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,,As long as wood-chemical industries are unable to process lignin to commercial advantage,
their position to coal and oil industries will remain that of the country butcher competing with

the Chicago meat packer who exploits everything but the squeal.”

— Egon Glesinger (1949, The coming age of wood)
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Abstract

Abstract

Lignocellulosic biomass constitutes a promising renewable feedstock for replacement of crude oil for
the production of fuels and chemicals. Next to cellulose, lignin is the second most abundant biomass
component making up around 25 % of the world’s biomass. While processes for valorization of cellulose
already exist, namely paper pulp and second generation bioethanol production, lignin is predominantly
used for the production of heat and power. However, due to the aromatic structure lignin could serve as
a renewable feedstock for valuable functionalized aromatic chemicals if it can be depolymerized
effectively. Despite considerable research devoted to depolymerization of the biopolymer only one
process, namely vanillin production from lignosulfonates has been realized on an industrial scale to date.
Basidiomyceteous white-rot fungi effectively degrade lignin in nature using a mixture of extracellular
enzymes. Consequently, applying these enzymes for lignin depolymerization might present an
interesting alternative to the chemical options usually considered.

The present thesis explores the potential valorization of lignin through oxidative depolymerization by
applying lignin modifying enzymes (LMES). Moreover, a new high-throughput microplate respiratory
assay for efficient characterization of oxygen consuming LMEs like laccases and glucose oxidases was
developed. Furthermore, an enzyme immobilization method initially developed for the immobilization
of laccases on fumed silica nanoparticles (fsNP) was optimized and adapted for the immobilization of
several LMEs on fsNP and superparamagnetic nanoparticles (MPs) to allow enzyme reuse and enhance

enzymatic stability.

The high-throughput microplate respiratory assay allows multi-parallel measurement of O-
consumption by enzymatic reactions in 24 or 96 well plate formats. The newly developed and validated
method enables the comparative quantitation of LME characteristics. Furthermore, the time it usually
takes to collect respiratory data of oxygen-consuming enzymes is considerably reduced in comparison
to conventional methods employed for oxygen consumption measurements, e.g., Clark electrode-based
methods. Moreover, in comparison to assays based on substrate transformation measurements, it allows
direct assessment of the enzymatic activity, provides information about reaction stoichiometry, and is
unaffected by possible radical chain reactions or competition between different substrates. Therefore, it
allows obtaining ample data on enzymes using oxygen as a substrate and has the potential to illuminate
aspects of enzymatic reactions that cannot be assessed using common enzymatic assays focusing on

product formation.

Enzyme immobilization on nano-composites, i.e., fsNP was performed following a previously
developed immobilization method. This method was adapted and optimized while the principle process
steps remained unchanged. First the particle surfaces were modified by aminopropylation using an

organofunctional alkoxysilane. In a next step enzymes were added to the suspension and allowed to
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adsorb on the particles. Next a cross-linker was applied to the suspension which covalently linked the
enzymes and the particles. Furthermore, internal cross-linking of enzymes and cross-linking between
enzymes potentially occurred as well resulting in the formation of cross-linked enzyme aggregates
(CLEAS) on the particle surface. This method was first optimized for enzyme immobilization on fsNP
using laccase as model enzyme regarding the consumables required. Next it was amended in order to
allow immobilization of specific enzyme combinations enabling the production of defined multi-enzyme
fsNP. Finally, it was further optimized in order to allow for a more efficient production of enzyme-fsNP
on the kilogram-scale.

Regarding enzyme immobilization on superparamagnetic materials, the same basic reaction steps as for
fsNP were performed. MPs were produced by co-precipitation of two iron salts. Subsequently, enzyme
immobilization was optimized regarding specific activity and stability of the biocatalysts using response
surface methodology (RSM). Results allowed formulation of biocatalysts having high specific
enzymatic activity and improved stability. The biocatalysts showed considerably higher stability
compared with the dissolved enzymes over a pH range from 3 to 9 and in the presence of several

chemical denaturants.

Different LME and LME combinations were screened regarding their ability to degrade lignin in the
presence and absence of organic co-solvents. Organic solvents were used to increase the accessibility of
the hydrophobic biopolymer to the enzymes. Considerable oxidation of lignin could be achieved using
oxidative LME in combination with organic solvents. Especially in mixtures containing dimethyl
sulfoxide (DMSO) or methanol (MeOH) the formation of stable monomeric substances was observed.
The main monomeric reaction product was identified as 2,6-dimethoxy benzoguinone (DMBQ) and was
produced at a yield of up to 2.20+0.05 wt%. However, higher molecular weight reaction products were
produced as well indicating the occurrence of lignin condensation and polymerization reactions.
Additionally, enzyme adsorption on polymerized lignin was observed. Of the tested enzymes, laccases
seem the most promising regarding application. While similar results regarding production of low
molecular weight compounds were achieved with certain peroxidases, laccases have considerable
advantages regarding application. Most importantly, they do not need the addition of H.O, which has to
be properly controlled in case of peroxidases to prevent enzyme inactivation by too high H.O:
concentrations. Furthermore, laccases are already produced on an industrial level which is not the case

for many peroxidases.

Several redox-mediators were tested in combination with laccases to extend the reactivity of the
enzymes beyond phenolic groups on lignin. Preliminary experiments indicated that artificial mediators
like 1-hydroxybenzotriazole (HBT) or 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPQO) might be more
effective than natural phenolic mediators since the natural mediators were partially polymerized during
treatment, i.e., their oxidized forms were unstable and their redox conversion was not cyclic.

Consequently, lignin treatments with laccase immobilized on MP in presence of HBT, TEMPO, or
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MeOH were conducted. Five different technical lignins were used as feedstock. After biocatalytic
treatment the water insoluble lignin was further treated in an additional step leading to formic acid
induced lignin depolymerization. The sequential treatment allowed the production of considerable
amounts of lignin oligomers as well as some phenolic monomeric compounds. Yields depended on the
exact treatment as well as the lignin material used. One lignin, i.e., soda lignin from wheat straw was
selected for further process optimization using RSM. At optimized conditions up to 45 wt% of lignin
could be solubilized either in aqueous solution after the first treatment or in ethyl acetate (EtAc) after
the second (chemical) treatment. The solubilized products were mainly low molecular weight aromatic

mono- and oligomers.

The developed process constitutes a promising first step towards a possible lignin valorization strategy.
However, further improvements of the process as well as more detailed study of downstream processing
and possible applications of reaction products are necessary before realization can be considered.
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Zusammenfassung

Zusammenfassung

Lignocellulose ist ein vielversprechender, erneuerbarer Rohstoff, der kiinftig Rohél ersetzen und zur
Herstellung von Chemikalien und Treibstoffen verwendet werden konnte. Lignin ist ein
Hauptbestandteil von Lignocellulose, macht rund 25 % der Biomasse weltweit aus und wird derzeit zum
groften Teil in Anwendungen geringen Werts wie der Produktion von Wérme und Strom eingesetzt.
Allerdings kénnte Lignin aufgrund seiner chemischen Struktur fiir die Produktion von wertvollen
Aromaten verwendet werden, falls es gelingt das Biopolymer effizient zu depolymerisieren. Trotz
umfangreicher Forschungsarbeit auf diesem Gebiet wird bis heute nur ein Prozess zur Herstellung von
Vanillin aus Lignosulfonaten industriell betrieben. In der Natur wird Lignin effizient mit Hilfe
extrazellularer Enzyme  von  Weissfaulepilzen abgebaut. Folglich konnte  ein
Lignindepolymerisationsprozess basierend auf solchen Enzymen eine interessante Alternative zu den

ublicherweise untersuchten, chemischen Abbauprozessen darstellen.

In der vorliegenden Arbeit wird die potentielle Valorisierung von Lignin durch einen oxidativen
Depolymerisationsprozess unter Zuhilfenahme ligninmodifizierender Enzyme (LMES) untersucht. Des
Weiteren wurde eine neue Methode zur Messung der Aktivitét sauerstoffzehrender Enzyme entwickelt,
welche  auf  einem respiratorischen Zellassay  basiert. Ferner ~ wurde  eine
Enzymimmobilisierungsmethode weiterentwickelt, welche urspriinglich fiir die Immobilisierung von
Laccasen an pyrogene Kieselsédurenanopartikel (fsNP) eingesetzt wurde. Die Methode wurde optimiert
und angepasst, um verschiedene LMEs an fsSNP sowie an superparamagnetische Nanopartikel (MPs) zu

immobilisieren.

Die neue Messmethode erlaubt die parallele Messung der Sauerstoffzehrung durch enzymatische
Reaktionen in 24- oder 96-Well-Platten. Dies wverkiirzt und vereinfacht die Charakterisierung
sauerstoffzehrender Enzyme im Vergleich zu herkémmlichen Methoden zur Bestimmung von
Sauerstoffzehrung, z.B., Methoden basierend auf Clark-Elektroden. Des Weiteren erlaubt sie, im
Gegensatz zu Methoden die auf Substratumsatz basieren, die direkte Messung der Enzymaktivitat, liefert
Informationen zu der Reaktionsstochiometrie, und wird nicht beeinflusst durch mdgliche
Radikalkettenreaktionen oder Konkurrenz zwischen verschiedenen Substraten. Folglich erlaubt die
neuentwickelte Methode Aspekte enzymatischer Reaktionen sauerstoffzehrender Enzyme zu

untersuchen, welche von herkdmmlichen Enzymassays nicht erfasst werden kdnnen.

Enzymimmobilisierung an fsNP wurde aufgrund einer bereits etablierten Immobilisierungsmethode
durchgefuhrt. Diese Methode wurde angepasst und optimiert, wahrend die grundsatzlichen
Prozessschritte beibehalten wurden. In einem ersten Schritt wurde die Oberflache der Partikel mittels
eines organofunktionellen Silans modifiziert. In einem ndchsten Schritt wurden die Enzyme zur

Suspension zugegeben und an die Partikeloberfldche sorbiert. Danach wurde ein Vernetzer zugegeben,
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welcher die Enzyme kovalent an die Partikeloberfliche band. Zusétzlich zur Bindung an die
Partikeloberflache fand potentiell auch Vernetzung interhalb und zwischen Enzymen statt, was zur
Formierung von vernetzten Enzymaggergaten fuhrte. Diese Methode wurde optimiert fir die
Immobilisierung von Laccasen an fsSNP hinsichtlich der bendtigten Verbrauchsmaterialien. Danach
wurde sie erweitert, um die Immobilisierung spezifischer Enzymkombinationen an die Partikel zu
ermoglichen. Schlussendlich wurde die Methode weiter angepasst, um die Produktion der
Nanobiokatalysatoren im Kilogrammmalf3stab zu ermdglichen.

Immobilisierung an MPs wurde auf der Basis derselben Immobilisierungsmethode erreicht. MPs wurden
mittels Koprézipitation zweier Eisensalze hergestellt. Danach wurde die Enzymimmobilisierung
hinsichtlich spezifischer enzymatischer Aktivitat und Stabilitat mittels Antwortflachenmethode (RSM)
optimiert. Die Resultate erlaubten die Herstellung von Biokatalysatoren mit hoher spezifischer Aktivitat
und erhohter Stabilitat im Vergleich zu ungebundenen Enzymen. Die immobilisierten Enzyme waren
deutlich stabiler Giber einen pH-Bereich von 3 bis 9 und in der Gegenwart verschiedener chemischer

Denaturierungsmittel.

Verschiedene LME und LME-Kombinationen wurden hinsichtlich ihrer Fahigkeit Lignin zu
degradieren in An- und Abwesenheit organischer Losungsmittel untersucht. Organische Lésungsmittel
wurden eingesetzt, um die Loslichkeit des Lignins zu erh6hen und dadurch den Zugang der Enzyme zu
verbessern. Betréchtliche Ligninoxidation wurde auf diese Weise erreicht. Speziell in Mischung mit
Dimethylsulfoxid (DMSO) und Methanol (MeOH) wurde die Formation stabiler Monomere beobachtet.
Das Hauptprodukt war 2,6-Dimethoxybenzochinon und konnte mit einer Ausbeute von bis zu
2.20+0.05 wt% hergestellt werden. Allerdings wurden auch Produkte mit hoherem Molekulargewicht
hergestellt. Dies deutete auf das Auftreten von Verdichtungs- und Polymerisationsreaktionen hin.
Zusétzlich wurde Enzymadsorption an polymerisiertes Lignin beobachtet. Ahnliche Resultate beziiglich
Produktion von niedermolekularen Produkten wurden mit bestimmten Peroxidasen und Laccasen
erzielt. Allerdings haben Laccasen gegeniiber Peroxidasen deutliche Vorteile beziiglich Anwendung.
Laccasen benotigen keine Zugabe von H:0., welche korrekt kontrolliert werden muss, um die
Inaktivierung der Enzyme zu verhindern. Des Weiteren werden Laccasen bereits in industriellem

Malstab produziert und sind deshalb vergleichsweise ginstig.

