10 mL) of allyl malonic acid (AMA,
0.433 g, 3.0 mmol) and TPO-L (10.4 mg, 1.1 mol%) as
reagent.

IR (cm™"): 2,961 (C-H), 2,571 (S-H), 1,731 (C=0),
1,678 (C = Caikene)> 1,459 (O-CHy cger), 1,353, 1,141 (C-O-
Catreteh vibr)s 1,021 (C-O-C), 764 (C-O-Ceformation)s 328.

Preparation of OSTE-Vim. OSTE-Vim was prepared in
accordance with the general procedure, using 300 pL of an
ethanolic solution (10 mL) of 1-vinyl imidazole (Vim,
0.30 mL, 3.0 mmol) and TPO-L (9.2 mg, 1.0 mol%) as
reagent.



IR (cm™Y): 3,136 (N-H), 2,961 (C-H), 2,571 (S-H), 1,730
(C=0), 1,677 (C = Cyikene) 1,459 (O-CH; cger), 1,352, 1,139
(C'O'Csll‘elch vibr)a 11024 (C-O—C), 763 (C'O'Cdeformalion)a 528.

Preparation of OSTE-AGE. OSTE-AGE was prepared in
accordance with the general procedure, using 300 pL of an
ethanolic solution (10 mL) of allyl glycidyl ether (AGE,
0.36 mL, 3.0 mmol) and TPO-L (9.0 mg, 0.97 mol%) as
reagent.

IR (cm™'): 2,961 (C-H), 2,567 (S-H), 1,730 (C=0),
1,678 (C = Caikene), 1,459 (O-CH; cger)s 1,353, 1,140 (C-O-
Catreteh vibr)> 1,021 (C-0-C), 764 (C-O-Cycformation)> 527

Preparation of OSTE-Aam hc. OSTE-Aam hc was pre-
pared in accordance with the general procedure, using 300
pL of an ethanolic solution (10 mL) of allylamine hydro-
chloride (Aam hc, 0.281 g, 3.0 mmol) and TPO-L (10.1 mg,
1.1 mol%) as reagent.

IR (cm™'): 2,962 (C-H), 2,571 (S-H), 1,731 (C=0),
1,678 (C = Cyikene), 1,459 (O-CH, eger), 1,353, 1,141 (C-O-
Cslrelch vibr)s 15020 (C'O'C)’ 764 (C'O'Cdelbrmalion)a 528.

Surface functionalization via surface chain transfer free
radical polymerization (SCT FRP) with poly(ethylene
glycol) methylether methacrylate (OSTE-g-pMPEGMA)

In a general procedure Methoxy poly(ethylene glycol)
monomethacrylate (MPEGMA, 0.92 mL, 2.0 mmol) and 2,2-
dimethoxy-2-phenylacetophenone (DMPA, 2.6 mg, 0.50
mol%) were dissolved in ethanol (1.85 mL) screened from
ambient light. 300 pL of this solution was added to a single
well and subsequently irradiated with UV light (A= 365 nm,
29 mW cm %) for 30 min. Subsequently, the well was
thoroughly rinsed with Ethanol and finally blow dried with
air. Typically, five wells in the same well plates were
functionalized.

IR (cm ™ '): 2,871 (C-H), 1,733 (C = 0), 1,684 (C = Cyienc)s
1,461 (O-CH; eger)s 1,349, 1,101 (C-O-Cyprerch vibr)> 1,035 (C-
0-C), 944, 852, 764 (C-O-Cyeformation)> 328.

Preparation of OSTE-g-pGMA. OSTE-g-pGMA was pre-
pared in accordance with the general procedure, using 300
pL of a solution of glycidyl methacrylate (GMA, 0.453 mL,
3.3 mmol), DMPA (4.3 mg, 0.5 mol%) in ethanol (0.91 mL)
as reagents.

IR (em™'): 2,999 (C-Hepoxide)» 2,936 (C-H), 1,724
(C=0), 1,685 (C = Cyikene)s 1,449 (O-CH; cger), 1,129 (C-
Ogtretch vibr)s 989 (C-0), 904 (epoxide ring vibr), 841 (C-C),
757 (C'O'Cdcformmion)-

Preparation of OSTE-g-pSBMA. OSTE-g-pSBMA  was
prepared in accordance with the general procedure, using
300 pL of a solution of [2-(methacryloyloxy)ethyl]dimethyl-
(3-sulfopropyl)ammonium hydroxide (SBMA, 0.846 g, 3.0
mmol), DMPA (3.9 mg, 0.5 mol%) in ethanol (1.28 mL) as
reagents.

IR (cm™'): 3443 (N-H), 2,964 (C-H), 1,726 (C = 0), 1,676
(C= Caikene) 1459 (O-CHz cgrer), 1,143 (C-Ogtrerch vivr)> 1,035,
901, 762 (C-O-Ceformation)> 603, 524.

Preparation of OSTE-g-pOFPA. OSTE-g-pOFPA was
prepared in accordance with the general procedure, using
300 pL of a solution of 2,2,3,3,4,4,5,5 octafluoropentyl acry-
late (OFPA, 1.25 mL, 3.0 mmol), DMPA (3.1 mg, 0.4
mol%) in ethanol (0.93 mL) as reagents.
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IR (ecm™'): 2968 (C-H), 1,737 (C=0), 1,684
(C=Cukene)> 1,464 (O-CHy cqer), 1,163 (C-F), 1,124 (C-
Ogtreteh vibr), 1,044, 805, 765 (C-O-Cactormaion)s 339 (C-F).

Labeling of horseradish peroxidase

Horseradish peroxidase (10.0 mg) was dissolved in sodium
carbonate buffer (0.1M, pH 9.5, 1.0 mL) and 20 pL of sulfo-
rhodamine B acid chloride in DMF (10 mg mL™Y) was
added dropwise under mild vortex mixing was added. This
solution was incubated at 4°C overnight and subsequently
purified by dialysis for 3 days against PBS buffer. The puri-
fied solution was stored at 4°C for further use.

Immobilization of horseradish peroxidase

The previously labeled Rho-HRP solution (0.455 mL) was
diluted with PBS buffer (pH 7.3, 1.0 mL), and 300 pL of
this solution was added to each well. To prevent evaporation
of liquid the plate was covered with a PDMS cover and
incubated at 4°C for 16 h. Then, the supernatant was
removed and PBS buffer (300puL) was added to the well.
The rinsing buffer was replaced four times while slowly
shaking. The immobilization yield was determined via fluo-
rescence intensity measurement of the surface.

Activity assay of bioactive surfaces

A phosphate buffer solution (0.1M, pHS5, 300 pL) containing
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammo-
nium salt (ABTS, 1.0 mM) and hydrogen peroxide (10 mM)
was added into a well with immobilized Rho-HRP. In the
presence of HO,, ABTS (absorbance maximum at 340 nm) is
oxidized by HRP to ABTS*, which shifts the absorbance
maximum to 412 nm (e4;,=3.6 X 10°M ! cm™H.*

The absorbance at 412 nm corresponding to the absor-
bance maximum of the oxidized product (ABTS'") was
measured, which corresponds directly to the concentration of
the product. The measurements were conducted every 20 s
over 10 min directly through the well including shaking
(10 s, 300 r.p.m.) between each measurement. The slope of
the measurements was used as a measure for the activity of
the immobilized Rho-HRP on the surface.

Results and Discussion

The preparation of STE/OSTE microplates was based on a
2-step curing process via photoinitiated TEC using pentaerythri-
tol tetrakis(3-mercaptopropionate) (PETMP) and 1,3,5-triallyl-
1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO) as shown in
Figure 1A.

In a first stage, the top part of the microplate in a STE
mixture of PETMP and TATATO was photochemically
cured in the presence of TPO-L in a poly(dimethylsiloxane)
(PDMS) mold, as shown in Figure 1A-1. The mold consisted
of the outer geometries of the microplate (127.7 X
85.6 mm?), pillars with the size of the round wells (diameter
15.1 mm) and a depth of 5 mm. A second mold with a depth
of 1.5 mm and the outer diameters of the microtiter plate
was then applied for the second curing step. Here, an OSTE
composition of PETMP, TATATO, and TPO-L using a 90%
excess of thiol was applied for the well bottom. The previ-
ously prepared STE top part was then placed on top of the
uncured OSTE mixture and both parts were cured together
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(A) schematic representation of the microplate preparation using a 2-step curing process, (1) curing by irradiation with UV

light of the top part prepared from a stoichiometric thiol-ene (STE) mixture of PETMP and TATATO in a PDMS mold, (2)
the prepared top part is placed on a OSTE mixture (excess 90% thiol) of PETMP and TATATO, where a second curing
step by irradiation with UV light leads to the final microplate, (3) which contain excess thiol groups in the bottom and STE
on the well walls, (B) Photographs of the final microwell plate.

(see Figure 1A-2). This preparation process resulted in a
fully sealed microplate consisting of 24 wells with a depth
of 5 mm, shown in Figure 1A-3 and Figure 1B. Due to the
used compositions, excess thiol groups remained on the bot-
tom of each well. The side walls of the wells, based on a
STE composition, did not contain any residual thiols, as
determined using Ellman’s reagent, which is commonly used
for quantification of thiol groups either on surfaces or in
solution (see Supporting Information Figure $2).** From
these results it could be seen that Ellman’s reagent, which
was added to a STE surface, exhibit a very low absorbance
compared to the OSTE with 90% excess of thiols. Therefore,
it was deduced that the number of thiols on the side walls
was considered negligible and that modification of surface
bound thiols occurred exclusively on the bottom surfaces.
Furthermore, the transmittance of the OSTE material was
measured to validate the possible application in colorimetric
assays. The material demonstrated a strong absorbance in the
UV range from 220 to 340 nm, as shown in Supporting
Information Figure S3. Between 340 and 410 nm, the trans-
mittance increased up to 36% (absorbance =0.44) and at
any wavelength above, the material was completely transpar-
ent (absorbance < 0.15). In general, the absorbance of the
STE/OSTE microplate does not substantially differ from a
commercial polystyrene microplate, as indicated in Supporting
Information Figure S3. Therefore, the STE/OSTE plate is well
suited for any application in which absorbance measurements
of solutions or surface modifications are performed.

Excess thiol groups on the bottom surface originating
from the OSTE mixture allow controlled surface functionali-
zation via TEC and SCT-FRP. In this study, the surface
modification using both methods has been attempted with a
large range of monomers to introduce different types of
functionalities as illustrated in Scheme 1.

With the aim to develop a platform for enzyme immobili-
zation, which enables screening of various surface function-
alities and their impact on the activity of surface bound
enzymes, a variety of functional monomers were utilized
under TEC conditions. Based on different types of possible
interactions and immobilization mechanisms various reactive
moieties were selected. Hydroxyl functional groups (AA)
were introduced as well as fluorine groups (APFB, ATFA
and OFPA). pH responsive modifications, with either acidic

groups (AMA) or basic functionalities, such as amine (Aam
hc) and imidazole (Vim) were used as well. This range of
introduced surface chemistries offered possible immobiliza-
tion mechanisms including hydrophilic (with OSTE-AA, -
AMA), hydrophobic (OSTE-APFB, -ATFA, -OFPA) and
ionic interactions (OSTE-Vim and -AMA). Furthermore,
epoxides were introduced (AGE) allowing bioconjugation
through covalent enzymes binding with amine, thiol, imidaz-
ole or phenolic moieties from the enzyme.® The application
of such a broad range of reagents demonstrates the great ver-
satility of this process and can extensively be expanded,
since TEC offers a vast range of surface chemistries by reac-
tion of any allyl, vinyl or acrylic compound onto the screen-
ing platform. Photochemical surface TEC was performed
with low monomer concentrations (0.3 M) in ethanol solu-
tions to prevent polymerization reactions. The IR spectrum
of the starting material (OSTE) contains typical alkane (C-H,
2,968 cm™ "), carbonyl (C =0, 1,729 cm "), alkene (C = C,
1,683 cm "), and aliphatic ester (C-O-C, 1,141 cm™ ') ele-
ments. Comparison with TEC grafted surfaces did not
exhibit significant differences, as illustrated in Supporting
Information Figure S4. This could be explained by a low
surface coverage due to a TE addition on the surface. Small
structural changes as a result of monolayer formation can
generally not be detected by attenuated total reflectance
(ATR) FT-IR due to the domination of the bulk material in
the spectrum, caused by the penetration depth of the IR sig-
nal. However, by using X-ray photoelectron spectroscopy
(XPS) in combination with static water contact angle (WCA)
measurements, the individual modifications were confirmed,
as shown in Table 1 for the virgin (OSTE) and TEC modi-
fied surfaces.

In parenthesis, theoretical atom composition of the virgin
surface (OSTE), results are based on three replicated meas-
urements on the same surface (n = 3)

The atom composition of the unreacted OSTE surface esti-
mated by XPS was in agreement with the theoretical values
and therefore used for further comparisons with modified
surfaces. Surface functionalization with fluorinated reagents
such as APFB, ATFA, and OFPA was confirmed by the
presence of fluorine atoms (F1s) in the XPS spectra, which
was not detected on the native OSTE surface. APFB modi-
fied OSTE exhibited with 1.4 atom% the lowest fluorine
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Surface functionalization of thiols from OSTE microwell surfaces via two different routes; left: surface thiol-ene chemistry

(TEC) with allyl alcohol (AA), allyl malonic acid (AMA), allyl pentafluorobenzene (APFB), allyl trifluoroacetate (ATFA),
2,2,3,3,4,4,5,5 octafluoropentyl acrylate (OFPA), allyl amine hydrochloride (Aam hc), 1-vinyl imidazole (Vim) and allyl glycidyl
ether (AGE) at low concentration (0.3 M) leading to a functional monolayer on the surface; right: SCT-FRP with methoxy
poly(ethylene glycol) methacrylate (MPEGMA), zwitterionic sulfobetaine methacrylate (SBMA, via [2-(methacryloyloxy)ethyl]-
dimethyl-(3-sulfopropyl)ammonium hydroxide), OFPA and glycidyl methacrylate (GMA) based monomers at high concentration
(0.7 — 2.4 M), leading to a functional polymer grafted surface.