Verschiedene Redoxmediatoren wurden in Kombination mit Laccasen getestet, um deren Reaktivitat
auf nicht phenolische Ligninstrukturen zu erweitern. Vorversuche deuteten an, dass kunstliche
Mediatoren wie 1-Hydroxybenzotriazole (HBT) oder 2,2,6,6-Tetramethylpiperidin 1-Oxyl (TEMPO)
effektiver sind als natiirliche, phenolische Mediatoren, da die natiirlichen Mediatoren wahrend der
Behandlung teilweise polymerisierten. Dies zeigte, dass die oxidierten Formen dieser Mediatoren nicht
stabil waren und deshalb die Redoxreaktionen nicht oder nur teilweise zyklisch verliefen. Folglich
wurden Ligninbehandlungen mit Laccasen immobilisiert an MP in Gegenwart von HBT, TEMPO oder

MeOH durchgefiihrt. Finf verschiedene technische Lignine wurden als Ausgangsmaterial verwendet.
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Zudem wurde das wasserunlésliche Lignin nach der enzymatischen Behandlung einem weiteren
Behandlungsschritt unterzogen, der mit Hilfe von Ameisensdure weitere Lignindepolymerisation
einleitete. Die sequentielle Behandlung erlaubte die Produktion erheblicher Mengen von
Ligninoligomeren sowie einiger phenolischer Monomere. Die Ausbeuten hingen von dem
Ausgangslignin sowie der genauen Behandlung ab. Ein Lignin (Sodalignin von Weizenstroh) wurde
ausgewahlt, um den Prozess weiter mittels RSM zu optimieren. Bis zu 45 wt% des Lignins konnten bei
optimalen Bedingungen entweder in Wasser (nach dem ersten Behandlungsschritt) oder Ethylacetat
(nach dem zweiten Behandlungsschritt) geldst werden. Die gel6sten Stoffe waren grotenteils
niedermolekulare aromatische Mono- oder Oligomere.

Der entwickelte Prozess stellt einen vielversprechenden ersten Schritt in Richtung einer mdglichen
Strategie zur Ligninverwertung dar. Allerdings sind weitere Verbesserungen des Prozesses sowie
weitere Untersuchung vor allem bezlglich Weiterbehandlung, Aufreinigung und Verwertung der

Produkte nétig.
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1. Introduction

1. Introduction

The depletion of fossil carbon reserves and concern about global warming calls for substitutes of fossil
fuels and petrochemicals (Marquardt et al. 2010). For power production, multiple alternatives are
available, e.g., wind, sun, biomass, hydroelectricity, nuclear fission. However, biomass is the only
known renewable resource that can be converted to both fuels and chemicals (Zhang 2008). Therefore,
biorefineries using lignocellulosic feedstock have been proposed as alternatives to petroleum-based
refineries (e.g., Wyman and Goodman 1993; Holladay et al. 2007; Kamm et al. 2007; Zhang 2008;
Michels and Wagemann 2010). Recalcitrance to degradation of lignin is a major obstacle to harness
lignocellulosic biomass efficiently (Mansfield et al. 1999; Achyuthan et al. 2010; Zakzeski et al. 2010a;
Sanderson 2011).

Lignin, a complex three-dimensional amorphous polymer consisting of methoxylated phenylpropanoid
units of various types (Achyuthan et al. 2010; Isroi et al. 2011), is the second most abundant constituent
of plant biomass next to cellulose, accounting for approximately 20 % of carbon fixed in land
ecosystems (Ruiz-Duefias and Martinez 2009). About 50 million tons of technical lignin is produced
worldwide mostly by the pulp and paper industry (Wertz and Bédué 2013) and typically used in
commercial applications of low value, for example, as concrete additive (Doherty et al. 2011) or as low-
grade fuel. However, due to its structure, it constitutes a potential renewable source for aromatic added
value chemicals (Holladay et al. 2007) and numerous studies have been conducted with the goal to
depolymerize lignin (Zakzeski et al. 2010a). Despite these efforts and the abundance of the resource,
lignin depolymerization processes are, to date, not even conducted at pilot-scale (Xu et al. 2014). This
is mostly due to challenges posed by lignin depolymerization itself and by product separation (Xu et al.
2014). However, recent advances at lab-scale showed promising results regarding lignin degradation
(Rahimi et al. 2014; Lancefield et al. 2015; Luterbacher et al. 2015; Zeng et al. 2015). Specifically
targeting lignin $-O-4 ether bonds applying two-step processes seems promising (Rahimi et al. 2014;
Lancefield et al. 2015). In the first step these bonds were oxidized in the Ca position while the second
step cleaved the oxidized linkages (Rahimi et al. 2014; Lancefield et al. 2015). However, achievable
low molecular weight product yields using these processes heavily depend on the quantity of p-O-4
ether bonds of the lignin material and most biomass pretreatment methods employed today, e.g., kraft
pulping or organosolv processes considerably alter the lignin structure leading to a decrease or complete
loss of B-O-4 bonds (Rahimi et al. 2014).

In nature lignin is efficiently degraded by basidiomyceteous white-rot fungi by employing a mixture of
extracellular enzymes (Ruiz-Duefias and Martinez 2009). Among these certain peroxidases, i.e.,
manganese (MnP), lignin (LiP), and versatile peroxidases (VP), and laccases in combination with redox
mediators or auxiliary enzymes like flavin adenine dinucleotide (FAD) dependent oxidases have been

shown to cause lignin degradation (Leonowicz et al. 2001; Wong 2009). Applying these enzymes to
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processes for oxidative lignin depolymerization might present an interesting alternative to the chemical
oxidation processes that are usually operated under harsh reaction conditions, i.e., high temperatures,
pressures, and extreme pH values and lead to high amounts of solid residues. While enzymatic processes
work at ambient pressure and temperature they also have some drawbacks. Loss in enzymatic activity
over time and separation of the enzymes from the processed lignin are complicating factors that have to
be addressed. One approach to increase enzymatic stability and allow enzyme separation and reuse is
immobilization of biocatalysts on solid support materials (Sheldon 2007). In this context especially
immobilization on porous inexpensive inorganic materials with high specific surface areas is of interest
since it allows production of biocatalysts with high enzymatic activities per carrier weight while not
extensively increasing costs. Consequently, nanoparticles consisting of silica or magnetite seem suitable
carrier materials since they are both cheap and meet the criteria of high surface area per weight.
Magnetite provides the additional advantage that it is ferrimagnetic and can therefore be easily separated

from other solids in a reaction mixture through the application of a magnetic field.

The present work investigates the biocatalytic processing of lignin making use of oxidative lignin-
modifying enzymes (LME) immobilized on nanoparticles. LME are immobilized on silica as well as
magnetite particles using a sorption assisted immobilization approach (Zimmermann et al. 2011). The
influence of the treatments on the molecular weight distribution of lignin will be assessed and for
promising treatment conditions the produced low molecular weight compounds will be identified and
guantified. Furthermore, several strategies to improve the effectiveness of the treatment will be
investigated. For instance, the application of radical scavengers might prevent or limit undesired
condensation and polymerization reactions, while small redox-mediators might allow oxidation of lignin
substructures that are not directly accessible to LME. Furthermore, extension of the treatment process

with a second chemical depolymerization step potentially further improves product yields.
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2.1. Lignin structure

Lignin is a class of heterogeneous, amorphous, hydrophobic, natural polymers that exists in all terrestrial
plants (Lu and Ralph 2010). Furthermore, some aquatic organisms might also contain lignin or at least
lignin-like components (Delwiche et al. 1989). It is comprised of three main 4-
hydroxyphenylpropanoids, i.e., coniferyl, sinapyl, and p-coumaryl alcohol (Figure 2.1; Achyuthan et al.
2010). Cross-linking of these alcohols leads to phenylpropanoid units in the lignin polymer that differ
in the mehoxy substitution on the aromatic rings (Figure 2.1) named guaiacyl (G), syringyl (S), and p-
hydroxyphenyl (H) units, respectively (Wong 2009). Depending on the lignin source the ratios between
the different phenylpropanoid units differ. Hardwood lignin derived from angiosperms consists of
similar amounts of G and S units while only containing traces of H units (G/S/H = 50:50:t), while
softwood lignin derived from gymnosperms predominantly consists of G units containing only traces of
S units and low levels of H units (G/S/H = 96:t:4), and lignin derived from grasses (monocots) is
comprised of mostly G but also contains considerable amounts of S and H units (G/S/H = 70:25:5)
(Brunow 2001; Fukushima 2001; Higuchi 2006). Some additional phenolic compounds are suspected to
be lignin monomers as well, since not all structures found in lignin can be formed by coupling of the
three main lignin monomers (Figure 2.2; Vanholme et al. 2008). An unambiguous definition of lignin
structures is by no means straightforward. One of the more concise and comprehensive definitions has

been given by Brunow et al. (1999). This definition is given in the following.

“This description is not a chemical definition of protolignins, but summarizes the main structural
features based on knowledge available today. Protolignins are biopolymers consisting of phenylpropane
units with an oxygen atom at the p-position (as OH or O-C) and with none, one or two methoxyl groups
in the o-positions to this oxygen atom. These o-positions may alternatively be C-substituted or O-
substituted with other substituents than methoxyl. Only a few of the aromatic units are substituted in
other ring positions. A few percent of the building blocks in protolignins are not phenylpropane units.
The side chain is missing or shortened, or the unit is replaced by a quinoid group. The phenylpropane
units are attached to one another by a series of characteristic linkages (B—O-4, B-5, B, etc.) or,
alternatively, exist as members of a series of characteristic end groups (e.g. cinnamaldehyde units).
Practically all the types of structural elements detected in protolignins have been demonstrated to be
formed on oxidation of the p-hydroxycinnamyl alcohols in vitro (Freudenberg and Neish 1968; Adler
1977). The structural elements in protolignins are not linked to one another in any particular order.
Protolignins are not optically active. The polymer is branched and cross-linking occurs. In addition, the
following facts should be noted: (1) there are strong indications of the occurrence of linkages between
protolignin and carbohydrates, (2) some types of protolignins are esterified with phenolic acids (grass

lignins with p-coumaric acid and certain other lignins, such as aspen lignin, with p-hydroxybenzoic
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acid), and (3) scattered observations suggest that there are some units, for example, dihydroconiferyl
alcohol units, that cannot be thought to have been produced on oxidation of p-hydroxycinnamyl
alcohols.” (Brunow et al. 1999)

theory suggests that lignin monomers are

oxidized by oxidative enzymes like peroxidases

Hydroxycinnamyl alcohols (primary monomers)

leading to radical formation and that these

! radicals couple in a combinatorial way
ll/ B / / - - -
. (Freudenberg 1965). The formation of lignin
6 2
, polymers is controlled by physical parameters
3 Olde MeQ’ "OMa . - .
O: , L like temperature, pH, ionic strength, supply of

reactants, oxidative enzyme concentrations, and

p-coumaryl aleohol - coniferyl alcohol - sinapyl alcohol the matrix in general and, therefore, not truly
Phenylpropasoid units random (Ralph et al. 2004; Vanholme et al.
2008). A newer hypothesis, however, proposes

that the coupling of the lignin monomers is

5 & ﬁ under complete control of proteins bearing
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However, the dirigent model of lignin
piyowgienl  maglut© - symel it ® polymerization ~ still lacks  experimental

demonstration while there are several

Figure 2.1 Chemical structure of the primary
monomers constituting the lignin structure and of the
corresponding phenylpropanoid units occurring in

the lignin structure

observations that contradict it (Ralph et al.
2009). Since the newer hypothesis has, as of yet,
not produced enough evidence in its favor lignin

formation will be discussed according to the

original theory.

There is some debate on the mechanisms

controlling lignin formation. The original

After radical formation through oxidative enzymes, radicals can couple at various sites due to resonance
delocalization (Wong et al. 2009). Various structural units are built by C-C or ether linkages (Wong et
al. 2009). An overview of the most important structural units is given in Figure 2.3. Coupling of
monomers to the growing polymer usually leads to the formation of B-linked structures like p-O-4 or -
5 (Wong 2009). Coupling between lignin oligo- or polymers on the other hand leads to the formation of
5-5 or 4-O-5 linked structures (Wong 2009). These two structures are branch-points in the lignin
polymer (Ralph et al. 2004). The addition of a monomer to a 5-5 unit can be followed by internal trapping
of the quinone methide by the other phenol thereby leading to the formation of a dibenzodioxocin unit
(Karhunen et al. 1995 a, b; Kukkola et al. 2003). Most 5-5 units have been reported to form such
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dibenzodioxocin structures (Ralph et al. 1999). Resinol (B-p) structures likely form through dimerization

of lignin monomers (Wong 2009). While these structures seem to be not very abundant in lignin (Wong

2009), a second pathway for the formation of resinol structures has been proposed, suggesting that

resinol formation occurs through a 5-coupling of a monomer to the growing lignin polymer (Zhang et

al. 2003). However, it is unclear whether this reaction occurs in nature (Ralph et al. 2004). Formation

of B-1 structures is rather complex but seems to occur through the coupling of a monomer with a $-O-4

phenolic end-unit (Ralph et al. 2004). Some B-1 structures have been reported to be involved in

spirodienone substructures (Zhang and Gellerstedt 2001). These structures might also serve as branching

points in lignins.
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Figure 2.2 Phenolics that are suspected to be
lignin monomers according to Vanholme et al.
(2008). PS = polysaccharide.

Frequency of the different lignin sub-structures
in the respective lignin macromolecules
depends on the relative abundance of the
different lignin monomers. Certain linkages can
or cannot be formed depending on the
disposition of methoxy substitutions on the
aromatic ring of the respective 4-
hydroxyphenylpropanoid. For example, while
coupling of a coniferyl alcohol to a G unit of a
growing lignin polymer allows the formation of
G-B-0-4-G as well as G-B-5-G, the coupling of
a coniferyl alcohol to a S unit only leads to the
formation of B-O-4-S, but not G-B-5-S, because
S has a methoxy group at the 5 position (Wong
et al. 2009). The same is the case for linkages

between S and G units.

While S-4-O-5-G bonds are formed 5-5
linkages will not occur (Wong et al. 2009).
Furthermore, no bonds will be formed between
two S units (Wong et al. 2009). Consequently,
in hardwoods (containing similar amounts of S
and G units) around 80% of the
phenylpropanoid units are involved in B-O-4
structures, while in softwoods (containing
predominantly G units) around 50 % of the

phenylpropanoid units are involved in p-O-4
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structures (Alder 1977). Other structures common in softwoods are -5, 5-5, and 4-O-5 accounting for
around 10 %, 25 %, and 4 %, respectively (Brunow 2001), while around 2 % of phenylpropanoid units
in softwood are involved in 3-1 structures (Alder 1977). However, all these numbers likely vary between
actual lignins and are just estimations of the ratios in which the different linkages occur. In fact, the
sheer number of possible lignin isomers resulting from coupling of the lignin monomers suggests that
virtually no two lignin macromolecules are identical (Ralph et al. 2004). Still some schematic
representations on how lignin structures of soft and hardwood might look are shown in Figure 2.4.
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Figure 2.3 Major structural units of lignins
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Figure 2.4 Schematic representation of softwood (A) and hardwood (B) lignin structures based on
structures presented by Zakzeski et al. (2010a).
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The structures of lignins obtained from lignocellulose after separation from cellulose and hemicellulose,
however, varies from the structure of natural lignin depending on the method applied for separation and
the botanical origin (Lora 2008). Therefore, the most prominent separation techniques and their

influence on the natural lignin structure will be discussed in the next section.

2.2. Lignin pretreatment

In order to obtain lignin as feedstock for valorization from lignocellulose a pretreatment step is necessary
to isolate the lignin fraction. So far, the lignin polymer could not be isolated exhaustively due to its
molecular association and potential covalent bonds with polysaccharides (Holtman et al. 2007).
Depending on the pretreatment method used, undesired chemical transformations like the incorporation
of sulfur can occur. Furthermore, the molecular weight of lignin can be reduced and the chemical bond
linkages can be altered (Gluckstein et al. 2010). Various physical and chemical lignocellulose
pretreatment processes exist often with the goal to gain lignin free cellulose and hemicellulose (Bozell
et al. 2007; Kamm et al. 2007; da Costa Sousa et al. 2009; Lu and Ralph 2010).

On an industrial scale lignin arises in the pulp and paper industries in which kraft lignin or
lignosulfonates are produced as by-product. In the future it can be expected that lignin will also originate
from biorefineries as by-product of the production of second generation biofules. Solvent based
pretreatments, so called organosolv processes solubilizing lignin and parts of hemicellulose leaving a
relatively pure insoluble cellulose fraction are applied in several pilot-scale biorefineries (Gosselink
2011). Furthermore, steam explosion pretreatments are discussed as promising alternative in biorefinery
schemes (Sun and Cheng 2002) and already applied in a demonstration scale cellulose ethanol facility
of the logen Corporation in Canada (Zheng et al. 2009). Soda or soda-anthraquinone pulping processes
are also widely applied for non-wood feedstocks like straw, sugar cane bagasse, flax etc. yielding sulfur
free soda lignins (Lora and Glasser 2002). Therefore, lignins derived from steam explosion, organosolv
processes, and soda pulping can be considered to be additional interesting feedstocks due to the expected
increase in availability in the future. Consequently, the five process types, i.e., kraft lignin,
lignosulfonate, organosolv, steam explosion, and soda pulping process and their effects on the lignin

structure will be discussed in this section.

2.2.1. Kiraft lignin process

Chemical pulping processes in the pulp and paper industry are applied in order to separate enough lignin
from cellulosic fibers to produce a pulp suitable for paper production. The kraft lignin process is the
most prominent chemical pulping technique in industry. It is a simple, rapid process leading to high
quality pulp with high mechanical strength (Gierer 1980). The kraft process employs high pH values
through the application of sodium hydroxide and sodium sulfide while cooking wood chips for 1 to 2 h
at 170 °C (Gierer 1980). This leads to the breakdown of the lignin structure due to reactions of the
hydroxide and hydrosulfide anions with lignin producing smaller water/alkali-soluble molecules

(Chakar and Ragauskas 2004). The breakdown of lignin proceeds through the cleavage of a-O-4 and f3-
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0O-4 bonds leading to an increase in phenolic hydroxyl groups (Toven and Gellerstedt 1999) while all
other linkages between the phenylpropane units like C-C and 4-O-5 remain unaffected (Gierer 1980).
Even though large quantities of sulfides are used only small amounts of sulfur get introduced into kraft
lignin through the formation of thiol groups (Zakzeski et al. 2010a). Furthermore, some additional
functional groups and bonds are formed during the process like stilbenes (Littid et al. 2003). Next to
fragmentation, condensation reactions of lignin occur during cooking leading to the formation of stable
C-C bonds of the diaryl methane type (Chakar and Ragauskas 2004). Consequently, kraft lignin contains
a high amount of stable C-C bonds which are either unaffected by or get formed during the pulping
process thereby leading to macromolecules that are very hard to depolymerize by chemical or biological
processes (Werhan 2013). A schematic representation of the kraft lignin structure is given in Figure 2.5
A.

In the kraft pulping process cellulose is separated from the dissolved lignin through filtration after
cooking. The remaining so-called “black liquor” is subsequently concentrated through evaporation and
used as fuel in recovery boilers to provide energy for the pulping process (Werhan 2013). Energetic
improvements of the kraft pulping process have led to the situation that many kraft pulp mills are
currently limited by the energy load that can be processed in the recovery boilers (Ohman 2006).
Therefore, a reduction of the thermal load to the recovery boiler allows increased pulp production.
Consequently, partial removal of kraft lignin from the black liquor in form of solid lignins becomes
increasingly interesting since next to overcoming the limitations set by the recovery boilers it also leads
to the formation of a marketable product in the form of kraft lignin (Lora 2008). Therefore, it can be
expected that the supply of kraft lignin as renewable raw material and feedstock will increase in the

future.

2.2.2. Lignosulfonate process

Another prominent group of pulping processes leads to the production of lignosulfonates. In these
processes wood is usually cooked at 125 to 150 °C for 3 to 7 h and treated with calcium sulfite at pH 1
to 2 or with magnesium sulfite at pH 3 to 5 (Saake and Lehnen 2000). Through this process hydrophilic
sulfonic acid groups are introduced at the a-carbon atoms making lignin soluble in aqueous solution
(Saake and Lehnen 2000). Next to sulfonation, also hydrolysis and condensation reactions occur (Saake
and Lehnen 2000). Other sulfite processes are conducted at alkaline or neutral pH (Saake and Lehnen
2000). In these processes sodium or ammonia are used as base (Saake and Lehnen 2000). In contrast to
the processes performed under acidic conditions the f-O-4 bonds are less stable at neutral and alkaline
conditions and depending on reaction conditions can be cleaved during these processes (Saake and
Lehnen 2000). In comparison to kraft lignin, lignosulfonates have a higher average molecular weight
and also a higher monomer molecular weight due to the introduction of sulfonate groups (Zakzeski et

al. 2010a). A schematic representation of the structure of lignosulfonates is given in Figure 2.5 B.
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Figure 2.5 Schematic representation of kraft lignin (A) and lignosulfonate (B) lignin structures based
on structures presented by Zakzeski et al. (2010a). It is unclear whether diphenyl methane or vinyl aryl
ether linkages are present in kraft lignin (depicted by *) since a study found no evidence for such

linkages in contrast to other reports (Littia et al. 2003).
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Lignosulfonates have been used for the commercial production of vanillin starting in 1936 originally
using a technology developed by Howard (Sandborn et al. 1936). The process was further optimized
and more and more pulp and paper mills adapted it. By the year 1981 Ontario Pulp and Paper produced
3.4 million kg vanillin per year which was enough to meet 60 % of the world demand at the time
(Hocking 1997). However, during the production of vanillin from lignosulfonates large amounts of
caustic liquids (160 kg per kg vanillin produced) were formed (Hocking 1997). The need to safely
dispose of all this material was one of the main reasons why all of the plants producing vanillin from
lignin in North America are now closed (Hocking 1997). However, Borregaard Industries (Sarpsborg,
Norway) is still producing vanillin from lignosulfonates (Borges da Silva et al. 2009).

2.2.3. Soda lignin process

The soda process is a further pulping process mostly applied to non-wood biomass like straw, bagasse,
or flax but also to some extent to hardwoods (Gonzalez-Garcia et al. 2010; Rodriguez et al. 2010). The
biomass is cooked in NaOH prior to precipitation, liquid solid separation, and drying (Lora and Glasser
2002). In comparison to kraft and sulfite pulping the process works in the absence of sulfur. Therefore,
the resulting lignin is sulfur free and its chemical structure is closer to native lignin (Nadif et al. 2002;
Wormeyer et al. 2011). However, the pulping liquors often contain high amounts of silica which is
difficult to separate from lignin and often co-precipitates (Lora and Glasser 2002). Consequently, soda
lignins are often of low purity. This drawback can be overcome by the Lignin Precipitation System
(LPS®, Abacherli and Doppenberg 1998) which is used commercially for the production of high purity
lignin from annual fibers such as wheat straw. Lignin is separated by first acidifying the alkaline liquor.
This is followed by a maturation step which depends on the type of liquor that is processed (Lora and
Glasser 2002). During this maturation step slurry is formed and the lignin can be separated subsequently
by filtration and drying (Lora and Glasser 2002). Resulting lignins are of high purity (>90 %) and
contain low amounts of ash (<2 %; http://www.bio-based.eu/iBIB/pdf/47.pdf, accessed: 19.4.2016).

2.2.4. Organosolv processes

Organosolv processes employ organic solvents or their aqueous solutions in order to extract lignin from
lignocellulosic feedstocks. These processes allow the separation of the different lignocellulose
components into three fractions: a relatively pure cellulose fraction, an aqueous hemicellulose fraction,
and a dry lignin fraction (Duff and Murray 1996). This makes these pretreatment processes attractive
for biorefineries targeting the use of all biomass components since the resulting hemicellulose and
cellulose fractions can be easily hydrolyzed enzymatically to biofuels like ethanol after delignification
and the lignin fraction is also available for further processing. Furthermore, they are considered to be
more environmentally friendly compared to the kraft and lignosulfonate processes since they employ
less harsh reaction conditions and do not use sulfides leading usually to purer lignin fractions with lower
sulfur contents (Zakzeski et al. 2010a).

11
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One of the major cost factors of the organosolv process is the cost of organic solvent used (Zhao et al.
2009). Therefore, organosolv processes employing expensive organic solvents or solvents that are not
easy to recover like high boiling point alcohols, dioxane (Gajzago et al. 1973), phenol (Zacchi et al.
1988), N-methyl-morpholine-N-oxide (Katrib et al. 1988), or ethylendiamine (Thompson et al. 1992)
seem to be unattractive for use at large scale production even though the enzymatic hydrolysis of the
pretreated biomass could be improved by these processes (Zhao et al. 2009). Organic acids like formic
acid or acetic acid have also been used for the pretreatment of biomass (Muurinen 2000). However,
these solvents do not swell carbohydrates (Young and Davis 1986) while causing severe corrosion and
are therefore also of minor interest for lignocellulose pretreatment (Zhao et al. 2009). While pretreatment
or pre-pretreatment of biomass with peracetic acid could considerably increase the enzymatic
digestibility of cellulose (Taniguchi et al. 1982; Mohamed et al. 1983; Ando et al. 1988; Teixeira et al.
19994, b) this process is most likely too expensive as well due to the use of valuable chemicals that are
consumed during pretreatment (Zhao et al. 2009). More feasible alternatives seem to be pretreatment
methods employing low boiling point alcohols like methanol (MeOH) or ethanol or methods using
acetone as solvent since recovery of these solvents can be easily performed by distillation and they are

not very expensive.