Table 1. XPS Data and Static Water Contact Angles (WCA) of Virgin and Functionalized OSTE Surfaces via TEC with a Variety of ene

Compounds
Cls Ols Nls S2p Fls WCA
[atom%] [atom%] [atom%] [atom %] [atom%] ]
OSTE 61.1=0.6 (60.6) 233£0.2(24.9) 45+0.3 (4.1) 11.1£0.3 (10.4) 67.0x1.2
OSTE-APFB 58828 27.2*20 27%0.0 9.9+0.5 14+03 62.4*2.1
OSTE-ATFA 55300 28.6 0.1 52%02 8.1£0.2 2.8+0.1 41124
OSTE-OPFA 534+04 269*0.1 45+03 8.1x£0.0 7.1%x0.6 77741
OSTE-AA 60.4+0.2 27.6 0.7 45+05 7.6 =04 35015
OSTE-AMA 61.3+0.1 27.8 0.1 42+0.0 6.7+0.1 25.1%3.6
OSTE-Vim 63315 22.6x0.8 73202 6.8:0.5 38.5+3.6
OSTE-AGE 58.7+0.6 287+0.3 42+03 84+02 559*37
OSTE- Aam hc 59.3+0.2 26.5*0.1 55%0.1 8.7x0.1 55447

content, which suggested a low grafting efficiency. This
could be improved by reaction with ATFA and OFPA (2.8
and 7.1 atom%). In contrast to the allylic reagents, OFPA
being an acrylic monomer is prone to undergo polymeriza-
tion under radical conditions. Here, the overall atom compo-
sition of OFPA modified surfaces under TEC conditions,
showed additional to the increase in fluorine content a slight
reduction in carbon, sulfur and nitrogen. This confirmed that
under the applied low concentration TEC conditions, even
for an acrylic monomer, like OFPA, the addition reaction
dominated, leading to the formation of a monolayer (poly-
merization could then be suppressed). The atom composition
after surface TEC with AMA, AA and AGE did not differ
significantly from the reference OSTE surface. This could be
attributed to similar theoretical atom composition of these
reagents and the OSTE base material. In contrast, surface
functionalization via TEC of Vim and Aam hc could be

clearly confirmed by a significant increase in nitrogen (N1s)
content, from 4.5 (OSTE) to 7.3 and 5.5 atom%, respec-
tively. Vim is a reactive monomer and known to polymerize
under radical condition, which could explain the relatively
strong increase in nitrogen content using Vim.*’ Conse-
quently, the high reactivity of Vim could have led to the for-
mation of short polymer grafts on the surface, even at low
concentrations and short reaction times.

In addition to XPS analysis, the impact of the different
surface modifications was also investigated by water contact
angle (WCA) measurements. The WCA of APFB reacted
surface (62.4°) changed slightly compared to the reference
surface (OSTE, 67.0°), which was assumed to be the result
of the low reactivity, as already seen from the XPS data. A
similar trend was observed for OSTE-ATFA, where the
WCA was reduced more significantly to 41.1° upon modifi-
cation. This was attributed to the polar nature of ATFA. As
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expected, increased hydrophobicity of the surface was
achieved via functionalization with OFPB, which was con-
firmed by a WCA of 77.0°. Reduced WCAs of 35.0° (OSTE-
AA), 25.1° (OSTE-AMA) and 55.2° (OSTE-AGE) were
observed due to the introduction of hydroxyl, carboxylic
acid and epoxide groups via surface TEC with AMA, AA
and AGE. Similarly, WCAs of 38.5° (OSTE-Vim) and 55.4°
(OSTE-Aam hc) validated the functionalization with Vim
and Aam hc. This illustrates the versatility of the system
providing successful surface modification by TEC and that
the surface properties of the microplate wells could be
adjusted by the formation of a functional monolayer.
Additionally, thiol groups are known to serve as chain
transfer agents in free radical polymerization reactions to
reduce molecular weight of the polymers. Surface bound thi-
ols can act in a similar way as reported earlier for other
types of surfaces, where the surface could be grafted by ter-
mination of growing polymer chains.**>" In this study, we
have expanded this SCT-FRP approach as an alternative
method to TEC for controlled surface modification of OSTE
materials. Different acrylic and methacrylic monomers con-
taining polyethylene glycol (PEG) (via MPEGMA), a zwit-
terionic sulfobetaine (SBMA), fluorine (OFPA) and epoxide
groups (GMA) were utilized. In this case, by running the
photochemical reaction at a higher concentration, polymer
grafting onto the well surfaces could be achieved by SCT-
FRP in the presence of DMPA as radical photoinitiator, as

OSTE

2953 2572

OSTE-g-pMPEGMA 1720V16771450 4449

2872

OSTE-g-pGMA

4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm™)

Figure 2. IR spectra of virgin OSTE surface and OSTE

grafted via SCT FRP with various acrylate and

methacrylate based polymer, such as MPEGMA,

GMA, SBMA or OFPA.
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shown in Scheme 1. Typically, the liquid monomers were
used in a 1:2 volume ratio in ethanol, whereas SBMA, being
a solid, was applied in a concentration of 2.4 M. In contrast
to TEC, surface modification via SCT-FRP can be confirmed
by IR spectroscopy, as illustrated in Figure 2.

A clear indication of the formation of a thick surface layer
by SCT-FRP is the full disappearance of the S-H stretch
band at 2,572 cm” ' upon surface polymerization of each
monomer. The spectrum of OSTE-g-pMPEGMA showed a
strong absorption at 1,100 cm ™', which can be assigned to
C-O-C stretch vibration originating from the PEG side chain.
An additional band at 904 cm™' for the OSTE-g-pGMA is
observed, which is the epoxide ring vibration. In the IR
spectrum of the OSTE surface upon grafting with pPSBMA, a
band at 3,439 cm™ ! indicates the ammonium N-H stretch
vibration. Furthermore a broadening of the C-O-C stretch
absorption at 1,143 cm~ ' as well as the strong band at
1,036 cm ™' confirms the presence of pSBMA. Surface graft-
ing with pOFPA led to the appearance of carbon-fluorine
bands at 1,163, 806, and 539 cm™'. XPS and WCA analysis
corroborated these results, which are presented in Table 2.

XPS analysis of a pMPEGMA grafted surface (OSTE-g-
PMPEGMA) showed significantly increased carbon and oxy-
gen contents, which is consistent with the theoretical value
of MPEGMA. Combination with the simultaneous decrease
in sulfur and nitrogen confirms the polymer grafting of the
OSTE-g-pMPEGMA surface. Similar XPS results were
achieved by polymer grafting with pGMA, where the oxygen
and carbon content increased approaching the theoretical
value of the monomer. The amount of nitrogen and sulfur
was even lower compared to OSTE-g-pMPEGMA, indicating
an even thicker pPGMA layer. The theoretical atom composi-
tion of SBMA is more similar to that of the OSTE back-
ground, which leads to only minor changes in the atom
composition as a result of grafting. However, the content of
the individual atoms from the OSTE-g-pSBMA surface
approximated the theoretical values of the SBMA monomer,
substantiating the success of the grafting reaction. Compared
to the aforementioned surface modification via TEC with
OFPA, polymerization conditions (higher concentration, lon-
ger reaction time) lead here to the appearance of a much
higher fluorine content of 44.0 atom% compared to the 7.1
atom% by TEC. Additionally, the total atom composition of
the OSTE-g-pOFPA surface was found to be in good agree-
ment with that of the pure monomer, which confirms the for-
mation of a polymer layer on the surface under SCT-FRP
conditions.

Table 2. XPS Data and Static Water Contact Angles (WCA) of Virgin and Grafted OSTE Surfaces Via SCT FRP with a Variety of Acrylate

and Methacrylate Based Polymers*

Cls Ols Nls S2p Fls WCA
[atom %] [atom%] [atom%] [atom%] [atom%] [°]

OSTE 61.1 233%02 45+03 11.1£0.3 67.0x1.2
(60.6) (24.9) 4.1 (10.4)

OSTE-g-pMPEGMA 65.6 = 0.6 30.1£0.2 05+04 39x02 254*3.6
(67.6) (32.4) (0.0) (0.0)

OSTE-g-pGMA 70.7 =04 28704 05%0.1 69.6 7.5
(70.0) (30.0) (0.0)

OSTE-g-pSBMA 62.9 0.0 252+0.0 47%0.1 72%0.1 204+438
(61.1) (27.8) (5.6) (5.6)

OSTE-g-pOFPA 432+0.6 11.1£0.3 05%0.1 1.3+0.3 440*+13 118.1+1.9
(44.4) (11.1) (0.0) (0.0) (44.4)

*In parenthesis, theoretical atom composition of the virgin surface (OSTE) and monomers used for SCT FRP, results are based on three replicated

measurements on the same surface (n = 3).
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Figure 3. Reference corrected fluorescence intensity of virgin (OSTE) and functionalized surfaces via TEC (A) and SCT FRP (B) after
immobilization of rhodamine labeled horseradish peroxidase (Rho-HRP), excitation at 544 nm and emission at 595 nm, stan-
dard deviations are based on three experimental replicates (n = 3).

These presented changes in atom composition, upon poly-
mer grafting with the individual monomers, were corrobo-
rated by the variation in WCAs of the reacted surfaces.
Grafting with pMPEGMA increased the hydrophilic charac-
ter, which was shown by a reduction in WCA from 67°
(OSTE) to 25.4°. Similarly, a substantial hydrophilization
was achieved by grafting with pPSBMA (20.4°) confirming
the surface reaction. The WCA increased slightly upon SCT-
FRP using GMA (69.6°). OSTE-g-pOFPA exhibits a very
high WCA of 118.1° and demonstrates the drastically
increased hydrophobicity of the surface upon polymer graft-
ing, which is significantly higher than the one obtained from
TEC using the same monomer (77.0°). These results,
together with the earlier discussed XPS and IR data, illus-
trate the potential for altering surface properties through
selection of reaction conditions. Low concentrations and
short reaction times lead to addition of the acrylate to the
thiol groups based on TEC. Increased concentrations and
longer reaction times favor polymerization, which undergoes
chain transfer or termination with surface thiols leading to a
thicker surface coating. The application of either surface
modification method, TEC or SCT-FRP, demonstrates the
versatility of these grafting reactions to achieve high control
over the surface functionality and properties.

The functionalized well bottom surfaces were subse-
quently used for enzyme immobilization. For this purpose, a
rhodamine labeled horseradish peroxidase (Rho-HRP) dis-
solved in PBS buffer (pH7.3) was used as a model enzyme.
Fluorescence intensity (FI) measurements were used to con-
firm the presence of immobilized enzyme on all surfaces. To
evaluate qualitatively the amount of immobilized enzyme, FI
measurements (Aexcitation = 944 NM, Aemission = 395 nm) of
the surfaces were conducted before (as reference) and after
incubation with Rho-HRP. Figure 3 shows the reference cor-
rected FI measurements of enzyme exposed TEC (A) and
SCT-FRP modified surfaces (B).

It can be seen that the native OSTE surface exhibited a
substantial FI upon exposure to Rho-HRP (Figure 3A,
OSTE), which relates to significant loading of labeled
enzyme on the surface. TEC functionalized surfaces, such
as APFB, ATFA, AA, AMA, and Vim provided similar FI
results and consequently comparable adsorption of Rho-
HRP. Higher FI results are the consequence of OPFA
modifications, which is an indication for increased enzyme
loading. Accordingly the lower FI values of Aam hc com-
pared to other functionalized surfaces suggest a lower

enzyme coverage. Compared to all aforementioned surfa-
ces, surface functionalization with epoxide groups due to
the reaction with AGE leads to a drastic increase in FI
upon exposure to enzyme, which is more than sixfold
higher compared to that of the native OSTE surface.
Amine groups from lysine or thiols from cysteine residues
within the enzyme structure are expected to react cova-
lently with epoxide groups on the surface and thus create a
higher enzyme loading.’’

Similar measurements were performed with surfaces func-
tionalized by SCT-FRP, as shown in Figure 3B. The highest
FI was observed for pMPEGMA modified surfaces. This
result was unexpected, since PEG surface grafts were
reported in the literature to exhibit anti-fouling properties
and therefore reduced unspecific protein adsorption.’** To
explain this discrepancy, FI of Rho-HRP was measured in
solution in the presence of different MPEGMA concentra-
tions, as presented in Supporting Information Figure S5.
These results show a direct correlation of FI with increasing
amounts of MPEGMA. This effect of FI enhancement for
Rho-HRP in the presence of MPEGMA could indicate an
artificially high loading of enzyme on the OSTE-g-
PMPEGMA surfaces. Good biocompatibility and anti-fouling
properties have also been described for zwitterionic poly-
mers, such as pSBMA.>*® Herein, pSBMA grafted surfaces
with an increased hydrophilicity, show a very low FI after
enzyme immobilization, which reinforces the hypothesis of
low enzyme loading on these surfaces. Surface functionaliza-
tion by pOFPA under SCT-FRP conditions shows slightly
increased FI compared to the native OSTE surface, which is
similar to that of TEC functionalized surface with OFPA
(Figure 3A). Relatively similar enzyme loading based on
comparable FI results were achieved by surface grafting with
pGMA via SCT-FRP, even though the epoxide containing
pGMA enables covalent immobilization.

A significant advantage of this platform is that biocatalytic
activity of immobilized enzymes could be measured spectro-
photometrically directly in a microplate reader by using a
colorimetric assay. For immobilized Rho-HRP on the previ-
ously prepared surfaces by either TEC or SCT-FRP, 2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammo-
nium salt (ABTS) was used as a colorimetric assay. The
slope of absorbance, which correlated directly to the formed
product, over time, was used to express the initial enzymatic
activity of the particular surfaces, as shown in Figure 4A for
TEC modified surfaces.



Biotechnol. Prog., 2017, Vol. 00, No. 00

0,124

A

0,104

)

o
o
®

L

initial activity (Aabs min’’
& o
® 8
! i

0,024

OSTE OSTE-OSTE-OSTE-OSTE-OSTE-OSTE-OSTE-OSTE-
APFB ATFA OFPA AA  AMA Vim Aam hc AGE

0,004

Figure 4.

9

0,12 B
0,104
=
E,
20,084
2
8
4
50,06
]
3
5004
g
0,00 ——

OSTE OSTE-g- OSTE-g- OSTE-g- OSTE-g-

pMPEGMA  pSBMA pOFPA PGMA

Initial enzyme activity of Rho-HRP immobilized on virgin (OSTE) and functionalized surfaces via TEC (A) with various ene

compounds and SCT FRP (B) with various acrylate and methacrylate based polymers, standard deviations are based on

three experimental replicates (n = 3).

From these results, a clear difference in Rho-HRP activity
from the individual surface modification, upon enzyme
immobilization, can be seen. In general, the displayed activi-
ties are caused by two factors, enzyme loading and biocata-
Iytic activity, which both directly affected the overall
activity. This directly reflects the influence of the individual
surface chemistry. The native OSTE surface exhibited an
activity of 0.022 Aabs min~'. Even though TEC modified
surfaces with fluorinated (APFB, ATFA and OFPA),
hydroxyl (AA) and carboxylic acid containing compounds
(AMA) expressed a substantial enzyme loading, these were
not active at all (see Figure 4A), which suggested an unfa-
vorable environment for the enzyme by these functional
groups. On the contrary, imidazole (Vim) and amine (Aam
hc) functional surfaces showed the highest initial activities
for TEC modified surfaces of about 0.023 and 0.018 Aabs
min~ ', respectively. These results indicate that amine, imid-
azole as well as thiol groups from the native OSTE surface
provide a more beneficial local environment toward the
enzyme and thus, activity was retained. FI indicated high
enzyme coverage on surfaces, functionalized with epoxide
groups (OSTE-AGE). However, the resulting initial activity
was only 0.009 Aabs min~', which is significantly lower
than that of OSTE, Vim and Aam hc surfaces. It was
assumed that this is a result of unfavorable interaction of the
surface with the enzyme, which is known to have a signifi-
cant impact during the adsorption-covalent immobilization
mechanism onto epoxy supports.® As a consequence, block-
ing of the active site or conformational changes of the
enzyme could have resulted in the low activity.