In treatments using MeOH or ethanol lignocellulose is cooked at temperatures of 150 °C to 200 °C in
aqueous solutions of the corresponding solvent in the presence or absence of a catalyst like sulfuric,
phosphoric, or hydrochloric acid. In the presence of an acid catalyst lower hydrolysis temperatures can
be employed compared to uncatalyzed systems. During the process lignin and hemicellulose and to
lower extent cellulose are dissolved leaving cellulosic fibers with varying amounts of undissolved
hemicellulose and lignin. During the process mainly a-O-4 and to a much smaller degree $-O-4 bonds
of lignin are hydrolyzed. Furthermore, ether and ester linkages between hemicellulose and the a-carbons
of lignin are broken. Removal of the volatile solvent after cooking leads to precipitation of the lignin
fraction which might also contain some lipophilic extractives of the original lignocellulose feedstock.
Separation of the solid lignin fraction from the dissolved hemicellulose sugars through filtration allows

separation of all three major lignocellulose components. (Chum et al. 1985)

2.2.5. Steam explosion process

During the steam explosion process chipped lignocellulose material is exposed to high pressure saturated
stream at temperatures of 160-210 °C corresponding to pressures of 0.69-4.83 MPa for several seconds
to few minutes (Sun and Cheng 2002). Subsequently, the pressure is rapidly reduced to atmospheric
pressure, thereby inducing explosive decompression of the lignocellulose material. Due to the high
temperatures hemicellulose is degraded in the process and lignin is transformed (Sun and Cheng 2002).
Consequently, cellulose hydrolysis is enhanced (Grous et al. 1986) while the biomass particle structure

is opened going along with a reduction in particle size and an increase in pore volume (Michalowicz et
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al. 1991). There are several alternative procedures with and without the application of chemical catalysts

like sulfuric acid, sulfur dioxide, sodium hydroxide, or ammonia (da Costa Sousa et al. 2009).

Steam treatment of wood goes along with hydrolysis of acetyl groups in hemicellulose. Consequently,
reaction conditions become acidic. In these conditions carbonimu ions in the lignin structure are formed.
In B-O-4 lignin structures these ions react further on the one hand leading to the cleavage of the p-ether
linkage and the formation of a Hibbert ketone together with a new phenolic end-group. On the other
hand, formation of stable C-C bonds between the Ca and a nearby electron rich carbon like a C-2/C-6
present in a guaiacyl or syringyl ring occurs, leading to polymerization. Due to these reactions an overall
decrease in molecular weight of the lignin fraction as well as a decrease of 3-O-4 lignin structures is
usually observed going along with an increase in polydispersity and phenolic group content. (Li et al.
2007, 2009)

2.3. Inorganic catalysis

Depolymerization of lignin and lignin model compounds through inorganic catalysts has been attempted
in a plethora of studies. Inorganic catalysts were usually used under harsh reaction conditions. The
variation between the lignin feedstocks used in the various studies on lignin transformation impedes the
comparison of their performances because a benchmark substrate is lacking. Furthermore, comparability
is complicated by the fact that different methods are used for product recovery and also because many

studies solely dealt with lignin model compounds.

Chemical lignin transformation reactions can be divided into lignin cracking, hydrolysis, catalytic
reduction, and catalytic oxidation reactions. Lignin catalytic cracking processes are adapted from
petroleum refineries and work at harsh reaction conditions, especially high temperatures, usually above
300 °C. They can cleave lignin -O-4 ether bonds as well as relatively unstable carbon—carbon bonds
(Thring and Breau 1996) such as Ca—Cf bonds. Lignin fragmentation by hydrolysis is also achieved at
high temperatures, usually above 270 °C. Pandey and Kim (2011) reviewed the thermochemical
depolymerization and conversion of lignin, including catalytic cracking and hydrolysis processes. These
high-temperature processes lead to tar or char formation, volatile components, and complex mixtures of

compounds (van Haveren et al. 2008; Zakzeski et al. 2010a; Pandey and Kim 2011).

Paralleling the emerging concept of green chemistry, more and more new chemical catalysts are
designed to work in aqueous environments at milder reaction conditions (Hailes et al. 2007; Sheldon
2008). The following section is restricted to a few selected studies where mild reaction conditions were

used or that were published just recently.

2.3.1. Lignin reduction
Reductive lignin depolymerization usually removes alcohol, aldehyde, ether, and acid moieties.
Therefore, it has the potential to produce simpler bulk aromatic compounds like benzene, toluene, and

xylene (B, T, X) as well as phenol (van Haveren et al. 2008), which could be directly used by
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conventional petrochemical processes (Holladay et al. 2007). Furthermore, the removal of oxygen from
lignin makes it a better working fuel (Sanderson 2011). Hydrogenation or hydrodeoxygenation of lignin
and lignin model compounds with heterogeneous catalysts, performed at high temperatures and
pressures, not only cleaved ether bonds but also hydrogenated aromatic rings, thereby producing an
inefficient mixture of compounds (Sergeev and Hartwig 2011). Selective cleavage of lignin model
compounds through electrocatalytic hydrogenation at relatively low temperatures (50 °C) was reported
(Mahdavi et al. 1997; Dabo et al. 1999; Cyr et al. 2000). Few studies used homogenous catalysts to
reduce lignin or lignin model compounds (e.g., Hu et al. 1997; Plasseraud and Suss-Fink 1997; Schulz
et al. 2000). A nickel catalyst was employed for hydrogenolysis of dimeric 4-O-5, a-O-4, and B-O-4
lignin model compounds and several alkyl-aryl and diaryl ethers at temperatures between 80 and 120 °C
and pressure of 1 bar of hydrogen (Sergeev and Hartwig 2011). The aromatic C—O bonds of the ethers
were selectively cleaved and produced exclusively alcohols and arenes. Furthermore, the ether linkages
of the lignin model compounds were broken. Degradation of the a-O-4 model compound yielded 99 %
3,4-dimethoxytoluene and 2-methoxyphenol. Hydrogenation of the 3-O-4 model yielded 89 % guaiacol.
Thereby, it was demonstrated that the aromatic C—O bonds could be selectively cleaved in the presence
of other C-O bonds, while leaving the arene units intact (Sergeev and Hartwig 2011). Whereas these
results look promising, the effectiveness of the catalyst on different lignin feedstocks, not just lignin
model compounds, has still to be demonstrated. A further issue is the soluble form of the catalyst, which

makes separation from products difficult (Sanderson 2011).

2.3.2. Lignin oxidation

Oxidative lignin depolymerization requires catalysts that selectively disrupt the linkages in lignin in
order to form specific aromatic alcohols, aldehydes, acids, or other specially functionalized aromatics
like vanillin, syringaldehyde, or vanillic acid (Holladay et al. 2007; Zakzeski et al. 2010a). Many of the
resulting chemicals might be used as platform chemicals for subsequent organic synthesis or are target
fine chemicals (Zakzeski et al. 2010a). The oxidation of lignin and lignin model compounds was also
briefly discussed in a recent review on biomass oxidation (Collinson and Thielemans 2010).
Heterogeneous catalysts, more specifically, TiO, and Pt/TiO., have been used for photocatalytic
oxidation to process lignin from wastewater streams of the paper industry (Portjanskaja and Preis 2007;
Ma et al. 2008; Portjanskaja et al. 2009). These processes were applied at relatively mild temperatures

(~20 °C), but products and percentages of conversion were not specified.

Methyltrioxorhenium (MTO) has been used as a catalyst in the presence of H,O; at 60 °C to cleave the
CC double bond of isoeugenol and trans-ferulic acid, thereby producing vanillin (Herrmann et al. 2000).
Further authors used the catalytic MTO/H-0, system (homogeneous as well as heterogeneous) to oxidize
technical lignins and lignin model compounds at 25 °C (Crestini et al. 2005, 2006). Phenolic, non-

phenolic, and dimeric lignin model compounds were oxidized to a large extent. The oxidation of
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18.2 g L™ sugar cane, red spruce kraft, and hardwood organosolv lignin at room temperature led to high

degrees of degradation and produced lignin fragments of increased solubility.

Various studies investigated the electrochemical oxidation of lignin using different electrodes (e.g.,
Pardini et al. 1992; Parpot et al. 2000; EI-Ashtoukhy et al. 2009). Dominguez-Ramos et al. (2008, 2010a,
b) used boron-doped diamond electrodes for the oxidation of lignosulfonates. They were able to oxidize
approximately 90 % of the total organic carbon in a lignosulfonate solution. However, the structure of
the degradation products was not elucidated. For the electrochemical oxidation of kraft lignin, different
IrO-based electrodes were used (Tolba et al. 2010). Vanillin and vanillic acid were formed as primary
intermediates. Apparent degradation rate constants were determined for temperatures ranging from 2 to
60 °C and were highest at 60 °C.

As mentioned in paragraph 2.2.2 one commercial process for the oxidation of lignosulfonates exists
(Faith et al. 1965). Lignosulfonates are produced through sulfite pulping in the pulp and paper industries.
Their oxidation produces vanillin in a yield of 10-20% (w/w based on the dry weight of
lignosulfonates). The spent acid sulfite pulping liquors are oxidized with air at 160—170 °C at alkaline
pH. After oxidation, the products are extracted using organic solvents and further purified (Hocking
1997; Ramachandra Rao and Ravishankar 2000).

Due to economic and environmental reasons, production of vanillin from lignosulfonates is a declining
process (Sixta 2006). Therefore, Rudolf von Rohr and co-workers investigated an alternative process
using kraft lignin as feedstock (Voitl and Rudolf von Rohr 2008; 2010; Voitl et al. 2010; Werhan et al.
2011). Kraft lignin is a by-product of the kraft process, which is presently the most prominent pulping
process (Auhorn and Niemela 2007).

HsPMo1,040 was used as homogeneous catalyst in an 80 % (v/v) MeOH/water solvent at acidic pH at
170°C under an atmosphere of 10.8 bar of oxygen containing 8.9 g L™ dry kraft lignin at the start of the
oxidation process (Voitl and Rudolf von Rohr 2010). Monomeric products were extracted with
chloroform. The process yielded 3.5 % (w/w) vanillin and 3.5 % (w/w) methyl vanillate. A total of 10 %
(w/w) of monomers could be extracted, including further products like acetovanillone and
methylparaben. Additionally, approximately 60 % (w/w) of oligomeric products with significantly

lower molecular weight than kraft lignin were found in the extract (\Voitl and Rudolf von Rohr 2010).

In a more recent study, different metal salt catalysts were tested as replacement for HsPMo01,040 (Werhan
et al. 2011). For all studied salts (CuSQO4, CoCl,, FeCls, and CuCl,), higher maximal vanillin
concentrations were found than in the presence of HzPMo01:040 or without catalyst. However, only
experiments using CoCl, and CuSO; as catalyst reached similar concentrations of the valuable methyl
vanillate as experiments using HsPMo12040. The average molecular weight of the product mixture was

considerably lower in experiments using metal salts as catalysts compared to experiments using

15



2. Background

HsPMo01,040. The treatment with FeCl; or CuCl; as catalyst led to the lowest average molecular weight
(Werhan et al. 2011).

The oxidation of Alcell lignin, soda lignin, and several lignin model compounds was investigated using
oxygen with CoCl,-6H,O as homogenous catalyst dissolved in an ionic liquid (1-ethyl-3-
methylimidazolium diethyl phosphate, [EMIM] [DEP]) at 80 °C (Zakzeski et al. 2010b). lonic liquids
(ILs) are mixtures of cations and anions melting below 100 °C. Ethyl acetate (EtAc) extraction after
lignin oxidation yielded no monomeric products. However, the difference between the attenuated total
reflectance infrared spectra after various reaction times suggested a selective oxidation of the dissolved
lignin (Zakzeski et al. 2010b). Treatment of lignin model compounds with the catalyst did not disrupt
B-O-4, 5-5, and other linkages. Phenolic functional groups remained unchanged as well. However,
alcohol moieties were oxidized to form aldehydes or, at high oxygen pressures or substrate loadings, to
form acids (Zakzeski et al. 2010b). In a more recent study, the cobalt-catalyzed oxidation of lignin model
compounds in [EMIM] [DEP] was further investigated (Zakzeski et al. 2011).

Further studies for the oxidation of lignin and lignin model compounds conducted at mild reaction
conditions with homogeneous catalysts used metalloporphyrin, metallosalen, metallo-TAML, -DTNE,
-TACN, polyoxometalate (POM) based, simple metal salt-based, and miscellaneous catalyst systems
and have been reviewed (Zakzeski et al. 2010a).

Many lignin oxidation studies have been carried out and several used mild reaction conditions to
depolymerize lignin. These great efforts lead to processes where about 10 to 20 wt% of technical lignins
could be converted to value-added monomers (Hocking 1997; Ramachandra Rao and Ravishankar
2000). Although this constitutes a considerable accomplishment, given the complexity of the task, higher
product yields from technical lignins are necessary for the processes to become economically attractive.

Therefore, new approaches seem indispensable to achieve efficient lignin depolymerization.

2.4. Enzymatic catalysis

Lignin is efficiently degraded in nature by basidiomyceteous white-rot fungi through multiple enzymes
(Levasseur et al. 2008; Ruiz-Duefias and Martinez 2009; Sanchez 2009; Wong 2009; Collinson and
Thielemans 2010; Hatakka and Hammel 2010). This illustrates the potential of biocatalysts for lignin
depolymerization. In contrast to inorganic catalysts, biocatalysts can be much more selective and able
to distinguish between functional groups (Vennestrgm et al. 2010a) but require mild reaction conditions
and are often inactivated in non-aqueous solutions (Doukyu and Ogino 2010). The first part of this
section covers the different enzymes involved in natural degradation processes of lignin. Application of
enzymes in industrial processes is challenging since they are usually less stable than inorganic catalysts,
not easily recycled, and only work in a relatively narrow temperature window. The second part of this

section discusses these challenges and presents ways to improve the biocatalyst properties.
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2.4.1. Lignin degradation in nature

After extensive research, the mechanisms of fungal lignin degradation become gradually clearer
(reviewed by, e.g., Kersten and Cullen 2007; Hammel and Cullen 2008; Ruiz-Duefias and Martinez
2009; Wong 2009). Enzymes potentially involved in degrading lignin are divided into lignin oxidases
and lignin-degrading auxiliary enzymes, corresponding to their direct or indirect participation to lignin
degradation, respectively (Table 2.1). They have been described at length in previous studies and
reviews (e.g., Henriksson et al. 2000; Ozimek et al. 2005; Whittaker 2005; Mayer 2006; Joosten and
van Berkel 2007; Hammel and Cullen 2008; Ruiz-Duefias and Martinez 2009; Wong 2009; Faulds 2010;
Giardina et al. 2010; Lundell et al. 2010; Singh Arora and Kumar Sharma 2010). In addition, relevant
information on these enzymes is collected in general databases (e.g., http://www.brenda-enzymes.org).

2.4.1.1. Lignin oxidases

Efficient lignin mineralization in nature is only achieved by basidiomycetous white-rot fungi, which
commonly inhabit forest litter and fallen trees (Kersten and Cullen 2007). Degradation of lignin is
hindered by its non-phenolic aromatic nature, which prevents direct oxidation by low-redoxpotential
oxidoreductases (Ruiz-Duefias and Martinez 2009). Moreover, bulky lignin polymers are often hardly
accessible to enzymes. To overcome these limitations, white-rot fungi have developed highly specialized
heme-containing ligninolytic peroxidases, i.e., LiP, MnP, and VP, which use H,O; as oxidant (Ruiz-
Duefias and Martinez 2009).

It is assumed that LiPs are able to oxidize the aromatic rings of lignin via long-range electron transfer
(Ruiz-Duefas and Martinez 2009). The unspecific oxidation of the aromatic rings of lignin produces
unstable cation radicals, which react further and undergo different non-enzymatic reactions like scission
of Ca—Cp and 4—ether linkages (Martinez et al. 2005). The latter finally leads to the release of aromatic
aldehydes, demethoxylation with subsequent MeOH release or aromatic ring cleavage prior to the

formation of muconate-type structures (Martinez et al. 2005; Ruiz-Duefias and Martinez 2009).

MnP oxidizes Mn?* to Mn®* (Gold et al. 1984). Mn®*" is subsequently stabilized by organic acids like
oxalic acid, which results in Mn3* chelates which act as redox mediators oxidizing phenolic lignin
structures (Glenn and Gold 1985; Gold et al. 2000). Furthermore, it has been shown that lipid
peroxidation by MnP might play an important role in lignin biodegradation. Mineralization of non-
phenolic lignin model compounds as well as **C-labeled synthetic lignin and **C-labeled wheat straw
was instigated by the presence of an unsaturated fatty acid, i.e., linoleic acid and a surfactant, i.e., Tween
20 or Tween 80 emulsifying water-insoluble components leading to a homogenous mixture of
unsaturated fatty acids and water (Kapich et al. 1999a). Subsequently, it was shown that peroxidized
unsaturated fatty acids are capable to oxidize non-phenolic -O-4-linked lignin model compounds
irrespective of MnP, indicating that direct contact between MnP and lignin is not necessary but, rather,
that the formed peroxyl radicals act as agents for lignin degradation (Kapich et al. 1999b). In nature,

lipid substances might be produced by the fungus (Enoki et al. 1999) and are also already present in
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wood (Hofrichter et al. 2001). VP represents a hybrid of LiP and MnP and is able to directly oxidize
non-phenolic lignin units as well as Mn?* (Ruiz-Duefias et al. 2009).

There are several white-rot fungi that exclusively produce MnP as extracellular peroxidase e.g.,
Ceriporiopsis subvermispora (Lobos et al. 1994), Dichomitus squalens (Périé et al. 1996), Lentinula
(Lentinus) edodes (Leatham 1986), Phanerochaete sordida (Rittimann-Johnson et al. 1994), and
Pleurotus ostreatus (Giardina et al. 2000), indicating that MnP might be essential for lignin
biodegradation. Other white-rot basidiomycetes produce LiP alongside MnP, e.g., Phanerochaete
chryosporium (Hatakka 1994), Phlebia radiate (Vares et al. 1995), and Trametes versicolor (Johansson
and Nyman 1993), while VVPs have been detected in Pleurotus (Camarero et al. 1999) and Bjerkandera
(Mester and Field 1998) species.

Another group of enzymes potentially involved in the oxidation of lignin are laccases, copper-containing
oxidases oxidizing phenolic rings to phenoxy radicals while using molecular oxygen as oxidant
(Baldrian 2006). They usually have a low redox potential with few exceptions (Uzan et al. 2010).
Therefore, they are unable to directly catalyze the oxidation of non-phenolic aromatic rings of lignin
(Ruiz-Duefias and Martinez 2009). However, they are able to degrade high-redox-potential substrates in
the presence of small chemical oxidants acting as redox mediators (reviewed by, e.g., Morozova et al.
2007; Carias and Camarero 2010; Kudanga et al. 2011). These mediators form radicals, which are able
to penetrate the lignocellulose matrix (Ruiz-Duefias and Martinez 2009). Nevertheless, the role of
laccase in lignin biodegradation is still debated. While many white-rot fungi produce laccases, there are
no laccase-encoding genes present in the whole genome of P. chryosporium (Martinez et al. 2004), a
white-rot basidiomycete able to completely degrade all components of lignocellulose (Kersten and
Cullen 2007). Furthermore, 17 laccase-encoding genes have been found in Coprinopsis cinerea, a
basidiomycetous fungus unable to degrade lignin (Hatakka and Hammel 2010). Moreover, in the
absence of suitable mediators, laccases oxidize the phenolic groups present in lignin, which results in
polymerization (Rochefort et al. 2004). Therefore, it remains unclear if laccases play a role in natural
lignin degradation processes. However, since laccases can be produced in sufficient amounts for
industrial applications (Hou et al. 2004), whereas this could not be achieved for ligninolytic peroxidases
so far (Singh et al. 2011), their potential application for lignin depolymerization in industrial processes

in combination with suitable mediators should not be disregarded.
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Table 2.1 Enzyme groups potentially involved in the degradation of lignin. The values given refer to the corresponding enzyme group as a whole and depict the temperature
and pH ranges in which active enzymes of the associated group have been described. References were obtained from http://www.brenda-enzymes.org. (adapted from Gasser

et al. 2012)
Family Enzyme group pH optimum _oI. ._.mB_o.mEES ._.mBnmw.mES Reaction References
Range working optimum working
g Range? Range °C Range °CP
Lignin laccase 05-115 20-85 0-100 4 benzenediol + 02 =4 Baldrian 2004; Dubé et al. 2008; Haibo et
Oxidases (EC 1.10.3.2) 2-9 benzosemiquinone + 2 H20 al. 2009; Pakhadina et al. 2009; Shao et al.
Family LO1 2009: Wana et al. 2010: Wu et al. 2010
catechol oxidase 3-95 4-70 4-80 2 catechol + Oz = Dogan et al. 2005; Giilgin et al. 2005;
(EC 1.10.3.1) 35-9 2 1,2-benzoquinone + 2 H20 Selinheimo et al. 2006; Sellés-Marchart et
al. 2006; Kim et al. 2011
Lignin versatile peroxidase 3.5 No entries No entries No entries donor + H202 = Camarero et al. 1999
Oxidases (EC 1.11.1.16) oxidized donor + 2 H20
Family LO2 L. . . . .
lignin peroxidase 1-7 23-70 10— 80 (3,4-dimethoxyphenyl)methanol ~ Aitken and Irvine 1989; Alam et al. 2009;
(EC 1.11.1.14) 1-6 + H20; = 3,4- Gohdake et al. 2009; Gomes et al. 2009
dimethoxvbenzaldehvde + 2
manganese peroxidase 25_-11 22 _ 60 10-75 2 Mn(Il) + 2 H* + H202 = Paszczynski et al. 1988; Giardina et al.
(EC 1.11.1.13) 25-68 2 Mn(111) + 2 H20 2000; Wang et al. 2002; Cheng et al. 2007;
Gomes et al. 2009
generic peroxidases 2_117 10 -84 0-90 2 phenolic donor + H202 = Shin et al. 1997; Senczuk et al. 2003;
(EC 1.11.1.7) 3-11.7 ' 2 phenoxyl radical of the donor Suzuki et al. 2006; Vernwal et al. 2006;
+2 H20 Jeoung et al. 2007
chloroperoxidase 25.6 2-7 30-35 20-50 RH + chloride + H202 = Petri et al. 2004; Bayramoglu et al. 2008;
(EC 1.11.1.10) . RCI +2 H20 Yadav et al. 2010
Lignin cellobiose dehydrogenase 25-10 20-75 10 — 80 cellobiose + acceptor = Schou et al. 1998; Baminger et al. 2001;
Oxidases (EC 1.1.99.18) 2.7-9 cellobiono-1,5-lactone + Sigoillot et al. 2002; Zamocky et al. 2006
Family LO3 reduced acceptor
Lignin aryl-alcohol oxidase an aromatic primary alcohol + Guillén et al. 1992; Okamoto and Yanase
Degrading (EC1.13.7) 2.10 30-55 20 - 60 02 = an aromatic aldehyde + 2002; Ferreira et al. 2005; Kumar and
Auxiliary 5-85 H202 Goswami 2006
Enzymes
Family-
LDA1-8 . . . -
vanillyl-alcohol oxidase 7 105 6-12 38 No entries vanillyl alcohol + Oz = vanillin de Jong et al. 1992; van den Heuvel et al.

(EC 1.1.3.38)

+ H202

2001
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Table 2.1 (continued)

Family Enzyme group pH optimum pH Temperature Temperature Reaction References
Range working optimum working
Range? Range °C Range °C"
lyoxylate oxidase =
mmvm Hv.\m.w.m 8 6.5-8.5 40 No entries m_ﬁwvmw\w_mﬁm * H20 + 02 = oxalate Akamatsu and Shimada 1994
pyranose oxidase D-glucose + Oz = Schafer et al. 1996; Artolozaga et al. 1997;
(EC1.1.3.10) 4-85 25-11 35-65 25-170 2-dehydro-D-glucose + H20: Leitner et al. 2001; Takakura and Kuwata
2003: Odaci et al. 2010
m_m_%ohow m Mvw_o_mmm 55.8 5_9 30-50 20— 60 D-galactose + Oz = Alberton et al. 2007; Isobe et al. 2007,
o ' D-galacto-hexodialdose + H202 Sasaki et al. 2010
glucose oxidase B-D-glucose + Oz = Qo.@:m_m et al. 2006; Simpson et al. 2007;
(EC1.1.34) 4-7 3-11 25-70 10-70 D-glucono-1,5-lactone + H02 Altikatoglu et al. 2010; Hashemifard et al.
' 2010; Courjean and Mano 2011
benzoquinone reductase 6_7 5.9 40 - 45 15 - 50 NADPH + H* + p-benzoquinone  gpirio et al. 1988
(EC 1.6.5.6) = NADP* + hydroguinone .
alcohol oxidase a primary alcohol + Oz = Couderc and Baratti 1980; Patel et al. 1981;
(EC1.1.3.13) 3-9 3-10 30-65 18-65 an aldehyde + H20» Kumar and Goswami 2006; Jadhav et al.
2009; Gvozdev et al. 2010
Lignin )
Degrading feruloyl esterase ) . _  Garcia-Conesa et al. 2004; Wong 2006;
Auxiliar (EC3.1.1.73) 3-9 26-11 20— 65 5_75 feruloyl-polysaccharide + H0= 1\ jia et a1, 2007; Moukouli et al. 2008;
Yy ferulate + polysaccharide .
Esterases Hegde and Muralikrishna 2009
Family EST
Others aryl-alcohol an aromatic alcohol + NADP* = . .
dehydrogenase 6.1-88 5-95 30 30-55 an aromatic aldehyde + NADPH Muheim et al. 1991; Gross and Zenk 1969
(EC 1.1.1.91) +H

PH (a) and temperature (b) ranges in which enzymes of the corresponding group have been described expressing at least 20 % of the maximal activity
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2.4.1.2. Lignin degrading auxiliary enzymes

The H»O; needed by the ligninolytic peroxidases and possibly laccases, is produced in situ by lignin-
degrading auxiliary enzymes (LDA1-8) like, e.g., aryl-alcohol oxidase or glyoxal oxidase (Shah and
Nerud 2002). It has been shown that aryl-alcohol oxidase is able to use the aromatic aldehydes produced
by lignin breakdown or synthesized by fungi as substrate for H,O generation in cyclic redox reactions,
which also involve aryl-alcohol dehydrogenase (Guillén et al. 2000). Furthermore, there is evidence
that FAD oxidases like aryl-alcohol oxidase or glucose oxidase (Leonowicz et al. 1999) prevent the
recondensation of intermediates during lignin degradation by reducing the de novo formed quinonoids
and radical compounds thereby hindering repolymerization (Marzullo et al. 1995). H,O, has also been
shown to be produced by oxidation of lignin-derived hydroquinones through laccases and VVPs (Guillén
et al. 2000; Gomez-Toribio et al. 2001, 2009) or Mn?* oxidation through laccases (Schlosser and Hofer
2002).