Likewise, the initial enzyme activity was determined from
surfaces grafted with polymer layers by SCT-FRP after Rho-
HRP immobilization (see Figure 4B). Hydrophilic surfaces
due to grafting with pMPEGMA and pSBMA tend to be
enzymatically inactive. The low activity of OSTE-g-
PSBMA correlates directly with the low enzyme loading,
which was determined by FI measurements. The low activity
of pMPEGMA grafted OSTE surfaces relates well with the
anti-fouling nature of PEG grafted surfaces. Their tendency
to FI enhancement indicates an artificially high enzyme load-
ing. Surfaces which were grafted with hydrophobic pOFPA
by SCT-FRP, exhibit a similar activity (0.019 Aabs min~ ")
compared to the original OSTE surface, which correlates
well with the results from the FI measurements. The activity
was found to be substantially higher than those of surfaces
with  OFPA monolayer functionalization via TEC, even
though both surfaces show comparable enzyme loadings.
Thus, increased hydrophobic interactions between the

enzyme and the surface created by a thicker surface layer
seems to have a positive effect on the enzyme activity A
high HRP activity (0.07 Aabs min~') can be seen from
OSTE-g-pGMA surfaces prepared by SCT-FRP. GMA based
polymers, bearing epoxide groups, allow covalent attachment
of HRP and has already been used in various studies for
enzyme immobilization.”>® Compared to the epoxide func-
tional monolayer formed from AGE by TEC, the pPGMA sur-
face layer shows a decreased enzyme loading, but substantial
improvement of enzymatic activity.

Conclusions

A single, versatile platform for testing a broad variety of
surface chemistries as candidates for supports for enzyme
immobilization is proposed in this study, with the main
objective of making identification of suitable surface/enzyme
combinations in a more facile and time saving manner. This
strategy indeed permits a faster, easier and broader surface—
enzyme screening compared to the traditional “trial and
error” method generally involving resins. The results showed
that the STE/OSTE microplate is suitable for colorimetric
measurements above 340 nm and the thiol functional wells
can be functionalized through either TEC or SCT-FRP pro-
viding a broad selection of functional surfaces. We have
shown how TEC/SCT-FRP can be exploited to prepare func-
tional monolayers (TEC) or thicker polymer layers (SCT-
FRP). Thus, different surface functionalities, such as
hydroxyl, carboxylic acid, amine, fluorine, imidazole, epox-
ide, PEG and zwitterionic groups could be introduced, which
was confirmed by XPS analysis. Through immobilization of
HRP as a model enzyme, the effects of surface/enzyme inter-
actions were illustrated in the microplate, showing clear cor-
relations between surface functionalities and enzymatic
activities. HRP displayed improved activities when attached
directly to imidazole, thiol and amine functional surfaces,
compared to hydroxyl, fluorinated, carboxylic acid or epox-
ide containing surfaces. Immobilization of HRP on pOFPA
modified surfaces demonstrated a significant activity, which
might be caused by increased hydrophobic interactions
between enzyme and surface. Based on the initial biocata-
lytic activities relative to the surface chemistry it is possible
to identify candidates that should be tested in depth for
enzyme immobilization. Thereby we have demonstrated the
potential of this screening platform to be used for other
enzymes, facilitating the identification of suitable surfaces
for immobilization. Furthermore, by use of such a platform
it would be possible to determine the influence of other
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parameters, such as temperature, pH, and e.g., substrate
concentration.
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Figure S1. Schematic drawing with measures of the microwell plate; top part (A), which is during the preparation
process attached to the bottom part (B)
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Abstract

Thiol-ene (TE) based polymer particles have traditionally been prepared via emulsion
polymerization in water (using surfactants, stabilizers and co-solvents). Here, we
present a green and simple alternative with excellent control over particle size, while
avoiding the addition of stabilizers. Glycerol is applied as a dispersing medium for the
preparation of off-stoichiometric TE (OSTE) microparticles, where sizes in the range of
40 to 400 um are obtained solely by changing the mixing speed of the emulsions prior
to cross-linking. Control over surface chemistry is achieved by surface functionalization
of excess thiol groups via photochemical thiol-ene chemistry (TEC) resulting in a



functional monolayer. In addition, surface chain transfer free radical polymerization
(SCT-FRP) is used for the first time to introduce a thicker polymer layer on the particle
surface.

The application potential of the system is demonstrated by using functional particles as
a support for immobilized enzymes in a continuous plug-flow reactor.
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1. Introduction

During the past decades thiol-ene chemistry (TEC) has received increased attention for
the preparation and modification of novel polymer systems.!) Radical mediated TEC or
thiol-Michael addition under basic conditions allows the reaction between a thiol group
and a carbon-carbon double bond (so called “ene”).”?) Radical TEC can be initiated in
various ways, such as photochemically, thermally or even electrochemically. High
yields can be achieved within short reaction times under mild reaction conditions, which
make TEC very robust and efficient. By applying a large variety and combination of
different reactive monomers, various polymer architectures, such as linear, branched
and cross-linked systems can be prepared.®! This versatility of network structures can
be further increased by variations in monomer stoichiometry leading to excellent control
over mechanical properties.[! The potential of this modularity has been demonstrated by
applying stoichiometric thiol-ene (STE) and furthermore off-stoichiometric thiol-ene
(OSTE) materials for the preparation of microfluidic systems®™, hydrogels®®, and high
internal phase emulsions (HIPE).”" The stoichiometric imbalance between functional
groups in the OSTE system results in unreacted thiol or ene groups within the polymer
structure as well as on surfaces and can therefore directly be used for surface
modification via TEC.!®! Thus, hydrophilic and hydrophobic functional groups © and
biological moieties™ can easily be introduced, as well as more specific groups, such as
maleic anhydride™™ and cysteamine™?, which have been applied for immobilization of
enzymes.

The high versatility and modularity of TEC has also allowed the preparation of well-
defined polymer particles with controlled properties, such as surface functionality,
particle size, and thermal and mechanical behavior. Polymer particles are attractive due
to their large application spectrum, such as drug-delivery, paints and coatings,
chromatography and catalyst supports.'® TE particles are typically prepared by
suspension polymerization in which the monomers, facilitated by the use of different
stabilizers and co-solvents, form initially an emulsion in water. Following
polymerization, well-defined particles are obtained, as shown by Durham et al., who
investigated the effect of different monomer combinations, stabilizers and stabilizer
concentrations,™! as well as the effects of different modes of initiation, such as
photochemical, thermal and redox initiation and their influence on particle size.l"!
Similarly, porous TE and thiol-alkyne particles were prepared using different
porogens.™™ Jasinski et al. used photoinitiated TEC for the preparation of nanoparticles
from linear polymers.'” Likewise thiol-Michael addition has been used for the
formation of monodisperse particles at the micrometer scale.*¥! It has also been
demonstrated that the surface of OSTE particles, containing excess thiol or ene groups,
can be functionalized with fluorescent moieties by thiol-Michael reaction under basic
conditions, photochemical TEC or thiol-isocyanate reaction.™*)

However, surfactants as well as organic co-solvents are generally necessary for the
formation of polymer particles via suspension polymerization. The objective of this



study was the development of a simple method for the controlled formation of OSTE
particles without using surfactants or organic co-solvents by replacing water with
glycerol as the dispersing medium. Post-preparation surface functionalization of the
particles was demonstrated via photochemical TEC and by surface chain transfer free
radical polymerization (SCT-FRP) in order to introduce well-defined functional groups
on the surface. The obtained particles exhibited high control over size and surface
chemistry, facilitating a broad range of application possibilities, which was
demonstrated through the use of epoxide functional OSTE particles as support for the
immobilization of enzymes in a biocatalytic plug-flow reactor.

2. Results and Discussion

2.1. Preparation of OSTE particles in glycerol

In a surfactant and organic co-solvent free process, off-stoichiometric thiol-ene (OSTE)
particles were prepared by suspension polymerization in glycerol, which is a byproduct
of biodiesel production and therefore a cheap, green and environmentally friendly
alternative to water.”” OSTE particles (90% thiol excess) were prepared by one-pot
mixing of the monomers pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) and
1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO) and the photoinitiator
TPO-L in glycerol in a high speed mixer, as shown in Figure 1A.

Mixing speeds in the range of 1000 to 3500 rpm were applied in order to obtain OSTE
in glycerol emulsions, followed by photochemical cross-linking. The resulting
microparticles were characterized by dynamic light scattering (DLS) and optical
microscopy. As illustrated in Figure 1B, the applied mixing speed could be used to
control the particle size. The particle size, depicted here as median of the volume
distribution (Dv50) obtained from DLS, decreased with increasing mixing speeds from
402 + 43 um to 40.4 + 3.6 pm. Additionally, the size distributions (span) of the formed
particles (between 1.1 and 2.4) was very similar to those obtained from traditional
processes in water, in which sodium dodecyl sulfate (SDS) or sodium dodecyl benzene
sulfate (SDBS) as surfactants and water as a dispersion phase were used.'*! Optical
microscopy images (see Figure 1B) confirmed the spherical shape of the prepared
particles as well as the decreasing size of particles as a function of mixing speed.

2.2. Surface functionalization of OSTE particles via TEC and SCT-FRP

Post-preparation surface functionalization was conducted by photoinitiated TEC using
different vinyl, allyl or (meth-)acrylic monomers as well as by SCT-FRP, as a novel
pathway for surface modification of OSTE particles. These approaches demonstrated
the capacity of excess surface thiols for versatile surface functionalization with control
over different surface chemistries, as illustrated in Figure 2A.

In the first approach, OSTE particles (prepared at a mixing speed of 1000 rpm) were
surface functionalized via TEC introducing hydroxyl (AA), epoxide (AGE) and
fluorinated groups (ATFA, OFPA). Additionally, pH responsive particle surfaces were



achieved by grafting with Vim and AMA. Photochemical TEC was conducted at low
monomer concentrations (0.3 M) in order to suppress potential polymerization reactions
to occur. The IR spectrum of the virgin OSTE particles was characterized by alkane
(2960 cm™, C-H), thiol (2569 cm™, S-H) carbonyl (1730 cm™, C=0), alkene (1678,
C=C) and ester (1020 cm™, C-O-C) stretches. TEC surface functionalized particles did
not show any significant changes in their IR spectra, as shown in Figure S1. This was
attributed to the penetration depth of the IR signal of several micrometers into the
sample, which is known to result in very low intensity from thin surface layers.!!)
Consequently, the OSTE background dominated the spectrum. However, analysis via
surface sensitive x-ray photoelectron spectroscopy (XPS) confirmed the surface
modification with the individual reagents (see Table 1).

The atom composition of the virgin OSTE particles determined by XPS was in good
agreement with the theoretical values. Surface TEC with ATFA and OFPA showed
fluorine (F1s) contents of 17.3 atom% and 9.0 atom%, which confirmed the
functionalization since fluorine was unique for these types of particles. Modification
using Vim led to an increase in nitrogen content (4.4 N1s atom%) compared to the
original OSTE surfaces (3.0 N1s atom%). The atom composition after surface
modification with AGE, AA and AMA was identical to the reference OSTE particles,
which is a result of similar theoretical atom compositions of these monomers and the
OSTE material. Overall, short reaction times (5 min) and low monomer concentrations
(0.3 M) limited the thiol-ene reaction to a surface reaction forming a functional
monolayer.

Conversely, by increasing the monomer concentration to classical polymerization
conditions (1:2 v/v monomers to ethanol) and extending the reaction time to 30 min it
was possible to promote polymerization and termination on the surface by SCT-FRP in
order to achieve a thick and dense polymer layer on the particle surface. In this way, it
is possible to control the type of grafting reaction by tuning the reaction conditions,
which was demonstrated by SCT-FRP with Vim, OFPA and HEMA. The monomers
were polymerized in proximity to the particles and IR analysis confirmed a significant
polymer grafting (see Figure S2). The spectrum of OSTE-g-pVim exhibited a sharp
alkene stretch at 662 cm™, which confirmed the introduced imidazole groups. The
polymer grafting with pOFPA and pHEMA was confirmed through the presence of C-F
stretches (806 cm™) typical for fluorinated compounds and hydroxy! stretches (3465 cm”
! 0-H), respectively. Additionally, increased intensity of the C-O band at 1129 and
1143 cm™, originating from the ester in the pendant group confirmed the polymer
grafting. Furthermore, XPS analysis showed substantial changes in atom composition
for SCT-FRP functionalized particles, which were significantly higher than the
corresponding particles prepared by TEC (see Table 1). The substantial decrease in
sulfur content (S1s) in each case (pVim, pOFPA, and pHEMA\) illustrated the formation
of a polymer surface layer. pHEMA grafted particles showed increased oxygen and
carbon content, as well as a significant reduction in nitrogen content (2.2 atom% N1s),
confirming the pHEMA grafting. Surface grafting with pVim and pOFPA resulted in



significant increases in nitrogen (9.0 atom% N1s) and fluorine (44.4 atom% F1s)
content, respectively, compared to the reference OSTE surface. These results confirmed
that the grafting density can be controlled by selecting TEC conditions for monolayer
formation or polymer grafting via SCT-FRP.

Furthermore, a swelling study of the pristine and functionalized particles was conducted
in ethanol and water in order to determine the swelling behavior as a function of the
surface chemistry (see Figure 2 B). The pristine OSTE particles displayed a very similar
median size (Dv50) in both ethanol (353 pum) and water (408 pm). Statistical ANOVA
analysis using a significance level < 0.05 revealed a minor reduction in particle size in
both, ethanol and water, upon TEC functionalization. Compared to the pristine OSTE,
Vim, ATFA and OFPA functional particles could be considered similar when swollen in
ethanol, whereas AMA, AGE and AA showed further decrease in size. This general
tendency was statistically more pronounced in water, where all functionalized particles,
besides OSTE-Vim, decreased significantly in size compared to the pristine one. This
general size reduction in both ethanol and water was attributed to the newly introduced
functional moieties that prevented the penetration of solvent into the particle core and
thereby limited the swelling of the particles.

Compared to functionalizations by TEC, SCT-FRP with Vim, OFPA or HEMA resulted
in particles with a significant reduction in size when measured in ethanol (120 to 174
pm). A reference experiment without initiator and UV irradiation did not show any
changes in particle size, which confirmed that the reduction in size was a result of
functionalization and not abrasion from the agitator. The size of the particles was highly
dependent on the type polymer graft, where pHEMA grafted particles had similar sizes
in water and ethanol. In contrast, OSTE-pVim particles submerged in water exhibited a
much higher degree of swelling (293 um) compared to the swelling in ethanol (173
pum), which could be explained by protonation of imidazole moieties in water and the
resultant repulsive interactions between the polymer grafts leading to an increased
thickness of the grafting layer. Likewise pOFPA grafted particles were observed to
exhibit significantly different sizes in water and ethanol with a particle size of 447 um
in water, almost 4-fold higher than the corresponding particle size in ethanol. The
difference in size was attributed to a high degree of agglomeration as a result of the
hydrophobic nature of the pOFPA, which was also observed visually.