Lignin-degrading auxiliary esterases, i.e., feruloyl esterases, have been shown to hydrolyze ferulate
bridges between lignin and carbohydrates in monocotyledons and dicotyledons and to disrupt the cell
wall structure in combination with xylanases and might, therefore, be involved in the initial stages of
lignocellulose degradation (Topakas et al. 2007; Koseki et al. 2009).

2.4.1.3. Hydroxyl radical production

Hydroxyl radicals, which are the strongest oxidants in white-rot fungi cultures (Forney et al. 1982;
Backa et al. 1992), can initiate the attack on lignocellulose and presumably cause hydroxylation,
demethoxylation, and depolymerization of lignin (Evans et al. 1994; Joseleau et al. 1994). They can be
produced by cellobiose dehydrogenase via Fenton reaction (Henriksson et al. 2000; Ludwig et al. 2010;
Harreither et al. 2011). A further path leading to hydroxyl radical production involves p-quinones
originating from lignin decomposition. They can be used by quinone reductases, laccases, and
peroxidases in redox cycle reactions to activate oxygen (Guillén et al. 1997). This in turn reduces the
ferric iron present in wood either by the superoxide radicals or semi-quinone radicals to ferrous iron
(Guillén et al. 2000). Subsequent re-oxidation of the ferrous iron by H,O reduction produces hydroxyl
radicals (Guillén et al. 2000).

2.4.1.4. Potential additional lignin-modifying enzymes

There are some reports of additional enzymes that might have the potential to act on lignin.
Chloroperoxidases might contribute to lignin degradation since they have been shown to catalyze the
cleavage of the B-O-4 bond of a dimeric lignin model compound (Ortiz-Bermadez et al. 2003).
Furthermore, they might chlorinate lignin and be partly responsible for the natural production of

chloroaromatics (Ortiz-BermUdez et al. 2003).

Two dye-decolorizing peroxidases (DyP) secreted by the jelly fungus Auricularia auricular-judae have

been shown to oxidize non-phenolic lignin model compounds and highredox-potential dyes, i.e.,

21



2. Background

Reactive Blue 5 and Reactive Black 5 at acidic pH (activity maximum at pH 1.4), indicating the
ligninolytic activity of these enzymes (Liers et al. 2010). The redox potential of five different DyPs has
been calculated to be at least ~1.2 VV and it has been suggested that this might be sufficient for the
oxidation of non-phenolic lignin structures at low pH values between 1.5 and 3.0 (Hofrichter et al. 2010).
However, not all DyPs are capable to oxidize non-phenolic lignin model compounds and whether certain
DyPs can actually depolymerize lignin has still to be investigated (Hofrichter et al. 2010).

A further group of enzymes hypothesized to take part in the degradation of methoxylated compounds
originating from lignin is aromatic peroxygenases (Kinne et al. 2011). Extracellular aromatic
peroxygenase from the agaric fungus Agrocybe aegerita (AaeAPO) has been shown to cleave non-
phenolic B-O-4 lignin model compounds as well as phenolic dimers but seems to be unable to oxidize
polymeric lignin (Kinne et al. 2011). Therefore, AaeAPO seems not to be directly involved in lignin
biodegradation but rather in the oxidation of compounds with low molecular masses such as lignin
fragments or lignans (Kinne et al. 2011).

2.4.1.5. Lignin modification by brown rot fungi

Besides white-rot basidiomycetes, brown-rot fungi are also capable to degrade lignocellulose in nature.
While lignin is not significantly mineralized by brown-rot fungi, its structure is altered, i.e., its aromatic
methoxyl content is lower and its content of conjugated carbonyls and carboxyls as well as phenolic
hydroxyls is higher (Yelle et al. 2008). While hydroxyl radicals seem to play a major role in
lignocellulose degradation by brown-rot fungi (Hammel et al. 2002), there also appear to be hydrolytic
enzymes involved in the process (Cohen et al. 2005). It has been argued that consequently some lignin
degradation has to occur because otherwise these enzymes would be hindered to act on their target
substrates, e.g., cellulose by the small pore sizes of intact wood (Yelle et al. 2008). Analysis of
lignocellulose degraded by the brown-rot basidiomycete Gloeophylum trabeum via two-dimensional
solution-state nuclear magnetic resonance (NMR) spectroscopy indicated degradation of lignin side
chains during brown-rot (Yelle et al. 2008). However, brown-rotted lignin has been shown to be
polymeric and to keep most of its aromatic residues (Jin et al. 1990). Therefore, it has been suggested
that lignin is initially depolymerized by brown-rot fungi (Yelle et al. 2008). Subsequently, the content
of phenolic units on lignin increases due to hydroxyl radicals reacting with the aromatic rings (Yelle et
al. 2008). Thereafter, the lignin units get reconnected through radical coupling of the phenolic units
(Yelle et al. 2008).

2.4.1.6. Lignin degradation by bacteria

Many bacteria have lignin-degrading ability (reviewed by Bugg et al. (2011)). They are able to solubilize
lignin and modify the lignin structure (Buswell and Odier 1987; Ball et al. 1989; Godden et al. 1992).
However, they do not mineralize lignin to a large extent (Buswell and Odier 1987). These bacteria
produce several extracellular enzymes that are involved in the degradation of lignocellulosic biomass

like peroxidases, cellulases, and esterases (Santhanam et al. 2012). However, at present, the enzymology
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of bacterial lignin degradation is not well understood (Bugg et al. 2011). Nevertheless, the results
suggest that similar enzyme types as in fungi might be involved. It has been reported that Streptomyces
viridosporus T7A, a lignin-degrading actinomycete, secretes several peroxidases able to catalyze the
cleavage of lignin model compounds (Ramachandra et al. 1988). Subsequently, several actinomycetes
exhibiting extracellular peroxidase activity have been identified (Mercer et al. 1996). More recently, a
DyP has been identified and characterized in the actinomycete Rhodococcus jostii sp. RHAL able to
catalyze Ca—Cfp bond cleavage of a lignin model compound (Ahmad et al. 2011). Production of laccases
by bacteria has been reported as well (Miyazaki 2005; Kellner et al. 2008; Niladevi et al. 2008). This
indicates that suitable enzymes produced by bacteria could potentially be used by themselves or in
combination with enzymes from fungi in future conversion processes of lignin. Using bacteria instead
of fungi for enzyme production would most likely reduce the practical challenges posed when working

with fungi concerning protein expression and genetic manipulation.

2.4.2. Enhancement of biocatalyst properties

The performance of one-pot multi-catalytic reactions with LME can be limited by several reaction
parameters, e.g., pH, temperature, and solvent. In general, pH is not a major constraint regarding activity
as several LME active at rather high or low pH have been described (Table 2.1). Therefore, the right
selection of enzymes allows for reaction conditions to be acidic as well as alkaline. However, enzyme
stability might become an issue under extreme pH conditions, which are, e.g., associated to chemical
oxidation processes. Temperature seems to be a major limitation as few enzymes are active at
temperatures above 90 °C. Most LMEs show activity maxima between 20 and 70 °C. However, some
overlap between the temperature ranges of LME and inorganic catalytic processes exists (Figure 2.6).
Moreover, enzymes are often inactivated or denatured in the presence of organic solvents (Ogino and
Ishikawa 2001), further limiting their usability for the conversion of lignin in combination with chemical

catalysis.

Improving enzyme stability and activity under harsh reaction conditions would lead to a broader
application range, thereby increasing the possible combinations with other bio-or inorganic catalysts. In
principle, there are three ways to obtain modified enzymes with improved properties. Enzymes can be
isolated from extremophiles, obtained by classical protein engineering where stabilizing mutations can
be predicted on the basis of the enzyme structure, and produced through directed evolution (Eijsink et
al. 2005; Turner 2009). “Directed evolution is a widely-used engineering strategy for improving the
stabilities or biochemical functions of proteins by repeated rounds of mutation and selection” (Bloom
and Arnold 2009). These three strategies are also often used in combination. Additionally, enzyme
immobilization often leads to the enhancement of enzyme stability and sometimes even of activity
(Mateo et al. 2007). Furthermore, immobilization facilitates the recovery and reuse of enzymes (Sheldon
2007). In this section, several scientific and technological advances leading to the effective improvement

of LME properties are discussed.
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Figure 2.6 Temperature ranges of the different enzyme families (grey background; data from Table 2.1)
and in which the different types of chemical catalyses of lignin and lignin model-compounds (white
background) were performed (data from Zakzeski et al. 2010a). Family LDAZ1-8; Lignin Degrading
Auxiliary Enzymes (adapted from Gasser et al. 2012)

2.4.2.1. Thermostability

Increased enzymatic thermostability often goes along with a general stability increase of the enzyme,
making it more tolerant to extreme pHs, high salt concentration, the presence of organic co-solvents,
etc. (Arnold 1990; Ogino and Ishikawa 2001). High process temperatures confer advantages like low
levels of microbial side-contamination, improved reaction vyields, increased solubility of reaction
substrate, and product and time savings (Arnold 1990; Ogino and Ishikawa 2001; Garcia-Ruiz et al.
2010).

However, increasing stability through point mutations often leads to a trade-off between stability and
activity (Garcia-Ruiz et al. 2010). Stability increases are mostly gained through mutations, which
establish new interactions and thereby prevent unfolding and denaturation under harsh conditions (Reetz

et al. 2006). At the opposite, activity increases are mostly achieved through destabilizing mutations that
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lead to better access for the substrates to the active sites of the enzymes (Bloom and Arnold 2009).
Therefore, to produce enzymes with increased stability and activity, several mutations are often
necessary. Several studies reported the increase of enzyme thermostabilities of LME through mutations,
also often in combination with increased activities (Reading and Aust 2000; Morawski et al. 2001; Festa
et al. 2008; Garcia-Ruiz et al. 2010). For instance, a recombinant MnP had a higher activity than the
native enzyme produced by Phanerochaete chrysosporium but was also more readily inactivated at
temperatures of 37 °C and above (Reading and Aust 2000). The recombinant enzyme was modified by
the insertion of a disulfide bond, which increased the enzyme’s thermostability while retaining its
enhanced activity. The newly built enzyme retained most of its activity up to a temperature of 52 °C,
where it was inactivated at a similar rate as the native enzyme (Reading and Aust 2000). Other studies
applied directed evolution to improve the thermostability of, e.g., a horseradish peroxidase (HRP)
(Morawski et al. 2001), laccase from P. ostreatus (Festa et al. 2008), and VP from Pleurotus eryngii
together with high-redox-potential laccase from basidiomycete PM1 (Garcia-Ruiz et al. 2010). The
enzymes were expressed in Saccharomyces cerevisiae in all three studies. The half-life of the newly
developed HRP was increased by a factor of 3 (Morawski et al. 2001) and that of laccase by a factor of
1.4 (Festa et al. 2008) in comparison to the native enzyme at 60°C. The study aiming to improve the
thermostability of VP and high-redox-potential laccase reported that the VP retained ~30 % of its
maximal activity at 65 °C (three times more than the native enzyme) and the high-redox potential laccase
retained 40 % of its maximal activity at 72 °C (ten times more than the native enzyme) (Garcia-Ruiz et
al. 2010).

2.4.2.2. H,0; tolerance of peroxidases

Peroxidases are inactivated by too high substrate, i.e., H,O,, concentrations. The oxidative damage of
peroxidases has been referred to as suicide inactivation (Valderrama et al. 2002). Since H20- is needed
by peroxidases to degrade lignin, either control of H,O, concentrations or increased tolerance of
peroxidases to higher H,O, concentration levels is necessary to run continuous processes. Control of
H>O, concentrations could be achieved either by supplying H.O; to fed batches (Mielgo et al. 2003)
through electro-chemical methods (Lee and Moon 2003) or through the control of H,O.-producing
enzymes (Lan et al. 2006). Some studies report on the operation of continuous processes with LiP from
Phanaerochaete chrysosporium whereby the enzymatic production of H,O, was used as a mean to
control the concentration of the latter (Lan et al. 2006; Qiu et al. 2009). H,0, was supplied by glucose
oxidase from Aspergillus niger, which was in turn controlled through regulation of glucose
concentration and pH. The effectiveness of this combination was demonstrated through the conversion
of different dyes. In one study, 90.9 % of rhodamine B was converted over 1 h when H,O was produced
enzymatically compared to only 41.0 % when H,O, was supplied externally every 5 min (Lan et al.
2006). Total supplied H>O, amounts over the course of the whole experiment were 300 uM in both cases
(Lan et al. 2006). In another study, LiP and glucose oxidase were co-immobilized on nanoporous gold
(Qiu et al. 2009). Some 87.2, 75.5, and 84.6 % of pyragallol red, rhodamine B, and fuchsine,
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respectively, were converted over 3 h when H,O, was supplied enzymatically compared to only 55.6,
44.3 and 53.5 % when LiP was immobilized as a single enzyme and 1 uM H>O, was supplied externally
in one pulse at the beginning of the experiment (Qiu et al. 2009).

Gil-Rodriguez et al. (2008) reported the isolation of a peroxidase from daikon radish (Raphanus sativus
L. cv. daikon) resistant to H,O,, named Zo peroxidase. Future detailed study of the enzyme structure of
Zo peroxidase might reveal the properties responsible for its H.O. tolerance and may help in the
production of further H.O--resistant peroxidases (Gil-Rodriguez et al. 2008). Several studies reported
achieving enhanced H,O; tolerance of ligninolytic peroxidases through mutagenesis. For example, MnP
from P. chrysosporium with nine times higher H.O- stability (Miyazaki-Imamura et al. 2003) and HRP
with 25-, 18-, and 12-fold increased H,0; stability (Ryan and O’Fagain 2007) compared to the wild type
were reported. Furthermore, increased H,O, tolerance of a VP from Bjerkandera adusta was achieved
by producing crosslinked enzyme aggregates of VP in combination with glucose oxidase from A. niger
(Taboada-Puig et al. 2011).

2.4.2.3. Stability in non-aqueous solvents

Lignin can be dissolved in some organic solvents (Muurinen 2000; Zhao et al. 2009), making it more
available for catalysts. However, enzymes are usually inactivated and denatured in the presence of
organic solvents (Doukyu and Ogino 2010) since they generally require water to maintain their native
structure by promoting non-covalent interactions like hydrogen bonds, and van der Waals, hydrophobic,
and ionic interactions (Singer 1963). Furthermore, polar solvents are able to enter the protein’s interior
which might induce secondary and tertiary structural changes and are abler than apolar solvents to
remove protein-bound water (Serdakowski and Dordick 2008). Additionally, the higher solubility of the
substrate in organic solvents constitutes a thermodynamic stabilization of the substrate in its initial state,
which leads to a decrease of the observed enzymatic activity (Serdakowski and Dordick 2008).
Changing solvent polarity can lead to a more stable transition state and therefore reduce the activation
energy of the catalyzed reaction as shown, for example, for subtilisin-catalyzed transesterification
reactions in organic solvents (Kim et al. 2000). Therefore, the addition of small amounts of water and
the decrease of solvent polarity can lead to more enzymatic activity in organic solvents (Serdakowski
and Dordick 2008). Another way to obtain active enzymes in non-aqueous solvents is protein
engineering (Serdakowski and Dordick 2008). No LME are reported to be organic solvent tolerant by
nature in a recent review on the subject (Doukyu and Ogino 2010). However, several studies
successfully maintained the enzymatic activity of LME in organic solvents (e.g., Dai and Klibanov 1999;
Ozawa and Klibanov 2000; van de Velde et al. 2001; Liu et al. 2006; Zumarraga et al. 2007).

Alternatively, biomass can be dissolved in ILs. Several ILs are able to dissolve lignocellulose and allow
the separation and at least partial recovery of each fraction. The solubility of carbohydrates and lignin

in ILs has been reviewed recently (Zakrzewska et al. 2010). The highest solubility of kraft lignin was
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achieved using 1,3-dimethylimidazolium methanesulfonate ([Mmim] [CH3;0SQOs]) or 1,3-
dimethylimidazolium trifluoromethanesulfonate ([Bmim] [CF3SQs]) as solvent (Lee et al. 2009).

Several reviews discuss enzymatic reactions and enzyme stabilization in ILs (e.g., Cantone et al. 2007,
van Rantwijk and Sheldon 2007; Gorke et al. 2010; Zhao 2010). Dissolution of lignocellulose in ILs
and prospects on possible future uses of ILs in biorefineries are discussed in a feature article (Sun et al.
2011). The possibility to directly dissolve lignocellulose and separate lignin from cellulose and
hemicellulose might allow an exhaustive utilization thereof and has the potential to facilitate the

treatment of lignin with biocatalysts (Sun et al. 2011).

2.4.2.4. Enzyme immobilization

Enzyme immobilization can improve the properties of biocatalysts by increasing their stability and
activity under various conditions (e.g., extreme pHs, organic solvents, elevated temperatures)
(Bommarius and Riebel-Bommarius 2004) and allows enzyme reuse and biocatalysts separation from
reaction products, thereby permitting the operation of continuous processes (Polizzi et al. 2007).
Immobilization techniques have been the subject of several reviews (e.g., Mateo et al. 2007; Brady and
Jordaan 2009; Hartmann and Jung 2010; Jochems et al. 2011; Ba et al. 2013).

Basically, three methods can be distinguished, i.e., support or carrier binding, encapsulation or
entrapment, and cross-linking (Duran et al. 2002; Sheldon 2007; Ba et al. 2013). Each method possesses
specific advantages and disadvantages depending on the targeted application. Carrier binding methods
such as physical adsorption and covalent or ionic binding immobilize the enzymes on a support material.
Adsorption occurs via electrostatic interactions, van der Waals forces, and even hydrogen bonding

between enzymes and carrier surface (Ba et al. 2013).

2.4.2.4.1. Covalent immobilization on solid support material

Stability is a crucial factor with respect to efficient enzyme use. During lignin treatment potential
unfavorable conditions due to the presence of organic solvents or the application of low pH values might
lead to considerable enzyme inactivation. Regarding methods like carrier binding or encapsulation, the
physical bonding is generally insufficient to keep the enzyme fixed to the support or prevent enzyme
leakage, while ionic binding is normally stronger (Sheldon 2007). Covalent binding leads in general to

an even more stable immobilization of the biocatalysts on the carrier (Sheldon 2007).

Regarding the specific enzymatic activity that can be immobilized on carriers, the specific surface area
of the support material seems to be a decisive factor. The same immobilization protocol was used for
the covalent immobilization of laccase from Coriolopsis polyzona on spherical silica nanoparticles with
a specific surface area of 17.4 m? g~* and to fumed silica nanoparticles (fsNP) with a specific surface
area of ~390 m? gt (Zimmermann et al. 2011). Resulting biocatalysts immobilized on fsNP had a 14.3
times higher specific enzymatic activity than biocatalysts immobilized on spherical silica nanoparticles,

demonstrating the importance of a large specific surface area.
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The series of reaction steps during enzyme immobilization was investigated in the context of this study
as well. In a first approach, the surface of the fsSNP was modified with 3-aminopropyltriethoxysilane
(APTES). In a second step, the cross-linker was added and allowed to react with the amino group on the
surface of the modified fsSNP. Excess cross-linkers were removed before; in a third step, the enzymes
were added and covalently immobilized on the particle surface. In a second approach, a sorption step
was introduced in which the enzymes were allowed to adsorb to the modified particle surface prior to
cross-linker addition. The first approach results in covalent immobilization of the enzymes on the
particle surface, while the second approach additionally results in intramolecular cross-linking of the
enzyme molecules and consequently in the formation of cross-linked enzyme aggregates (CLEAS) on
the particle surface. The second approach allowed the immobilization of nearly twice as much enzymatic
activity on the fsNP surface. The stability of the two biocatalysts was investigated in buffer solutions at
pH 7 over 1 month. No considerable differences in stability could be observed. After 32 d, the
biocatalysts retained 63.3+1.3 and 57.0£2.2 % of their initial activity for biocatalysts produced by the

first and second approaches, respectively.

Immobilization increased enzymatic stability considerably since only 20.1+1.7 % of the initial activity
of dissolved laccase remained after 29 d. Stability tests in WWTP effluent at pH 8.2 were conducted
with biocatalysts produced with the second immobilization approach, with dissolved enzymes, and
enzymes only adsorbed on fsNP. While the covalently immobilized enzymes still retained around 80%
of their initial enzymatic activity after 32 d, the dissolved and the adsorbed enzymes lost most of their

activity within the first 10 d (Zimmermann et al. 2011).

In an additional study, laccase from T. versicolor (TVL) and HRP were co-immobilized on aluminum
particles by cross-linking and layer-by-layer coating with alternatively charged polyelectrolytes
(Crestini et al. 2011). The resulting multi-enzyme biocatalysts had increased stability compared to the
free enzymes. A total of 2 g L™ milled wheat straw lignin was treated with the biocatalysts in water.
Before the start of the experiment, the wheat straw lignin was completely insoluble. After treatment with
the biocatalysts, 61.3 and 59.8 wt% of milled wheat straw lignin were in solution with and without
addition of a chemical laccase mediator, respectively. The water-soluble material consisted of polymers
with significantly lower average molecular weight than the starting material, demonstrating that lignin
depolymerization outweighed lignin solubilization. Control experiments with free enzymes and singly
immobilized enzymes (used alone or in mixture, with or without laccase mediator) led to less efficient
lignin conversion and depolymerization (Crestini et al. 2011). Furthermore, the immobilized catalysts
could be recycled more than ten times. This study gives further indication that a multicatalyst approach
is expedient for lignin depolymerization and demonstrates the advantages of immaobilized enzymes over

free enzymes due to higher stability and recyclability.

Next to the often reported favorable effects on enzymatic stability through enzyme immobilization on

solid carriers (Cabana et al. 2009; Zimmermann et al. 2011; Nair et al. 2013), there are also shortcomings
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to the resulting biocatalysts. For example, reduced activity towards certain substrates in comparison to
dissolved enzymes is sometimes reported and attributed to diffusional limitations of substrates (Hommes
et al. 2012). Furthermore, insoluble lignin might adsorb on the carrier surfaces reducing accessibility of
the active sites of the biocatalysts for the targeted compounds. In case of particles, it might also intensify
aggregation and settling of support particles harboring the immobilized biocatalysts, making proper
mixing more laborious. Furthermore, separation of immobilized enzymes from insoluble lignin residues
after treatment might be difficult. Therefore, the application of magnetic carrier materials might be of
interest allowing magnetic separation of the biocatalsysts from other insoluble material. Surface
modification of magnetite particles with APTES could be successfully demonstrated (Ma et al. 2003;
Yamaura et al. 2004). Consequently, this will enable enzyme immobilization on magnetic carriers
applying a cross-linking agent like glutaraldehyde. Applying this concept will allow production of
magnetic nanobiocatalytic materials that can be easily separated from insoluble lignin material after

reactions.

2.4.2.4.2. Encapsulation

A further immobilization method, known as encapsulation (entrapment), occurs via inclusion of
enzymes inside a polymer network (gel lattice) such as organic polymer, silica solgel, or a membrane
device such as a hollow fiber or a microcapsule in order to preserve the enzyme’s three-dimensional
structure (Sheldon 2007). While there are reports on improved enzymatic stability due to encapsulation
(e.g., Lloret et al. 2011) diffusion limitations leading to slower reaction kinetics are commonly reported
for encapsulated enzymes (Pierre 2004). Furthermore, encapsulation induced aggregation or unfolding
of proteins is a major issue in the preparation of such biocatalysts, rendering the choice of a suitable

methodology particularly important (Castellanos et al. 2002).

24.243. CLEAs

Another immobilization approach uses protein cross-linking by covalently binding functional groups
(e.g., amine groups, carboxylic groups) of different enzyme molecules using a bi- or multi-functional
reagent in the absence of a carrier (Ba et al. 2013), which is the main advantage of this method.
Consequently, the specific activity of the catalysts can be expected to be higher compared to catalysts
immobilized on solid supports assuming that cross-linking does not severely affect the catalytic activity
of the enzymes. Several protein cross-linking methods exist such as cross-linking the enzymes in
solution (cross-linked enzymes, CLEs), spray-drying the biocatalysts prior to immobilization (cross-
linked spray dry, CLSD), laborious cross-linking of highly pure enzyme microcrystals (cross-linked
enzyme crystals, CLECS), or the formation of enzyme aggregates using raw enzymes (CLEAS) (Sheldon
2007; Ba et al. 2013). Biocatalysts such as CLEs and CLSD have generally low mechanical stability,
which is not the case for CLECs and CLEAs (Sheldon 2007; Ba et al. 2013). However, production of

CLECs is much more laborious than for CLEAs, leading to increased costs.
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As already pointed out by others (Sheldon 2007), direct comparison of the different immobilization
methods based on literature is difficult. Most studies compare the performances of
immobilized/insolubilized enzymes prepared by only one technique with the free enzyme. However,
every enzyme responds uniquely to an immobilization method, and for proper comparison, several
parameters would have to be determined, like enzyme pH optimum, immobilization efficiency, enzyme
activity, and enzyme stability (Jochems et al. 2011). Moreover, some of the changes in enzymatic
stability and activity that are observed might not be due to conformational changes of the enzyme but
due to differences in the vicinity of the immobilized/insolubilized biocatalyst compared to the bulk
environment (De Maio et al. 2003). Since substrate oxidation to radical species takes place at the active
site of the enzymes, the radical concentration in proximity of the immobilized biocatalysts might be
higher than in bulk solution. Therefore, the occurrence of radical chain reactions might be increased in

reactions using immobilized enzymes compared to reactions using dissolved enzymes.

2.5. Multi-catalyses reactions and chemoenzymatic combinations

The complex mechanism of lignin degradation in nature and the limited success of lignin
depolymerization with single catalysts indicate that efficient lignin conversion to platform and fine
chemicals might only be achieved by combining various catalysts. Making use of the unique properties

of biocatalysts as well as of chemical catalysts represents a new approach (Vennestrem et al. 2010a).