2.3. Epoxide functional particles as support for horseradish peroxidase
(HRP) in a plug-flow reactor

In order to demonstrate their application potential, particles were used as a support for
enzyme immobilization in a biocatalytic plug-flow reactor. Epoxide groups are known
to covalently bind enzymes through direct reaction with amine and thiol groups, which
are found in the lysine and cysteine residues on the surface of the protein structure.” In
this study, epoxide functional particles (OSTE-AGE), which were prepared by TEC
modification by AGE of OSTE particles prepared at 1000 rpm mixing speed, were



incubated with horseradish peroxidase (HRP) serving as a model enzyme, as illustrated
in Figure 3A.

After filling the reactor with HRP immobilized particles and thorough rinsing with PBS
buffer, the enzymatic activity was continuously tested using a solution containing 2,2’
-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS, 1 mM) and
hydrogen peroxide (H,O,, 10 mM) in phosphate buffer (pH 5, 0.1 M) as a colorimetric
assay. ABTS (absorbance maximum at 340 nm) could be oxidized by HRP in the
presence of H,0, to ABTS®”, which resulted in a shift in absorbance maximum to 412
nm (e412=3.6 x 10°M™ cm™).”®) Using a constant flowrate of 0.2 mL min™ allowed
sampling at regular time intervals. In Figure 3B, photographs of the reactor at 1, 10 and
60 minutes operation time are shown, where the substrate solution was continuously
added at the top and samples were taken at the bottom. The green color, which is
formed after 1 min only at the top and over the entire reactor at 10 and 60 min,
corresponds to the formed product. The absorbance of the withdrawn samples
corresponding to the formed ABTS®" was determined and monitored over time, as
shown in Figure 3C (full squares). Once the residence time within the plug-flow reactor
of 6 min was reached, the absorbance from the product measured at the outlet increased
significantly. After 15 minutes, steady state conditions were reached demonstrating
stable enzymatic activity over the entire operation time. Reference particles (OSTE-
AGE particles without HRP) were also tested, and are represented as empty squares in
the Figure 3C, showing no enzymatic activity at any time. These results demonstrate the
successful application of the prepared and surface functionalized OSTE particles in a
biocatalytic application.

3. Conclusions

In this study, we have presented a novel, green and simple method for the preparation of
OSTE particles in a controlled fashion via suspension polymerization in glycerol
without using stabilizers, surfactants or co-solvents. Particle sizes were controlled by
varying the mixing speed of the suspension prior to cross-linking via photoinitiated
TEC. A variety of different surface chemistries were introduced in a post-preparation
step via surface TEC or SCT-FRP. By TEC a functional monolayer was formed, which
resulted in a minor decrease in particle size, when submerged in ethanol or water.
However, thicker polymer grafts formed as a result of the SCT-FRP approach which
showed substantially reduced swelling in ethanol and increased swelling and
agglomeration tendencies in water. The complementary nature of the two approaches
enables simple control over surface grafting and surface chemistries depending on the
specific application of the particles. Finally, epoxide functional particles were
successfully applied as support material for the immobilization of HRP, which was
demonstrated in a biocatalytic plug-flow reactor. The ease of particle preparation and
controlled surface functionalization opens up for a broad range of application
possibilities.
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Figure 1. A) Preparation of OSTE microparticles via suspension in a speedmixer followed by subsequent
photochemical cross-linking of PETMP and TATATO. B) Particle size (Dv50) as a function of mixing speed with
optical microscopy images (50 x magnification) of the OSTE particles.
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Figure 2. A) Surface functionalization of OSTE particles via two different routes, left: surface TEC with different
reagents, such as 1-vinyl imidazole (Vim), allyl trifluoroacetate (ATFA), 2,2,3,3,4,4,5,5 octylfluoropentylacrylate
(OFPA), allyl malonic acid (AMA), allyl alcohol (AA), and allyl glycidyl ether (AGE) at low concentration (0.3 M)
leading to a functional monolayer on the surface; right: SCT-FRP with various monomers, such as Vim, 2-
hydroxyethyl methacrylate (HEMA) and OFPA at high concentration (0.7 — 2.4 M), leading to a functional polymer
grafted surface. B) Swelling study of OSTE particles containing various surface functionalities grouped by ANOVA
analysis (letters above bars, p=0.05) in ethanol and water individually.



Table 1. XPS data of pristine and surface functionalized OSTE particles via TEC® and SCT-FRP"

icle t Cls Ols N1s S2p Fls
article type

P yp [atom%b] [atom%] [atom%b] [atom9%6] [atom9%]
OSTE 60.1+1.4 26.6+0.9 3.0+06 10.3+0.3 -
OSTE-Vim? 60.8 £ 0.5 242+0.8 4.4+0.3 10.6 £0.8 -
OSTE-ATFA® 528+0.4 215+05 24+04 6.0+04 17.3+0.7
OSTE-OFPA? 55.5+1.0 224 +0.7 41+05 9.0+05 9.0+£17
OSTE-AGE?® 62.3+0.3 241+05 35+£05 10.1+0.3 -
OSTE-AA? 62.2+0.9 23.6+0.7 35+04 10.7+0.2 -
OSTE-AMA? 61.7£0.3 244105 3.7+£0.0 10.2+05 -
OSTE-pVimb 63.8+0.9 19.0+£0.3 9.0+£0.3 8.2+0.8 -
OSTE—pOFPAb 42.6+0.2 11.1+£05 0.6 £ 0.6 14+02 444 +1.0
OSTE—pHEMAb 62.9 0.7 28.3+0.5 22+0.1 6.6+0.1 -
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Figure 3. A) Immobilization of HRP on OSTE-AGE patrticles. B) Photographs of plug-flow reactor at 1 min, 10 min
and 60 min of reaction time using a flow of 0.2 ml min™* during a ABTS/H,0, activity measurement of immobilized
HRP on OSTE-AGE particles. C) Enzyme activity as background corrected absorbance at 412 nm over time of
OSTE-AGE particles with immobilized enzyme (full squares) and a reference (without enzyme -empty squares)
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Appendix 2.2 — Supporting information
1. Experimental Section

1.1. Materials

Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP, >95%), 1,3,5-Triallyl-1,3,5-
triazine-2,4,6(1H,3H,5H)-trione (TATATO, 98%), allyl pentafluorobenzene (APFB,
>99%), allyltrifluoroacetate (ATFA , 98%), allyl alcohol (AA, 99%), allyl malonic acid
(AMA, >98%), 1-vinyl imidazole (Vim, >99%), allyl glycidyl ether (AGE, >99%), 2,2-
dimethoxy-2-phenylacetophenone (DMPA, 99%), horseradish peroxidase (HRP,
lyophilized powder, 50-150 U mg-1), 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS, >98%) and hydrogen peroxide (HO,, 3%) were
obtained from Sigma-Aldrich. 2-hydroxyethyl methacrylate (HEMA, 99%) and
2,2,3,3,4,455 octafluoropentyl acrylate (OFPA, 97%) were purchased from Sigma
Aldrich and passed through a short plug-flow column containing aluminum oxide
(Sigma-Aldrich, activated, basic, Brockmann |, standard grade) prior to use. Lucirin
TPO-L (ethyl-2, 4, 6-tri- methylbenzoylphenyl phosphinate) was obtained from BASF.
Ethanol absolute (99.97%) was purchased from VWR. Glycerol was kindly provided by
Emmelev, Otterup A/S Denmark and was used as received.

1.2. Methods

Fourier transform infrared (FT-IR) spectroscopy was conducted using a Nicolet iS50
FT-IR fitted with a diamond crystal attenuated total reflection accessory (ATR), which
operated at a resolution of 4 cm™ and 32 scans per measurement. X-ray photoelectron
spectroscopy (XPS) analysis was carried out on a Thermo Fisher Scientific K-Alpha
(East Grinstead, UK). Large areca surface analysis used a 400 pm spot of
monochromatized aluminum Ka radiation. Survey (pass energy 200 eV) and high-
resolution (pass energy 50 eV) spectra for relevant elements were acquired of the
particles. Data analyses of the obtained XPS spectra were performed using the Avantage
software package as provided by the manufacturer. The shape and size of the particles
was assessed by optical microscopy using a Leica DM LB optical microscope. Particle
size distributions were determined by Dynamic Light Scattering (DLS) measurements,
performed on a Malvern Mastersizer 3000 using laser diffraction method. The particles,
dispersed in a fluid, passing through a focused red (or blue) laser beam in a quartz
measurement cell scattered light at various angles. Generally, the median for volume
distribution (Dv50), which divides the whole population in two equal parts, and the span
were determined from 5 measurements. The span is calculated according to the
following equation:

Span — Dv0.9 - DV0.1

Dv0.5

Enzyme activity measurements were conducted in a PS 96 well microplate using a
POLARstar® Omega from BMG Labtech equipped with an UV-VIS probe (20 scans
per measurement) at 25 °C.
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1.3. Preparation of off-stoichiometric thiol-ene (OSTE) particles in glycerol
PETMP (0.736 g, 0.0015 mol), TATATO (0.264 g, 0.0011 mol), TPO-L (1.0 mg, 0.1
wt%) and glycerol (10 mL) were added into a mixing cup under exclusion of light.
Then, the mixture were homogenized by mixing in a Speedmixer at 1000 rpm
(SpeedMixerTM DAC 150.1 FVZ) for 1.5 minutes. Subsequently, the mixture was
exposed to UV light (== 365 nm, 1.4 mW cm™) for 10 minutes. Then, ethanol was
added to the suspension, which was manually stirred and the resulting particles were
filtered and thoroughly rinsed with ethanol. An aliquot of the particles was dried in
vacuo for further characterization, whereas the main part was resuspended in ethanol for
storage and further functionalization.

IR (cm™): 2960 (C-H), 2569 (S-H), 1730 (C=0), 1678 (C=Caikene), 1459 (O-CH ester),
1140 (C'O'Cstretch vibr)y 1020 (C-O-C), 763 (C'O'Cdeformation)

1.4. General surface functionalization of OSTE particles via TEC using allyl
malonic acid (OSTE-AMA)

In a general procedure, 1.0 g of OSTE microparticles (obtained at 1000 rpm) was

suspended in 10 ml of ethanol. Under exclusion of light, allyl malonic acid (0.432 g, 3.0

mmol) and TPO-L (8.4 pL, 0.003 mmol) were added. Then, the suspension was stirred

by magnetic stirring (300 rpm) for 5 min and irradiated with UV light (A= 365 nm, 0.4

mW cm?). Subsequently, the particles were filtered and washed thoroughly with

ethanol before resuspending them in ethanol (10 mL) for further use.

IR (cm™): 2961 (C-H), 2568 (S-H), 1730 (C=0), 1678 (C=Caikene), 1460 (O-CH ester),

1141 (C'O'Cstretch vibr), 1020 (C-O-C), 763 (C'O'Cdeformation)

1.4.1. Preparation of OSTE-AA

OSTE-AA was prepared in accordance to the general procedure, using 10 mL of an
ethanolic solution of allyl alcohol (204 pL, 3.0 mmol) and TPO-L (8.4 pL, 0.003 mmol)
as reagent.

IR (cm™): 2960 (C-H), 2566 (S-H), 1730 (C=0), 1678 (C=Caiene), 1460 (O-CH; ester),
1141 (C'O'Cstretch vibr)y 1020 (C'O'C), 763 (C'O'Cdeformation)

1.4.2. Preparation of OSTE-Vim

OSTE-Vim was prepared in accordance to the general procedure, using 10 mL of an
ethanolic solution of 1-vinyl imidazole (Vim, 271 uL, 3.0 mmol) and TPO-L (8.4 uL,
0.003 mmol) as reagent.

IR (cm™): 2960 (C-H), 2567 (S-H), 1730 (C=0), 1678 (C=Caikene), 1460 (O-CH ester),
1141 (C'O'Cstretch vibr)y 1020 (C-O-C), 763 (C'O'Cdeformation)

1.4.3. Preparation of OSTE-ATFA

OSTE-ATFA was prepared in accordance to the general procedure, using 10 mL of an
ethanolic solution of allyl trifluoroacetate (ATFA, 391 uL, 3.0 mmol) and TPO-L (8.4
pL, 0.003 mmol) as reagent.
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IR (cm'l): 2960 (C-H), 2566 (S-H), 1730 (C=0), 1678 (C=Caikene), 1460 (O-CHy ester),
1140 (C'O'Cstretch vibr), 1020 (C-O-C), 763 (C'O'Cdeformation)

1.4.4. Preparation of OSTE-OFPA

OSTE-OFPA was prepared in accordance to the general procedure, using 10 mL of an
ethanolic solution of 2,2,3,3,4,4,5,5 octafluoropentyl acrylate (OFPA, 583 pL, 3.0
mmol) and TPO-L (8.4 uL, 0.003 mmol) as reagent.

IR (cm™): 2960 (C-H), 2568 (S-H), 1730 (C=0), 1678 (C=Caikene), 1460 (O-CH; ester),
1141 (C'O'Cstretch vibr)y 1020 (C-O-C), 763 (C'O'Cdeformation)

1.45. Preparation of OSTE-AGE

OSTE-AGE was prepared in accordance to the general procedure, using 10 mL of an
ethanolic solution of allyl glycidylether (AGE, 360 pL, 3.0 mmol) and TPO-L (8.4 uL,
0.003 mmol) as reagent.

IR (cm™): 2960 (C-H), 2567 (S-H), 1730 (C=0), 1678 (C=Caikene), 1460 (O-CH ester),
1140 (C'O'Cstretch vibr)y 1021 (C'O'C), 763 (C'O'Cdeformation)

1.5. General surface functionalization of OSTE particles via surface chain
transfer free radical polymerization (SCT FRP) with 1-vinyl imidazole
(OSTE-g-pVim)

In a general procedure, 1 g of previously prepared OSTE particles were submerged in a
solution containing 1-vinyl imidazole (Vim, 3.3 mL, 27.5 mmol), 2,2-dimethoxy-2-
phenylacetophenone (DMPA, 47.2 mg, 0.50 mol%) and ethanol (6.7 mL), which was
screened from ambient light. Under magnetic stirring, this mixture was subsequently
irradiated with UV light (A= 365 nm, 0.4 mW cm®) for 30 min. Then, the particles were
filtered and thoroughly rinsed with ethanol before storing them in 10 mL of ethanol
until further use.

IR (cm™): 2955 (C-H), 1729 (C=0), 1676 (C=Cuene), 1461 (O-CHy ester), 1350, 1229

(N-H), 1138, 1101 (C'O'Cstretch vibr)y 764 (C'O'Cdeformaﬁon), 662 (imidazole ringdeformaﬁon).

1.5.1. Preparation of OSTE-g-pOFPA

OSTE-g-pOFPA was prepared in accordance with the general procedure, using a
solution containing OFPA (3.3 mL, 17.3 mmol), DMPA (22.2 mg, 0.5 mol%) and
ethanol (6.7 mL).

IR (cm™): 2961 (C-H), 1733 (C=0), 1681 (C=Caiene), 1461 (O-CH; ester), 1129 (C-
Ostretch vibr), 989 (C-O), 902; 806 (C'F), 764 (C'O'Cdeformation)

1.5.2. Preparation of OSTE-g-pHEMA

OSTE-g-pHEMA was prepared in accordance with the general procedure, using a
solution containing 2-hydroxylethyl methacrylate (HEMA, 3.3 mL, 27.5 mmol), DMPA
(35.2 mg, 0.5 mol%) and ethanol (6.7 mL).
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IR (cm'l): 3465 (O-H), 2948 (C-H), 1728 (C=0), 1678 (C=Cakene), 1460 (O-CH; ester),
1143 (C'Ostretch vibr), 1021, 764 (C‘O'Cdeformation)

1.6. Preparation and testing of a plug-flow reactor with enzymatically active
OSTE-AGE particles

A batch of previously prepared OSTE-AGE particles was dried in vacuo. 0.8 g of these
particles was redispersed in ethanol, which was solvent exchanged with PBS buffer (pH
7.3). The final amount of PBS buffer was 3.2 mL and 3.5 mg of horseradish peroxidase
(HRP) was subsequently added. This mixture was incubated under shaking at 22°C for
20 h. Then, 1 mL of the supernatant was removed for further analysis and the particles
were added into a tubular reactor with an inner diameter of 5.0 mm. The filled reactor
was rinsed with PBS buffer; first manually with 10 mL and then with a flow rate of 0.2
mL min™ for 30 min using a NE-1000 single syringe pump. While washing with PBS
buffer, a phosphate buffer solution (0.1M, pH5) containing ABTS (1.0 mM) and
hydrogen peroxide (H,O,, 10 mM) was added to the eluent at the outlet and after 20 min
of flushing with 0.2 mL min™ no enzyme activity in the eluent was observed. After
flushing with PBS buffer a phosphate buffer solution (0.1 M, pH5) containing ABTS
(1.0 mM) and hydrogen peroxide (H,0,, 10 mM) was passed through the reactor with a
flow rate of 0.2 mL min™. At distinct time intervals, aliquots of the solution at the outlet
were collected. 50 as well 100 pL of these samples were transferred into a polystyrene
(PS) 96 microplate and the absorbance was measured at 412 nm corresponding to the
absorbance maximum of the oxidized product (ABTS®").

2. Supporting Figures
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Figure S1 IR spectra of surface functionalized OSTE particles via TEC using various allylic and vinylic reagents
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Figure S2 IR spectra of surface functionalized OSTE particles via SCT-FRP using vinylic, acrylic and methacrylic
reagents
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Figure S3 Optical microscopy images of surface functionalized OSTE-1000 particles via TEC using different allyl
and vinyl monomers, A) OSTE-AMA, B) OSTE-AA, C) OSTE-Vim, D) OSTE-Aam, E) OSTE.APFB, F) OSTE-
ATFA, G) OSTE-AGE
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environment of immobilized B-glucosidase
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ABSTRACT

Here, we present for the first time how the micro-environment can directly improve
biocatalytic selectivity of immobilized pB-glucosidase. B-Glucosidase from Thermotoga
neapolitana was immobilized on a variety of functionalized off-stoichiometric thiol-ene
(OSTE) particles, and highest activities were observed for thiol and imidazole
functional particles. Compared to the soluble enzyme, the selectivity (ry/r,) between
trans-glycosylation of p-nitrophenyl B-D-glucopyranoside (pNPG) with 1-propanol over
hydrolysis was substantially promoted by a factor of 2 and 3 using particles containing
imidazole and carboxylic acid moieties, respectively. These results demonstrate clearly
that enzyme selectivity depends directly on the local environment of the enzyme with
the support.

KEYWORDS

Trans-glycosylation, hydrolase, alkyl glycoside, enzyme immobilization, surface
functionalization



Alkyl glycosides are amphiphilic molecules, in which a hydrophilic sugar moiety is
covalently linked through a glycosidic bond to a hydrophobic alkyl chain. Due to their
structure alkyl glycosides are industrially useful as non-ionic surfactants in detergents
and cosmetics.'?
enzymatically catalyzed synthesis of alkyl glycosides using glycoside hydrolases (EC
3.2.1) has lately received increased attention due to mild reaction conditions and high
selectivity. Enzymatic glycosylation involves the reaction of an alcohol directly with a
monosaccharide in reverse hydrolysis (thermodynamic control), or with a glycoside as a
donor undergoing a trans-glycosylation (kinetic control). The developments within this
field have been the subject of a recent mini review, which summarized different
approaches in order to increase the catalytic activity, selectivity and yields.” Especially
the selectivity between synthesis (s) (in this case trans-glycosylation) and hydrolysis (h)
is an important parameter that can be described as a ratio of the individual reaction rates
/1y Or as a selectivity, S, taking the nucleophile concentrations (or activities) into
account.®” For the synthesis of alkyl glycosides, water-miscible® as well as water-
immiscible alcohols, as glycoside acceptors have been studied. It has been shown that

Compared to the traditional method of chemical preparation,

the enzyme activity and selectivity are highly dependent on the water activity”” ' and
the alcohol concentrations and can be exploited in 2-phase systems.'*" Protein
15-17

engineering of B-glucosidases'* as well as the choice of other glycoside hydrolases
were also considered in order to improve the selectivity and activity. In addition,
immobilization of B-glucosidases on commercial resins was investigated for trans-
glycosylation reactions, resulting in improved activity and selectivity at low water
activities compared to freeze-dried enzymes.'® Increased stability and reusability was
obtained from immobilization on zinc oxide (ZnO) as solid support.'® In general, many
different materials, such as chitosan, calcium alginate and polymer materials have
already been applied for glycoside hydrolase immobilization.® Recently, off-
stoichiometric thiol-ene (OSTE) materials, being a thermosetting polymer, prepared by
photochemically cross-linking of thiol and an alkene (termed “ene”) containing
compounds, have also been used as an enzyme support.”’ > We demonstrated the
development of an OSTE microtiter plate as a screening platform for a large range of
surface chemistries as promising supports for the immobilization of enzymes. [REF]
This type of platform allows the fast and versatile investigation of micro-environmental
effects on enzyme activity, as verified by the use of horseradish peroxidase (HRP). This
approach was further extended by a new method for the preparation of OSTE particles
followed by versatile surface functionalization, which was successfully applied as a
support for immobilization of HRP in a continuous plug-flow reactor.[REF] Changes in
the environmental properties at the interface between the enzyme and support surface
have already been shown to be an important factor for the performance of immobilized
enzymes.”* For immobilized B-galactosidases and lipases for instance, it has been found

that a favorable environment can improve both, the stability and activity.”> >’



The objective of this study was to exploit micro-environmental influences in order to
promote biocatalytic activity, and more importantly selectivity, of an immobilized -
glucosidase. The goal was to increase the selectivity between trans-glycosylation (s)
with 1-propanol compared to the hydrolysis (h) of p-nitrophenyl glucopyranoside
(pNPG) by changing the surface chemistry of the support material and thus, the
environmental properties between enzyme and support. Therefore, Thermotoga
neapolitana B-glucosidase 3B (belonging to glycoside hydrolase family 3) was
immobilized onto functional OSTE particles, which were initially prepared by
suspension polymerization in glycerol using the monomers pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP) and 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione
(TATATO) and TPO-L as a photoinitiator. This simple method allowed the formation
of micrometer-sized monomer droplets in glycerol by rapid mixing, followed by
photochemical cross-linking. The off-stoichiometric ratio between the monomers (90%
thiol in excess) resulted in thiol functional OSTE particles, which were subsequently
subjected for further surface functionalization. Photochemical thiol-ene chemistry
(TEC) and surface chain transfer free radical polymerization (SCT-FRP) were
previously described to be efficient methods for the introduction of distinct
functionalities as a functional monolayer or thicker polymer grafts. As illustrated in
Scheme 1, TEC was applied with a variety of monomers, such as allyl alcohol (AA),
allyl malonic acid (AMA), 2,2,3,3,4,4,5,5-octafluoropentyl acrylate (OFPA) and 1-vinyl
imidazole (Vim) in order to introduce different functional groups on the particle surface.
Thus, hydroxyl, carboxylic acid, fluorine and imidazole functional particles were
obtained. In contrast to this monolayer functionalization achieved by TEC, SCT-FRP
was applied using Vim in order to create a thicker poly(1-vinyl imidazole) (pVim) layer
on the particle surface.
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Scheme 1. Surface functionalization of OSTE particles via thiol-ene chemistry (TEC)
using Vim, AA, AMA, and OFPA to introduce a functional monolayer; and via surface
chain transfer free radical polymerization (SCT-FRP) using Vim to graft the surface
with a dense polymer layer (pVim) followed by immobilization of B-glucosidase on
pristine and functional OSTE particles

The chemical changes on the surface following TEC and SCT-FRP were confirmed by
FT- IR and x-ray photoelectron spectroscopy (XPS).[REF] The different functionalities
in this study were selected in order to create various surface environments for the
immobilization of B-glucosidase, and thus impact the enzyme performance in terms of
activity and selectivity. Hydroxyl or carboxylic acid functional particles were intended
to form hydrophilic interactions or hydrogen bonds, whereas fluorinated particles have
the potential of creating hydrophobic interactions between the surface and the
immobilized enzymes. Imidazole groups and their derivatives are known for their
biological importance and have already demonstrated beneficial effects for immobilized
horseradish peroxidase.[REF]

As a model system, the B-glucosidase catalyzed competition reaction between trans-
glycosylation and hydrolysis of p-nitrophenyl glucopyranoside (pNPG) was selected, as
illustrated in Scheme 2.



trans-glycosylation

= R

. HO HO
HO o.F
o Q { QOH 00 HO.
on e OH . (oH \_\ .
+ HO N+ Hy0 NO
R gl OH OH 2
OH On N - OH OH
NO,

at‘:; glucose propyl-G pNP

pNPG T T
hydrolysis

Scheme 2. Enzymatic conversion of p-nitrophenyl B-D-glucopyranoside (pNPG) to
propyl-glucoside (propyl-G), p-nitrophenol (pNP) and glucose catalyzed by J-
glucosidase immobilized on pristine and functional OSTE particles

1-Propanol was used as a water soluble glycosyl acceptor in order to obtain a one-phase
reaction system with different volume ratios between alcohol and acetate buffer (0.1 M,
pH 5.0). B-Glucosidase from Thermotoga neapolitana, which already demonstrated its
potential as a catalyst for the trans-glycosylation of pNPG with 1-hexanol in a 2-phase
system (rg¢/ry, = 4.0), was immobilized on pristine and functional OSTE particles (see
Scheme 1).'? Initial experiments with free B-glucosidase, in which the 1-propanol
content was varied from 75 to 5 vol%, demonstrated high preference of B-glucosidase
for trans-glycosylation over hydrolysis at high water contents (see Figure S1). Under
these conditions, the ratio between trans-glycosylation and hydrolysis ry/r, ranged
between 28.3 and 2.6 (see Table S1). However, it is particularly interesting to improve
the selectivity even further at lower alcohol contents. In order to study the effects of the
micro-environment on the enzyme selectivity with high precision, a regime with
significant reaction rates for both trans-glycosylation and hydrolysis was chosen, which
was achieved using 1-propanol contents of 5, 2, and 1 vol% and 95, 98, 99 vol% acetate
buffer, respectively. In these experiments, the pristine and functional OSTE particles
with immobilized B-glucosidase (= 0.6 g particles) were submerged in acetate buffer/1-
propanol solutions containing pNPG (28 mM) as the substrate. The resulting enzyme
activity, as combined initial reaction rate of trans-glycosylation and hydrolysis was
evaluated according to the particle functionality as well as the amount of 1-propanol,
which is presented in Figure 1.
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Figure 1. Activity (combined initial reaction rates of trans-glycosylation and
hydrolysis) of B-glucosidase immobilized on pristine (OSTE) and functional OSTE
particles OSTE-AA, OSTE-AMA, OSTE-OFPA, OSTE-Vim and OSTE-pVim in
solutions with different 1-propanol contents, such as 5, 2 and 1 vol%

From these results a general increase in overall enzyme activity with increasing alcohol
content was observed, indicating that the enzyme has a high preference for 1-propanol
as acceptor substrate. Furthermore, the activity varied substantially between the
individual functional particles due to micro-environmental differences around the
enzyme. Depending on the amount of 1-propanol, the reference OSTE particles
containing B-glucosidase showed a high activity of 4.2 to 9.7 uM h! gpamcles'l, whereas
a considerably reduced activity by 3 to 12-fold was observed for hydroxyl (OSTE-AA),
carboxylic acid (OSTE-AMA) and fluorine (OSTE-OFPA) functional particles.
Immobilization of B-glucosidase on imidazole functional particles (OSTE-Vim) resulted
in activities of about 3.2 to 6.9 uM h! gpmicles'l, which was even further increased by
polymer grafting (OSTE-pVim) (6.9 - 13.6 uM h™ gpuricies ') corresponding to a factor
of 1.4 compared to the pristine particles. Reactions ran in total for 23 hours and the
conversion was monitored in time course plots as shown in Figure 2A-C.
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Figure 2. Time course of fractional pNPG conversion catalyzed by [B-glucosidase
immobilized on pristine (OSTE) and functionalized OSTE particles OSTE-AA, OSTE-
AMA, OSTE-OFPA, OSTE-Vim and OSTE-pVim in reaction solution, containing (A)
5vol% , (B) 2 vol% and (C) 1 vol% 1-propanol

The reaction reached 100 % conversion for OSTE-pVim and OSTE-Vim particles as
well as pristine OSTE particles after 23 hours at any alcohol concentration. For the
remaining particle types OSTE-AA (84-52%), OSTE-AMA (43-26%) and OSTE-OFPA
(75-40%) conversions below 100% were observed.

The previously obtained activities (combined initial reaction rates) were split into the
individual rates for trans-glycosylation and hydrolysis (see Table S2) in order to



calculate the reactivity ratios r¢/r, for the individual particles. The ratios ry/r, as a
measure for the selectivity is presented in Figure 3 for the three different 1-propanol
contents and the different particles.
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Figure 3. Selectivity (rs/r,) between trans-glycosylation (s) and hydrolysis (h) of pNPG
catalyzed by B-glucosidase immobilized on pristine (OSTE) and functionalized OSTE
particles OSTE-AA, OSTE-AMA, OSTE-OFPA, OSTE-Vim and OSTE-pVim at
different 1-propanol contents

The selectivity (ry/ry) improved with increasing alcohol concentration. Furthermore, the
results demonstrated that the immobilization has a considerable impact on selectivity,
especially at higher alcohol contents. Using 1 vol% 1-propanol, ry/r, ratios below 1
(0.35 to 0.60) were obtained, implying substantial preference for the hydrolysis for all
types of particles as well as in solution. An increase of 1-propanol content to 2 vol%
resulted in similar trans-glycosylation and hydrolysis rates and therefore ry/r, values of
about 1 were obtained for immobilized and free enzyme. An exception being OSTE-
AMA particles consisting of carboxylic acid surface moieties, which generated a
preference for trans-glycosylation (ry/ry, = 2.3) already at this low alcohol content. This
tendency was even more pronounced at higher alcohol concentration (5 vol%) with a
s/t of 9.2. The high preference for trans-glycosylation of OSTE-AMA was also seen
for Vim and pVim functional (6.6/6.7), pristine OSTE (5.4), OSTE-OFPA (4.4) and
OSTE-AA (3.7) particles. At this 1-propanol content, immobilization of B-glucosidase
improved in each case the formation of propyl-G compared to the reaction in solution
(with ry/r, of 3.2). As assumed, the differences in selectivity were ascribed to the
variations in surface chemistry and consequently in the generation of different enzyme-
surface environments. Despite significant differences in overall activity, identical
selectivity was achieved for OSTE-Vim and OSTE-pVim particles both containing
imidazole functional groups underlining a high dependency of the selectivity on the
surface chemistry and micro-environment.



In this study, we present a new method to improve the selectivity between trans-
glycosylation over hydrolysis of B-glucosidases by changing the microenvironment
through immobilization on OSTE particles containing various surface chemistries.
OSTE particles were prepared by suspension polymerization in glycerol. Subsequent
surface functionalization via TEC and SCT-FRP allowed the introduction of various
surface chemistries, such as hydroxyl (AA), carboxylic acid (AMA), fluorine-containing
(OFPA) and imidazole (Vim and pVim) groups. B-glucosidase from Thermotoga
neapolitana was immobilized via physical adsorption and all particles exhibited
significant activity for the reaction of pNPG depending on the surface functionality.
Especially, pristine OSTE (containing surface thiols) as well as imidazole (OSTE-Vim
and OSTE-pVim) functional particles demonstrated high activities between 6.9 and 13.6
uM h’ gpamcles". Furthermore, in each case an increase in overall activity was observed
with increased 1-propanol contents from 1 to 5 vol%. Similarly, the trans-glycosylation
over hydrolysis ratio increased with increasing alcohol concentration. Compared to free
B-glucosidase, trans-glycosylation could be further promoted by immobilization on
OSTE particles. Especially at 5 vol% alcohol, the selectivity ry/r, increased almost 3
fold from 3.2 up to 9.2 for carboxylic acid functional particles (OSTE-AMA), which
was attributed to the individual surface functionalities. These results demonstrated
clearly that variations in surface chemistry and thus, changes in surface environment
have a significant impact on the selectivity of immobilized enzymes and therefore can
be used in order to tailor biocatalytic reactions as demonstrated with B-glucosidase in
this case.
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ABBREVIATIONS

AA: allyl alcohol, AMA allyl malonic acid, HRP: horseradish peroxidase, pNP: p-
nitrophenol, pNPG: p-nitrophenyl f-D-glucopyranoside, pVim: poly(1-vinyl imidazole),
OFPA: 2,2,3,3,4,4,5,5-octafluoropentyl acrylate, OSTE: off-stoichiometric thiol-ene,
PETMP: pentaerythritol tetrakis(3-mercaptopropionate), propyl-G: propyl-glucoside,
SCT-FRP: surface chain transfer free radical polymerization, TATATO: 1,3,5-triallyl-
1,3,5-triazine-2,4,6(1H,3H,5H)-trione, TEC: thiol-ene chemistry, Vim: 1-vinyl
imidazole
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MATERIALS AND METHODS

Materials. Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP, >95%), 1,3,5-
Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO, 98%), allyl alcohol (AA,
99%), allyl malonic acid (AMA, 2>98%), l-vinyl imidazole (Vim, >99%),
2,2,3,3,4,4,5,5-octafluoropentyl acrylate (OFPA, 97%), 2,2-dimethoxy-2-
phenylacetophenone (DMPA, 99%), p-nitrophenyl B-D-glucopyranoside (pNPG,
>98%), p-nitrophenol (pNP, >98%), n-Amyl B-D-glucopyranoside (AG, 98%), D-(+)-
glucose (>99%) were obtained from Sigma-Aldrich. Ethyl-2, 4, 6-tri-
methylbenzoylphenyl phosphinate (Lucirin TPO-L) was obtained from BASF. Ethanol
absolute (99.97%) was purchased from VWR. Glycerol was kindly provided by
Emmelev, Otterup A/S Denmark and was used as received. Thermotoga neapolitana [3-
glucosidase 3B (EC 3.2.1.21) was obtained from Escherichia coli batch cultivations. It
was purified using a two-step protocol, including heat treatment of the cell extract (70
°C, 30 min), which was followed by immobilized metal ion affinity chromatography
using the supernatant from the heat treatment step as described by Pozzo et al. The
enzyme was stored at 4 °C until use.*”

Methods. B-glucosidase reactions were followed using HPLC (LaChrom; pump L-
7100, interface L-7000, autosampler L- 7250 with a 20 ml injection loop, UV-detector
L7400, Hitachi Ltd. Tokyo, Japan) equipped with an evaporative light scattering
detector (Alltech 500 ELSD, Alltech Associates Inc., Deer-field, USA) with evaporator
temperature 78 °C, a nebulizer gas flow of 2.0 standard liters per minute and a Kromasil
100-5-NH2 column (4.6 pm x 250 mm, Kromasil). Isokratic conditions with 85 %
acetonitrile and 15 % MQ water under a constant flow rate of 1.0 ml min™' were used.
pNP has a retention time of 4.1 and was monitored at 405 nm using the UV detector.
pNPG elutes after 4.9 min and was followed at 405 nm as well as with ELSD. PG eluted
after 6.2 min and glucose after 13.8 min, both were detected by ELSD. Concentrations
were determined by use of 8 point external standard curves. For PG no standard was
available, therefore the calibration was prepared using n-amyl B-D-glucopyranoside.
Combined initial reaction rates taking both, trans-glycosylation and hydrolysis into
consideration, were estimated from the initial changes in molar concentration of pNPG
over time. Similarly, the individual initial reaction rates for trans-glycosilation and
hydrolysis were estimated using the initial changes molar concentrations over time of
propyl-G and glucose, respectively.

Preparation off-stoichiometric thiol-ene (OSTE) particles. TPO-L (3.0 mg, 0.1
wt%), PETMP (2.217 g, 0.0012 mol), TATATO (0.794 g, 0.0016 mol), and glycerol (30
mL) were added into a mixing cup under exclusion of light. Then, the mixture was
mixed in a Speedmixer at 1000 rpm (SpeedMixerTM DAC 150.1 FVZ) for 1.5 minutes
before the formed emulsion was exposed to UV light (A= 365 nm, 1.4 mW cm™) for 10
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minutes. Subsequently, ethanol was added to the formed particles in glycerol, which
was homogenized by brief manual stirring and the resulting particles were filtered and
thoroughly rinsed with ethanol.

Surface functionalization of OSTE particles via thiol-ene chemistry (TEC). In a
general procedure, the full batch of previously prepared OSTE particles was directly
submerged in a solution containing 1-vinyl imidazole (0.824 mL, 0.009 mol), TPO-L
(28.6 mg) and 20 mL ethanol. After magnetically stirring for 5 min under light
exclusion, the stirring mixture was exposed to UV-light (A= 365 nm, 1.4 mW cm™) for 5
minutes. Thereafter, the particles were filtered and thoroughly rinsed with ethanol
before drying in vacuo overnight, which led to a white material (2.1459 g, yield 71 %).

Surface functionalization via allyl alcohol (AA) by TEC. OSTE-AA was prepared in
accordance to the general procedure, using 20 mL of an ethanolic solution of allyl
alcohol (AA, 408 pL, 6.0 mmol) and TPO-L (28.6 mg) as reagent.

Surface functionalization via allyl malonic acid (AMA) by TEC. OSTE-AMA was
prepared in accordance to the general procedure, using 20 mL of an ethanolic solution
of allyl malonic acid (AMA, 0.864 g, 6.0 mmol) and TPO-L (28.6 mg) as reagent.

Surface functionalization via 2,2,3,3,4,4,5,5 octafluoropentyl acrylate (OFPA) by
TEC. OSTE-OFPA was prepared in accordance to the general procedure, using 20 mL
of an ethanolic solution of 2,2,3,3,4,4,5,5 octafluoropentyl acrylate (OFPA, 1.36 mL,
6.0 mmol) and TPO-L (28.4 mg) as reagent.

Surface functionalization of OSTE particles via surface chain transfer free radical
polymerization (SCT FRP) with 1-vinyl imidazole (OSTE-pVim). In a general
procedure, the full batch of previously prepared OSTE particles was submerged in a
solution containing 1-vinyl imidazole (Vim, 10.4 mL, 0.115 mol), 2,2-dimethoxy-2-
phenylacetophenone (DMPA, 142.8 mg, 0.50 mol%) and ethanol (20 mL), which was
screened from ambient light. Under magnetic stirring, this mixture was subsequently
irradiated with UV light (A= 365 nm, 0.4 mW cm™) for 30 min. Thereafter, the particles
were filtered and thoroughly rinsed with ethanol before drying in vacuo overnight,
which led to a light yellow material.

Immobilization of B-glucosidase. 1.5 g of the previously functionalized particles was
resuspended in ethanol, which was subsequently 4 times solvent exchanged by
phosphate buffer (0.1 M, pH 7.2). The final amount of buffer was 7.5 mL and B-
glucosidase (7.5 mg, 1.0 mg mL™) was added to this mixture. The suspension was
incubated under shaking at 4 °C. After 17 h the particles were filtered under suction and
thoroughly washed with phosphate buffer (0.1 M, pH 7.2). An aliquot of 100 pL was
directly withdrawn and the suspension was incubated under shaking at 4 °C. After 17 h
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an aliquot of the supernatant was withdrawn and the particles were filtered under
suction and thoroughly washed with phosphate buffer (0.1 M, pH 7.2).

Selectivity study of immobilized B-glucosidase. The particles used for immobilization
of B-glucosidase were directly after filtration divided into three equal sized portions. To
portion 1 (0.6724 g), 4 mL of a mixture of acetate buffer (0.1 M, pH 5.0) and 1-
propanol in a volume ratio of 95 : 5 containing pNPG (28 mM) was added. Similarly, to
portion 2 (0.6570 g) and portion 3 (0.6872 g), 4 mL of an acetate buffer/1-propanol
mixture in a volume ratio of 98 : 2, and 99 : 1 vol% containing each pNPG (28 mM)
was added. These suspensions were vortex mixed for 10 s and subsequently incubated
under shaking (750 rpm) at 37 °C. Samples of the supernatant (100 puL) were withdrawn
after 0, 0.25, 0.5, 1, 2, 5, 9 and 23 h. To each aliquot, 100 pL of a NaOH solution (2
mM) and 500 pL of acetonitrile were added, and the final samples were analyzed by
HPLC.

Selectivity study of free B-glucosidase. To 2.0 mL of a 95 : 5 vol% acetate buffer (0.1
M, pH 5.0)/1-propanol solution containing pNPG (28 mM), 5 puL of dissolved B-
glucosidase (in phosphate buffer, 0.1 M, pH 7.3, 3.95 mg mL™) was added resulting in a
final enzyme concentration of 9.85 pg mL™. In the same way, a 98 : 2 vol% acetate
buffer (0.1 M, pH 5.0)/1-propanol solution containing pNPG (28 mM) and a 99 : 1
vol% acetate buffer (0.1 M, pH 5.0)/1-propanol solution containing pNPG (28 mM)
were used. These reaction mixtures were incubated at 37 °C under shaking (750 rpm)
and samples (100 pL) were withdrawn after 0, 0.25, 0.5, 1, 2, 5, 9 and 23 h. To each
aliquot, 100 pL of a NaOH solution (2 mM) and 500 pL of acetonitrile were added, and
the final samples were analyzed by HPLC.
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Figure S1. Overall initial reaction rates for the conversion of pNPG (Tl pnpg) and the
formation of pNP (riowipne), as well as for the individual trans-glycosylation (rs propyl-G)
and hydrolysis (Ingucose) reactions between pNPG, water and 1-propanol by [-
glucosidase from Thermotoga neapolitana in solution

Table S1 Selectivity determination between trans-glycosylation (s) and hydrolysis (h),
represented as by ratio of the reaction rates ry/r, of B-glucosidase from Thermotoga
neapolitana in solution at different 1-propanol contents

Is/Th vol% -propanol
28.3 75
17.1 25
2.6 5

0,0 0
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Table S2 rates of trans-glycosylation and hydrolysis of immobilized B-glucosidase
depending on the surface chemistry of the particles and solvent ratio between water and
1-propanol

) 5 vol% 2 vol% 1 vol%

Particle type Piritzlte:le 1-propanol 1-propanol 1-propanol

rs I rs h rs h
OSTE 396 7,38 1,38 2,41 2,13 1,00 2,28
OSTE-Vim 141 5,16 0,77 0,95 0,97 0,54 1,25
OSTE-AA 83 1,69 0,46 0,50 0,55 0,22 0,61
OSTE-AMA 110 0,85 0,09 0,22 0,09 0,08 0,13
OSTE-OFPA 131 1,66 0,38 0,61 0,43 0,25 0,45
OSTE-pVim 173 12,4 19 34 3,3 1,6 3,7

*reaction rates in [uM h'! gpamcle'l], particle size as Dv50 (median) in [um]

Table S3 Selectivity results between trans-glycosilation and hydrolysis of immobilized
B-glucosidase depending on the surface chemistry of the applied particles and solvent

ratio between water and 1-propanol, S values were calculated according as described in
Ts [water] 7

literature using the concentration of aqueous and alcohol phase: S, = T Tipropanol]
W [1—

Se
type of particles 5vol% 2vol% 1vol%
1-propanol 1-propanol 1-propanol

OSTE 422 231 180
OSTE-AA 289 184 146
OSTE-AMA 728 511 246
OSTE-OFPA 349 290 222
OSTE-Vim 529 198 177

OSTE-pVim 520 213 182
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Abstract

A microreactor with a square shaped reactor chamber was developed with the aim to correlate
enzyme positioning with biocatalytic activity. The enzyme position as an important parameter to
improve the contribution of the individual enzymes towards the overall reactor efficacy was
therefore evaluated experimentally and by computational fluid dynamics (CFD) simulations.
Ultimately, such a correlation would lead to faster development through computational pre-
screening and optimized experimental design.

In this proof-of-concept study, microreactors were prepared in a 2-step curing process of an off-
stoichiometric thiol-ene-epoxy (OSTE+) mixture employing both a thiol-ene (TEC) and a thiol-
epoxy curing reaction. Subsequent surface functionalization of the remaining thiol groups on the
reactor surface through stenciled photoinitiated TEC enabled the preparation of specific surface
patterns in the reactor. Patterns were visualized using an allyl-functional disperse red dye,
illustrating the successful preparation of a fully reacted surface, a half covered surface and 2
checkerboard patterns. Similarly, allyl glycidyl ether was exploited to functionalize the
microreactor surface with epoxide groups, which were used for covalent immobilization of
horseradish peroxidase (HRP) in the same patterns. Biocatalytic activity measurements
confirmed a clear dependency of the overall reactor performance depending on the spatial
distribution of the immobilized enzymes, where specifically the two checkerboard motifs were
identified as being particularly effective compared to enzymes covering homogeneously the
entire reactor surface. The performance of the same configurations was additionally determined
by 3-dimensional CFD simulations. The computational model predicted the same tendencies for



the overall reactor performance as obtained from experimental determination. This good
agreement between the obtained experimental and computational results confirmed the high
potential of CFD models for predicting and optimizing the biocatalytic performance of such a
reactor.

Keywords
Microfluidics; thiol-ene chemistry; enzyme immobilization; surface functionalization;
computational fluid dynamic simulation (CFD)

1. Introduction

The application of enzymes as biocatalysts in industrial processes has attracted increased
attention in recent years due to several major advantages of enzymes compared to conventional
catalysts. Enzymes originate from renewable resources and take part in green processes with a
high catalytic selectivity under mild reaction conditions [1]. These advantageous properties
make them attractive for specific applications like synthesis of targeted enantiomerically-pure
chiral compounds relevant for pharmaceuticals. However, the disadvantage of enzymes for
application at large scale and in continuous processes is their low long-term stability. In order to
increase the attractiveness of enzymes for industrial processes, improving their long-term
biocatalytic efficiency is a key target. It is well known that an increase in enzyme stability, and
consequently biocatalytic productivity, can be achieved through immobilization on solid
supports [2—4]. In particular, polymers have shown high potential as enzyme carriers generating
biocatalytic systems with an improved stability to external conditions, such as temperature, pH
and reaction media [5]. The binding of enzymes on support surfaces can generally be
established by adsorption, ionic or covalent bond formation. However, the positive effect in
terms of stability is frequently offset by a loss in biocatalytic activity. One explanation is the
decreased accessibility to the enzyme’s active site by the substrate due to conformational
restrictions by attaching the protein to the support material. In order to overcome this, the
preservation of the natural environment for a specific enzyme has been identified to be of high
importance [6]. This can be realized by chemical modification of the surface, such as by
increasing the hydrophilicity of the surface. Functionalization with poly(ethylene glycol) (PEG)
for instance shows an improvement in enzymatic activity [7]. Developments in reactor design
and reaction conditions play an additional role in order to optimize enzyme efficiency and
consequently entire biocatalytic processes. We recently reported that biocatalytic reactors with
immobilized enzymes can exhibit differences in their overall productivity, depending on the
local position of the enzymes within the flow field of the reactor [8]. Changing the surface
pattern of a given amount of enzyme resulted in a different productivity. It was shown that
optimization of the spatial distribution of the immobilized enzymes could thus lead to an
improved reactor efficiency.

In order to test the influence of such modifications in continuous flow systems, microfluidic
devices have been proven to be suitable due to their small size, low consumption of reagents
and limited reaction volumes as well as high throughput combined with a high degree of
reproducibility [9,10]. Additionally, good heat and mass transfer in combination with laminar
flow provide good control over reaction conditions [11]. Laminar flow restricts mixing to occur
exclusively by diffusion, unless this is circumvented by specific microchannel configurations.



Heterogeneous reactions take place solely on the surface of the catalyst or on the surface that the
catalyst is bound to. In these systems, diffusion shows a great impact on the overall reaction,
which is influenced by many different parameters, such as flow rate, concentration, dimensions
of the reactor geometry and reaction rate [12]. Microfluidic systems are traditionally fabricated
in glass or polymeric materials such as poly(methyl methacrylate) (PMMA) or
poly(dimethylsiloxane) (PDMS) [13-15]. Especially PDMS has been used extensively for
microfluidics due to the ease of fabrication and relatively low cost [16]. Mold casting enables
the preparation of different reactor designs and has been applied for the development of
biocatalytic microreactors. Hence, enzymes were immobilized on polymer microbeads [17,18]
or onto the reactor walls [19]. Alternatively, the formation of a surface patterned phospholipid
bi-layer or an adsorbed protein layer [20] enabled the attachment of enzymes on the PDMS
surfaces.

Direct protein and enzyme immobilization onto polymer surfaces in microfluidic devices in off-
stoichiometric thiol-ene (OSTE) material is an interesting alternative to the currently used
PDMS systems. OSTE thermosets have recently evolved into a very versatile platform, which
have been successfully applied for fabrication of microfluidic devices [21]. Generally, OSTE
systems consist of a multifunctional thiol and a multifunctional alkene (ene) reacting through
thiol-ene chemistry (TEC) either under photochemical or thermal conditions [22]. OSTE
networks are compatible with many organic solvents, are thermally stable and can be directly
surface functionalized. Material properties can be controlled by selecting from a large variety of
reagents, which makes this system very versatile. The OSTE approach has recently been
updated in order to improve mechanical properties as well as surface bonding, which is essential
for the fabrication of microfluidics. In this OSTE+ system, Bisphenol A diglycidyl ether
(BADGE) undergoes a thiol-epoxy reaction in an additional, orthogonal curing step. This
enables covalent sealing between interfaces of the precured material in order to prevent leaking
under operating conditions, which is a well-known challenge in microfluidics [23,24].
Mechanical properties of the thermoset can be controlled by stoichiometric variations between
thiol and ene groups. Furthermore, off-stoichiometric ratios result in excess of unreacted
functional groups, either thiol or ene [25]. These functional groups are well suited for further
surface functionalization via photochemical TEC, which has been applied for tailoring surface
properties [26,27] or introducing different functional molecules [28]. Additionally,
photochemical TEC on the surface offers a possible pathway for surface modification in various
patterns by application of a stencil [29,30].

So far, OSTE(+) thermosets have been rarely used for the immobilization of enzymes. Lafleur
and coworkers utilized OSTE monoliths for the immobilization of galactose oxidase and
peptide-N-glycosidase F after surface activation by means of L-ascorbic acid linking groups
[31].

Recently, Schépper et al. developed a theoretical topology optimization of immobilization of
yeast cells, which resulted in an 8-10 fold improvement in theoretical production rate [32].
Inspired by this approach and by applying isolated enzymes instead of whole cells, we
demonstrated using computational fluid dynamic (CFD) simulations that in a laminar flow field
of a square reactor with a distributed flow pattern, the biocatalytic reactor efficacy considerably
depends on the positioning of the immobilized enzyme [8]. By varying computationally the
topology of immobilized enzymes inside the microreactor, simulated reactor configurations with
substantially improved productivities were obtained. To the best of our knowledge, reactor



optimization based on the positioning of the immobilized biocatalyst within the reactor, either
computationally or experimentally, has not yet been done.

The objective of this proof-of-concept study was the methodological development of a
biocatalytic reactor, which enabled experimental and computational investigation of the effect
of the local distribution of immobilized enzymes towards the overall reactor efficacy. The
correlation between experimental and computational results should demonstrate the potential of
CFD simulations to predict the biocatalytic performance of such reactors, and would thus open
up for the use of CFD for optimization of the microfluidic reactor configuration. In order to
achieve this, an enzymatic microreactor containing immobilized horseradish peroxidase as a
model enzyme in distinct surface patterns was developed. A square reactor geometry was
selected in order to achieve a specific flow pattern characterized by a velocity distribution
across the reactor. The laminar flow within the reactor made it possible to assess the impact of
selectively distributing the immobilized enzyme on the overall reactor productivity. The impact
of the spatial distribution of surface immobilized HRP towards the biocatalytic performance was
determined and the results were correlated to those obtained from CFD simulations. This
strategy offers a possibility for reactor development and can facilitate the optimization process
of new catalytic reactors.

2. Experimental

2.1. Materials

Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP, >95%), 1,3,5-Triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (TATATO, 98%), bisphenol A diglycidyl ether (BADGE, >95%), 1,5-
Diazabicyclo[4.3.0]non-5-ene (DBN), allyl bromide (97%), disperse red 1 (95%), potassium
hydroxide, 18-crown-6-ether, allyl glycidyl ether (>99%), horseradish peroxidase (HRP,
Iyophilized powder, 50-150 U mg™), 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS, >98%), hydrogen peroxide (3%), toluene and THF were obtained
from Sigma Aldrich and used without further purification. Lucirin TPO-L (ethyl-2, 4, 6-tri-
methylbenzoylphenyl phosphinate) was purchased from BASF. Sylgard 184 -
poly(dimethylsiloxane) (PDMS) elastomer kit was purchased from Dow Corning.

2.2. Characterization
NMR spectroscopy was carried out on a Bruker Avance 300 MHz spectrometer. Chemical shifts
are given in ppm.

2.3. Microchip preparation

Master molds for the top and bottom part of the microfluidic device fabricated in poly(methyl
methacrylate) (PMMA) were micro-milled in order to use them for the preparation of negative
molds. Those were prepared from PDMS (Sylgard 184 elastomer kit) by curing at 80 °C and
casting from the master molds. The PDMS molds were utilized for all further microchip
preparation procedures. For this in brief, PETMP, TATATO and BADGE were mixed in a
functionality ratio of 2.0 : 1.0 : 0.25. Lucirin (1.0 wt%) and DBN (1.0 wt%) were added and the
solution was homogenized by mixing in a Speedmixer (SpeedMixer™ DAC 150.1 FVZ) for 2
min at 3000 rpm and subsequently poured into the PDMS molds and covered with a PMMA
slide ( thickness 2 mm) in order to ensure uniform thickness. In the subsequent light induced



curing step, this mixture was irradiated with UV light (LU= 365 nm, 2.9 mW cm™ without and
1.6 mW cm with PMMA slide on top of the thiol-ene mixture) for 10 min. The obtained upper
and lower layer of the microchip were aligned and properly attached to each other. Two thin
PMMA plates, one on top and one at the bottom, were fixed at the microchip and by employing
several clamps; the system was mechanically sealed in order to provide best contact.
Subsequently, the microchip was thermally cured at 80 °C under vacuum for 2 h. The resulting
sealed microchips were used without further treatment.

2.4. Synthesis of allyl disperse red 1

18-crown-6-ether (12.9 mg, 0.048 mmol), THF/water (10 mL, 99.5:0.5 vol%), potassium
hydroxide (0.693 g, 12.1 mmol) and disperse red 1 (1.00 g, 3.03 mmol) were added into a round
bottom flask and stirred at room temperature for 1 h. Allyl bromide (0.81 mL, 9.08 mmol) was
subsequently added at room temperature. The solution was stirred for 21 h until the substrate
was fully converted, which was determined by thin layer chromatography in heptane/ethyl
acetate (60:40). After addition of ammonium chloride solution (NH,CI, 20 mL, 2 M), the
reaction solution was extracted with dichloromethane (5x20 mL). The organic phase was dried
over MgSQ,, filtrated and subsequently concentrated in vacuo leading to a dark red solid
powder as the final product (1.18 g, 86 % yield).

2.5. Microchip surface modification with allyl disperse red 1

An allyl disperse red 1 (83.8 mg, 0.30 M) solution was prepared in toluene (0.8 mL) containing
benzotriazole (0.69 mM) and Lucirin (33 mM). During the entire procedure light exposure of
the reaction solution was minimized by covering vials and syringes with aluminum foil. Before
filling the microchip with the reactive solution, a stencil mask (with specific pattern) made of a
black polypropylene (PP) sheet was attached on top of it and a black PP sheet on the bottom of
the chip. Then, an aliquot of the light sensitive solution was added into the cavity of the
microchip using a syringe. The microchip was then irradiated with UV light (A= 365 nm, 1.0
mW cm) from the top for 3 min and subsequently covered with aluminum foil and flushed
continuously with 80 mL of toluene for 240 min.

2.6. Microchip surface modification for enzyme immobilization

For the surface modification, 174 pL allyl glycidyl ether (1.47 mmol, 0.29 mM) and 4.83 mL
toluene (containing 0.78 mM benzotriazole) were added into a vial. During the entire procedure
light exposure of the reaction solution was minimized by covering vials and syringes with
aluminum foil. Subsequently, 51.6 mg of Lucirin (0.163 mmol, 33 mM) were added and the
solution was homogenized by mixing using a VVortex mixer. Before filling the microchip with
the reactive solution, a black polypropylene (PP) stencil mask (with specific pattern) was
attached on top of it. Additionally, the bottom of the chip was also covered with a black PP
mask. Then, an aliquot of the light sensitive solution was added into the cavity of the microchip
using a syringe. The microchip was then irradiated with UV light (A= 365 nm, 1.0 mW cm?)
from the top for 3 min and subsequently covered with aluminum foil and flushed continuously
with 50 mL of toluene for 180 min. The solvent was evaporated in a vacuum oven at room
temperature.

2.7. Horseradish peroxidase immobilization



The surface modified microchips were filled with HRP solution (1.0 mg mL™ in PBS buffer pH
7.2) and incubated for 15 h at 4 °C. Then, the supernatant immobilization solution was removed
and the microchip was flushed with 25 mL of PBS buffer (pH 7.2) within 1 h.

2.8. Activity study

The microchip was filled with phosphate buffer (0.1 M, pH 5). Subsequently the inlet of the
microchip was attached to a syringe pump and the outlet to a UV-Vis detector for online
absorbance measurements [33]. The microchip was continuously flushed with phosphate buffer
solution (0.1M, pH5) containing ABTS (1.0 mM) and hydrogen peroxide (2.0 mM) at a flow
rate of 225 uL min.using a syringe pump (500uL, Tecan Cavro XLP6000) The outlet of the
microreactor was connected to an 8-port injection valve (VICIE45-230-CR2 head) which was
programmed to collect samples every 16s. The UV-Vis detector (Agilent G1315AR) recorded
the absorbance at wavelengths of 340 and 414 nm corresponding to the absorbance maxima of
the substrate (ABTS) and its oxidized product (ABTS®"), respectively. After reaching steady
state conditions, the measurements were constantly recorded for a further 30 min. Afterwards
the microchips were rinsed with phosphate (0.1 M, pH 5) and PBS buffer (pH 7.4). A schematic
drawing of the setup can be found in the supporting information (SI-Fig. 1).

2.9. Computational fluid dynamic simulation

Each microreactor geometry was designed and discretized in calculation elements using the
software ICEM CFD® 16.0. The number of elements for the four simulated structures varied
between 850000 and 900000 elements. The setup of the system as well as the 3-dimensional
simulations were performed with help of the commercial software ANSYS CFX (16.0). The
flow inside was simulated as a steady state laminar flow, with a constant flow rate of 225 pL
min™ matching the experimental conditions. The diffusion coefficients used in the
computational investigation have been previously reported in the scientific literature [34]. The
diffusion coefficients for both the substrate and the product were assumed to be the same,
2410 m? s, since there are no significant structural changes for the molecules. The kinetic
parameters Ky, and k., were experimentally determined by maintaining the hydrogen peroxide
concentration constant, which simplifies the Ping Pong Bi Bi kinetic mechanism to the
Michaelis-Menten mechanism. The apparent kinetic parameters were determined from this
mechanism. The Michaelis-Menten constant (Ky) and the maximum reaction rate (V.) Were
calculated using the Hanes-Wolf method and the turnover number (k) was obtained through
the linear relation between the V. values and the enzyme concentration. The experimentally
determined reaction kinetic parameters are: Ke = 732 st and Ky = 0.76 mM. The immobilized
enzyme is defined as a wall on which the reaction occurs. The enzyme concentration on the
surface was determined considering that the diameter of an enzyme molecule is assumed to be
roughly 10 nm. From the area of a molecule (7.85-10%" m?), the maximum concentration of
enzyme that can be immobilized in a monolayer is calculated as 2.12:10® mol-m? [35]. The
dimensions of the immobilization areas in the CFD simulation are the same as the areas of the
experimental work.

The performance of each structure was evaluated by considering the average product
concentration at the outlet at steady state as the performance indicator.



3. Results and discussion

In Figure 1 the fabrication process of the thiol-ene-epoxy based microreactors is illustrated,
including the used monomers (A), the photochemical (B) and the subsequent thermal (C) curing
step. As base compounds PETMP, TATATO and BADGE (see Figure 1A) were used in a ratio
of 2.0:1.0:0.25.
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Figure 1. Schematic representation of the preparation of OSTE+ microchips with subsequent
surface modification. A) Monomers for OSTE+ preparation tetra functional thiol PETMP,
trifunctional allyl TATATO and bifunctional BADGE, B) First UV curing of the OSTE+
mixture via thiol-ene reaction followed by C) a second curing that seals the system “leakage
free”

The liquid mixture was cured in a PDMS mold using lucirin as a photoinitiator and UV light
(A=365 nm), as illustrated in Figure 1B. After crosslinking, the upper and lower part of the
microchip were assembled and residual epoxide and thiol groups were utilized in a thermal
bonding reaction at the interface, which resulted in a stable and leakage-free microreactor (see
Figure 1C). The geometry of the microreactor is based on a square shape with a length and
width of 30 mm and a thickness of 0.25 mm with an inlet and outlet channel of 10 mm in length
and width located at the two opposite ends of the reactor, as can be seen in Figure 2A.
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The reactor was prepared using a thiol-ene mixture with excess of PETMP, which leads to
residual unreacted thiol groups within the bulk material and on the reactor surface. These free
thiol groups on the microreactor surface permit functionalization of the surface after assembly
of the microfluidic system. Application of stencil masks combined with UV initiated surface
grafting enabled preparation of various patterns in the reactor. In order to test the enzymatic
activity of immobilized enzymes in various configurations, four different geometric patterns
were selected. A full surface (30 x 30 mm?), a half surface (15 x 30 mm?) and two checkerboard
patterns with either a fine (256 squares of 1.7 x 1.7 mm? each of which 128 were modified) or a
coarse (64 squares of 3.55 x 3.55 mm? each of which 32 were modified) were prepared. In order
to test and visualize the surface patterning, an allyl functional disperse red dye was used as
shown schematically in Figure 2B. The high selectivity of the reaction permits direct and
accurate replication of the applied stencils as shown in the photographs of the final surfaces in
Figure 2C. Additionally, due to the use of benzotriazole as UV-absorber, significant reaction
selectivity for the irradiated surface was obtained. In fact, by irradiation from the top,
exclusively the upper surface of the reactor cavity was modified with the allyl disperse red
leaving the bottom surface unreacted. An image of the upper and lower surface after
photochemical reaction with the red dye can be found in the supporting information (SI-Fig. 2).
The surface modification procedure offers a controlled area functionalization with high
selectivity for the irradiated surface by UV initiated TEC. Replacement of the dye with allyl
glycidyl ether undergoing the same TEC leads to surface patterned epoxides, which are known
to covalently bind enzymes via ring-opening with free amine residues from the enzyme
structure [36]. The reaction scheme from surface modification with allyl glycidyl ether and
subsequent covalent immobilization of horseradish peroxidase (HRP, EC 1.11.1.7) can be seen
in Figure 3.
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Figure 3. Microchip functionalization of remaining surface thiol groups using allyl glycidyl
ether via UV initiated thiol-ene reaction and subsequent covalent HRP immobilization with
introduced epoxide groups on the microreactor surface

HRP dissolved in PBS buffer was immobilized on the epoxy patterned reactors by overnight
incubation. HRP is a well-studied enzyme, which oxidizes a wide range of aromatic compounds
in the presence of hydrogen peroxide (H,0,). It can be widely applied in bio-sensing, medical
diagnostics and other biomedical applications [37,38]. The quantification of the immobilized
amount of HRP was attempted using the Bradford assay [39] and the bicinchoninic acid (BCA)
assay, which were in both cases inconclusive due to the low concentration of enzyme and
interference with residual thiol groups on the surface, respectively [40]. Quantification using
fluorescently labeled enzymes on thiol-ene surfaces confirmed the presence of immobilized
enzymes on the surface, but could not be used to determine the amount of attached enzyme due
to background fluorescence from the material (see SI-Fig. 3). Therefore, the exact quantification
of the enzyme concentration on the surfaces is not possible.



In the presence of H,0, HRP catalyzes a one-electron oxidation of 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonate) (ABTS) to a radical cationic product (ABTS®"). The
absorbance maximum of ABTS at 340 nm (e3,=3.6 x 10* M cm?) is shifted to 414 nm
(€414=3.6 x 10* M™* cm™) for its oxidized product ABTS®!, from which the activity of
immobilized HRP can be determined [41]. Kinetic parameters of immobilized HRP have been
studied previously in a microfluidic packed bed reactor [18], monolith structures [42] or on
planar surfaces [43]. It has been shown that apparent enzyme Kinetics vary greatly depending on
the applied configuration, flow rate and type of immobilization compared to that of enzymes
free in solution. In this study, HRP was uniformly immobilized via covalent bonding on the
same support, which resulted in the same individual activity for all immobilized enzymes.
However, their contribution to the overall reactor activity is a function of many parameters,
including flow rate mass transfer, diffusion but also the spatial distribution of the immobilized
enzymes in the microreactor. The used concentrations of ABTS and H,0, were significantly
higher than required for the applied conditions in order to ensure large excess of substrates. The
overall reactor performance of the individual configurations was constantly measured over time
as shown in Sl-Figure 4. An average of the absorbance measured under steady state conditions
between 350 and 850 s, which was in agreement with CFD, correlated directly to the formed
product at the outlet of the reactor, as presented in Figure 4.
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Figure 4. Overall reactor performance of the different reactor configurations illustrated as
absorbance measurements at 414 nm corresponding to the formed product at the reactor outlet

A reference measurement was performed, in order to eliminate the potential contribution of
adsorbed enzymes to the measured activities. This native surface, undergoing the same enzyme
incubation procedure, did not show any activity (Figure 4, reference). Therefore the absence of
unspecific adsorption of HRP on the selected surfaces could be confirmed, which makes this
surface well suited for immobilization of HRP. These results of the four different configurations
show clearly that the fully modified microreactor, containing the largest activated surface and
thus the highest amount of immobilized HRP, was the most active one. The two checkerboard
structures had a reduced performance by 26 and 30 % of that of the fully immobilized surface.
Furthermore, the overall reactor activity was reduced even further when only half of the reactor
surface was modified.

The main focus of this study was the determination of the effect of enzyme distribution over the
reactor surface and the specific system was therefore designed only to illustrate the impact of



different surface patterns. Therefore, the product absorbance for the individual patterns is
additionally shown relative to the respective modified surface area, which allows direct
comparison of the reactor efficiency between the selected patterns (see Figure 5A). The areas of
the individual activated surface patterns were calculated from the applied photomasks (see Sl-

Table 1).
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Figure 5. Comparison of experimentally determined ABTS®" absorbance at 414 nm per mm?
modified area at the reactor outlet in steady state condition (blue) and ABTS®" outlet
concentration obtained from CFD simulations in mM mm? (red) of various surface patterns,
reference (HRP adsorption on non-modified surface, empty squares), half modified surface,
coarse checkerboard, fine checkerboard, fully modified surface; and B) Illustration of product
concentration on the top surface in the microreactor (in steady state simulations) dimensions
using fully modified surface (a), half modified surface (b), fine checkerboard structure (c),
coarse checkerboard structure (d), where red surfaces illustrate a high and blue surfaces a low
product concentration.

Investigating the impact of different patterns demonstrated a slightly reduced absorbance per
enzyme area (by 23%) for the microreactor with half of the area covered compared to the fully
modified surface, which was not entirely plausible due to symmetry of the pattern, but was
finally attributed to experimental inaccuracy. However, the fine and the coarse checkerboard
structures exhibited an increased efficiency with 81 and 56 % higher absorbance per active area
than the fully modified surface, which demonstrates a significant improvement in product
concentration relative to the functionalized surface area or in other words, amount of
immobilized enzyme. In fact, it is clearly demonstrated here that the enzyme distribution over
the surface affects the overall activity of the microreactor. This improvement of the reactor
productivity is influenced by a series of other factors such as flow conditions, substrate
diffusion rates and local substrate concentrations. The flow within this reactor geometry is
characterized by a gradient, in which the highest velocity is present in the center of the reactor
and a reduced velocity at the sides. The difference in velocities across the reactor can
consequently influence the mass transport and mixing of the fluid. Therefore, the accessibility
of substrate for the enzyme near the surface depends on the position and the local conditions.
The selection of this particular reactor design was used in order to generate this complexity of
overlapping phenomena.



Computational fluid dynamic (CFD) simulations were conducted in order to validate the
experimentally determined performance of the microreactors as a function of the different
enzyme immobilization patterns, the impact of the laminar flow conditions, geometry and
material transport limitations (diffusion). The product concentrations at the outlet of the reactor
for each modified surface area were determined, as presented in Figure 5A (red) and visualized
in different patterns, as shown in Figure 5B.

In the flow simulations under steady-state condition all parameters were selected to reflect the
experimental setup, such as dimensions of the microreactor, outlet, inlet and immobilization
patterns, flow rates, substrate concentrations and theoretical diffusivity. Therefore, it is not
possible to compare the results from the experimental and the computational results directly, but
merely the trends. Using the same surface patterns, the CFD simulations exhibit the same trend
in terms of reactor efficiency as seen in the experimental setup (see Figure 5A, red). The
simulation of the full and half modified surface show very similar product concentrations
relative to the activated surface area. Similarly for the experimental results, the product
concentration obtained from CFD simulations showed an increase of 78 and 57 % for the fine
and the coarse checkerboard structure compared to the fully modified surface. The experimental
results and computational findings correlate well and demonstrate a clear dependence of the
overall product formation relative to the distribution pattern of enzymes on the modified surface
area.

4. Conclusions

In order to demonstrate how the position of immobilized enzymes influences the biocatalytic
efficacy of a reactor and thus, how reactor performance can be predicted; we have developed a
method that correlates experimental results with microreactors containing patterned
immobilized enzyme surfaces to CFD simulations as a proof-of-concept study. Initially, an
experimental setup was prepared in which HRP could be selectively immobilized in specific
patterns onto the surface of an OSTE+ microfluidic reactor. OSTE+ based microfluidic devices
were surface modified with allyl disperse red, illustrating the effect of applied stencil masks,
and with allyl glycidyl ether enabling the covalent immobilization of HRP. High selectivity of
the stencils and exclusive functionalization of the directly irradiated surface was achieved by
use of a UV absorber. The performance of the microreactors was significantly influenced by
patterning of the enzyme on the surface and two checkerboard structures (fine and coarse
patterns) showed an increased efficiency compared to a half area covered reactor, even though
the total area of immobilized enzyme was similar. These results correlated very well with CFD
simulations of the same reactor designs, illustrating that the configuration pattern plays a
significant role in explaining the outstanding performance of the two checkerboard structures.
The good agreement between experimental and computational results demonstrates the potential
of computational models in order to predict and optimize the performance of such reactors.
Further reactor optimization using computational simulations in combination with experimental
reactor preparation is the subject of ongoing research.
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Appendix 4.2 — Supporting information

Piston pump
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pump
| Microfluidic reactor | Waste 1 Waste 2

4' Diode array detector (UV)

Mobile phase  Substrate (ABTS and
(phosphate hydrogen peroxide)
buffer pH5) in phosphate
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Figure 1 Schematic of the experimental setup used for activity measurement

Figure 2 Photograph of disassembled microreactor after thiol-ene surface reaction with allyl disperse red, left:
functionalized top part of microreactor, right: not functionalized bottom part of microreactor
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Figure 3 Fluorescence intensity measurements of a plane thiol-ene surface compared to a thiol-ene surface activated
with epoxides (with allyl glycidyl ether) and covalently immobilized rhodamine labeled horseradish peroxidase
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Figure 4 Experimentally obtained absorbance values at 414 nm during continuous product formation in the

microreactor

Table 1 Concentration of ABTS®*" at the outlet for the different configurations of immobilized enzyme and

immobilization surface area obtained from CFD model

Structure [ABTS  Joutlet  Enzyme area®
(mM) (mm?)
Full surface 0.47 900
Coarse checkerboard 0.33 403
Fine checkerboard 0.34 370
Half surface 0.24 450

®area determined directly from the applied photomasks






151

Appendix 5
Supporting information to Chapter 7

1773,707 782,245

—— PSi-1 with TFAA
——pst2c
——PSf1

1733,209
1677,284

r T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm™)

Figure S1 IR spectra of virgin membrane (PSf-1), reacted membrane with trifluoroacetic anhydride (TFAA, PSf-1
with TFAA) and as comparison the IR spectrum of PSf-2c (membrane reacted with acid chloride after lithiation)

PSf-2¢

r T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm™)

Figure S2 IR spectra of polymer grafted PSf membranes post functionalization, top: via SI-ATRP including activated
3-(chloromethyl)benzoyl PSf membrane, grafted with polyHEMA (PSf-4a), polyMPEGMA (PSf-4b), polyPEGMA
(PSf-4c) and polyVim (PSf-4d)
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Figure S4 IR spectra of polymer grafted PSf membranes post functionalization via azidation (PSf-3) and subsequent
CuAAC with alkyne-pPEGMA (PSf-5)
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Figure S6 High resolution nitrogen N1s XPS spectrum of PSf membrane surface modified with azide groups (PSf-3)
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Appendix 5
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Figure S7 XPS spectrum of PSf membrane surface grafted by CUAAC with alkyne-pPEGMA (PSf-5)
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Figure S8 High resolution nitrogen N1s XPS spectrum of PSf membrane surface grafted by CuAAC with alkyne-

PPEGMA (PSf-5)
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Table S1 Dynamic WCAs (advancing and receding) and permeability results of PSf membranes activated via
acylation and azidation, post-functionalization, via SI-ATRP and CUAAC

# Bagvancing Oreceding Permeability
© ©) (Lm?h™ bar™?)
psf-1 88.1+0.9 48.7+1.2 428+1.6
psf-2¢ 83.0+15 485+1.0 35.1+4.4
pPSf-3 76.0+1.0 32916 256 +2.6
PSf-4a 60.0+1.0 214+0.7 70+1.0
PSf-4b 65.7+1.0 299+13 6.9+0.3
pSf-4c 60.6 +1.6 148+0.9 48+0.2
PSf-4d 754 +3.2 20325 136+1.0
PSf-5 57.0+2.8 16.6 +1.5 84+04
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