One possibility to treat lignin using chemical catalysts as well as biocatalysts would be a sequential
treatment in several reactors, allowing optimal reaction conditions for each catalyst. While this might
be necessary for certain reactions (especially reactions with chemical catalysts only working effectively
at high temperatures), using multiple catalysts in one reactor would offer several advantages, such as
process intensification, reduction of product separation and purification steps, material consumption,
waste generation, and time and yield losses (Murzin and Leino 2008; Vennestrgm et al. 2010a).
However, conducting such one-pot catalytic transformations is challenging. Temperature and reaction
media (as already discussed in the previous chapter), pressure, compatibility, and reaction rates are key
parameters to consider when combining enzymes and inorganic catalysts (Vennestrgm et al. 2010a).
The highest pressure used in chemical catalysis as reported by a comprehensive review (Zakzeski et al.
2010a) was 46 MPa (Kashima et al. 1964). However, these processes were conducted at temperatures
between 250 and 450 °C and are therefore unsuitable for enzymatic reactions. The highest pressure for
chemical catalysis conducted at 100 °C or below as reported by the same review was 18 MPa (Borthakur
2007). Pressures in this order of magnitude seem to have only limited effects on enzyme stability as
pressures of 100-200 MPa are required to dissociate oligomeric proteins (Silva and Weber 1993) and
even higher pressures of 400-800 MPa are needed to denature small monomeric proteins (Heremans
1982).

Compatibility between reactants, intermediates, substrates, and bio- and inorganic catalysts that are

employed in one-pot processes is more crucial and has to be ensured (Vennestram et al. 2010a).
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Furthermore, reaction rates have to be adjusted in order to avoid the formation of undesired compounds
or substrate limitation for one of the catalysts (Murzin and Leino 2008; Vennestrgm et al. 2010a).
Therefore, reliable kinetic models describing the transformation processes have to be developed, which
is not an easy task because a lot of parameters and variables have to be considered and integrated
together in the models, e.g., catalyst—catalyst interactions, mass transfer processes, feedback inhibition,
etc. (Murzin and Leino 2008). Recently, processes relying on the chemo-enzymatic conversion of
biomass were discussed in a further review, which however did not mention the use of lignin as
feedstock (Marr and Liu 2011).

While chemo-enzymatic combinations for lignin transformation have not been extensively explored so
far, several interactions between LMEs and chemical transformation processes can be envisioned
(Figure 2.7). Chemical transformation of lignin could provide compounds that can be used by laccases
as mediators (Figure 2.7, a). Phenol—a compound that has been shown to act as laccase mediator for
the oxidation of, e.g., polycyclic aromatic hydrocarbons like anthracene (Johannes and Majcherczyk
2000a)—has been produced by, e.g., hydrocracking of organocell lignin (Meier et al. 1994). Chemical
oxidation of lignin has led to the formation of other compounds that have been reported to act as laccase
mediators in a review (Cafias and Camarero 2010), e.g., vanillin (e.g., Badamali et al. 2009;
Partenheimer 2009; Werhan et al. 2011) or aceto vanillone (e.g., Crestini et al. 2005, 2006; Badamali et
al. 2009). Therefore, employing laccase in combination with certain chemical catalysts might lead to in
situ production of laccase mediators, and consequently the addition of laccase mediators in advance

might not be necessary.

Furthermore, the different oxidases can be employed for H>O, production (Figure 2.7, b). This has been
demonstrated previously (Vennestragm et al. 2010b). Glucose oxidase from A. niger was immobilized
on a titanium silicate catalyst. The H,O, produced as a side-product by the glucose oxidase-catalyzed
oxidation of one substrate (e.g., - glucopyranose) was used as oxidizing agent by the chemical catalyst
for the oxidation of another substrate (e.g., allyl alcohol, 2-butanol, 2-propanol, crotyl alcohol). A
similar combination can be envisaged between FAD-oxidase enzymes and, for example, MTO catalysts
that require H,O- as primary oxidant for the oxidation of lignin (e.g., Herrmann et al. 2000; Crestini et
al. 2005, 2006). The degradation of lignin or lignin model compounds by the MTO/H,0. oxidation
system has led to the formation of aromatic aldehydes (Herrmann et al. 2000; Crestini et al. 2005, 2006)
as well as aromatic alcohols (Herrmann et al. 2000) (Figure 2.7, c). These products could be directly
used by FAD-oxidases and alcohol dehydrogenases in redox cycles for the further production of H,O».
Moreover, repolymerization of intermediates like quinonoids and radical compounds during lignin

degradation might be prevented by employing FAD-oxidases.

Chemical oxidation of lignin by, e.g., POM (Gaspar et al. 2007) or Co(salen) (Canevali et al. 2002)
catalysts can result in quinones and hydroquinones that can be used by quinone reductases, laccases,

and peroxidases in redox cycles for the production of superoxide radicals (Figure 2.7, d). Furthermore,
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it has been shown that laccase can re-oxidize reduced POM catalysts. This has been used for the
continuous delignification of eucalypt kraft pulp (Gamelas et al. 2007). The POM catalyst
([SiW11VVOa0] °) was employed at around 90 °C in a batch reactor for pulp delignification. TVL was
applied in a separate aerated batch reactor for the reoxidation of the reduced POM catalysts at 45°C.
The reoxidized chemical catalysts were separated from the enzymes via an ultrafiltration ceramic
membrane and returned to the first reactor. By this continuous system, nearly 70 % of pulp
delignification was obtained (Gamelas et al. 2007).
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Figure 2.7 Scheme depicting possible interactions between biological and chemical lignin degradation

(for explanation, see text, adapted from Gasser et al. 2012)

High lignin conversion to lower molecular weight compounds was achieved recently, by two-step
processes combining an oxidation step with a second reaction step targeting oxidized p-O-4 ether bonds
(Rahimi et al. 2014, Lancefield et al. 2015). In one study cellulolytic enzyme lignin, i.e., an almost
native lignin from aspen was first oxidized aerobically using a 4-Acetamido-2,2,6,6-
tetramethylpiperidine 1-oxyl/HNO3/HCI catalyst system using acetonitrile as solvent (Rahimi et al.
2013). This system was shown to oxidize the side chains of lignin 3-O-4 model compounds in the Ca
position leading to the formation of Ca ketones (Rahimi et al. 2013). Subsequently, these oxidized side-
chains were cleaved in the second reaction step by a formic acid induced depolymerization step (Rahimi
et al. 2014). Samples were treated at 110 °C for 24 h. This allowed the production of 52.2 wt% of
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monomeric reaction products and 9.0 wt% of di- and trimeric reaction products. These are the highest
yields of low molecular weight compounds produced from lignin reported to date (Rahimi et al. 2014).
Another study followed a similar approach (Lancefield et al. 2015). Birch lignin was oxidized in a first
step using a 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)/tBUONO/O, catalytic system in 2-
methoxyethanol/1,2-dimethoxyethane (2:3) at 80 °C for 14 h. As in the study described above, this led
to side-chain oxidation and the formation of Ca-ketones in B-O-4 lignin bonds as demonstrated by
oxidation of lignin model compounds. The oxidized B-O-4 lignin bonds were subsequently cleaved
using zinc as reductant in presence of NH4Cl. Through this process one main monomeric reaction
product, i.e., 3-hydroxy-1-(4-hydroxy-3,5-dimethoxyphenyl)propan-1-one was produced at a yield of
5 wt% (Lancefield et al. 2015). While these results are promising, achievable low molecular weight
product yields using these processes heavily depend on the quantity of B-O-4 ether bonds of the lignin
material and most biomass pretreatment methods employed today, e.g., kraft pulping or organosolv
processes considerably alter the lignin structure leading to a decrease or complete loss of -O-4 bonds

(Rahimi et al. 2014).
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3. Aims and Scope

The aim of the present thesis was the development of a lignin depolymerization strategy making use of
LME immobilized on nanomaterials. Enzymes of interest were identified by literature study (see

paragraph 2.4.1) and comprise laccases, LiP, HRP, VP, MnP, DyP, and glucose oxidase.

For high-throughput characterization of oxygen consuming enzymes, i.e., laccases and glucose oxidase
a new method was developed making use of an extracellular flux-analyzer allowing directly measuring
the oxygen consumption of the enzymes in the presence of a substrate, e.g., lignin. This method allows
the quantitation of enzyme characteristics (i.e., profiles of activity at various pH values) and minimizes

the time it usually takes to collect respiratory data of oxygen-consuming enzymes.

Covalent enzyme immobilization on two solid carrier materials, i.e., fSNP and superparamagnetic
particles (MP) using a sorption-assisted surface conjugation approach (Zimmermann et al. 2011, see
paragraph 2.4.2.4.1) was explored. The goal was to study and optimize the immobilization process more
in depth to gain increased understanding and allow efficient production of biocatalysts with high specific
enzymatic activity and stability. Furthermore, the method was augmented to enable the immobilization
of several different enzymes on the same particle, i.e., to allow the production of multi-enzyme

nanobiocatalysts.

Initial lignin treatment experiments were conducted with the goal to establish reaction conditions
allowing effective lignin oxidation. To that end different organic solvents were applied in order to partly
solubilize lignin, thereby, increasing the accessibility for the enzymes. Subsequently, the effects of
different oxidative LMEs on the molecular weight distribution of lignin were evaluated, newly formed
low molecular weight compounds for most promising setups were identified and quantified, and most

promising LMEs were selected for further experiments.

Thereafter, ways to improve the overall reaction regarding production of low molecular weight
compounds were investigated. Results of the first experiments showed that while lignin oxidation could
be achieved and stable low molecular weight compounds were formed considerable polymerization
occurred as well. Therefore, reaction conditions were adapted with the objective to limit polymerization
and potentially produce higher yields of low molecular weight products. The following approaches were

investigated:

e Laccases were used in combination with an antioxidant and its effect on the molecular weight
distribution of lignin was evaluated.
e Laccases were used in combination with redox mediators in order to extend the effectivity of

the reactions towards non-phenolic lignin structures
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e The enzymatic oxidation step was combined with a formic acid induced depolymerization step

in order to further break down the residual oxidized lignin.

Success of the processes was evaluated by quantitation of newly formed low molecular weight products
as well as by overall changes in the molecular weight distribution of lignin. Finally, based on the
experimental results, two potential processes for lignin valorization were described and a preliminary

economic evaluation of these processes was conducted.
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4. Materials and Methods

4.1. General

The substrates 2,2'-azino-bis(3-ethylbenzthiazoline)-6-sulfonic acid (ABTS), 2,6-dimethoxyphenol
(2,6-DMP), 4-hydroxy-3,5-dimethoxybenzaldehyde azine (syringaldazine), diclofenac sodium salt,
hydroquinone, and additional analytical grade chemicals were purchased from Sigma-Aldrich
(Switzerland) and used without further purification. FsNP (surface area: 390+40 m? g%; aggregates of
particles with a size of 7 nm) were purchased from Sigma-Aldrich (Switzerland). Radiolabeled [phenyl
acetic acid ring-U-1*C] diclofenac (2-[(2,6- dichlorophenyl)amino]benzeneacetic acid) sodium salt was
purchased from GE Healthcare, U.K. Citric acid and dimethyl sulfoxide (DMSO, Rotisolv, >99,99 %,
headspace grade) were purchased from Carl Roth GmbH (Switzerland). Other chemicals were of
analytical grade and high purity and purchased from Sigma-Aldrich (Switzerland). Different buffer
systems were used, i.e., Mcllvain phosphate-citrate buffer (MPC; Mcllvaine 1921), Sérensen phosphate-
buffer (PB; 0.1 M), malonate buffer (0.1 M), and acetate buffer (0.1 M).

Colorimetric assays were conducted using a plate reader (Synergy™ 2 Multi-Mode Microplate Reader,
BioTek Instruments Inc., Switzerland) and Gen5 1.08 Data Analysis Software (BioTek Instruments Inc.,
Switzerland). Design Expert 8.0.7.1 software (Stat-Ease, Inc., Minneapolis) was used for development

and analysis of experimental designs.
4.2.  Enzymes and enzyme characterization

4.2.1. Origin of enzymes

Commercial enzyme formulation and crude solutions of laccases obtained from filtered fermentation
broths were used. Laccase from Trametes versicolor (Sigma; TVL), Pleurotus ostreatus (Sigma; POL),
HRP (Sigma; type II), LiP (Sigma), VP from Bjerkandera adusta (Jean Bioscience), and MnP from
Nematoloma frowardii (Jena Bioscience) were purchased as lyophilized powder, whereas the laccase
from Rhus vernicifera (Sigma; RVL) was purchased as crude acetone powder. Crude laccase of
Thielavia genus (Ecostone LCL45-Lot 7590; GTL) was purchased from AB Enzymes GmbH
(Germany). Laccases of Coriolopsis polyzona (CPL) and Cerrena unicolor (CUL) were provided as
filtered fermentation broth by Wetlands Engineering SPRL (Belgium). Glucose oxidase from
Aspergillus niger (Affymetrix) was purchased in stabilized aqueous solution. Laccase of Phoma sp.
UHH 5-1-03 (PSL) was produced by fermentation according to Junghanns et al. (2008) with minor
modifications (i.e. using 2,6-xylinine 0.8 mM as inducer). The culture broth was harvested by successive
filtration steps. The downstream process started with 0.5 mm nylon sieve filtration for raw biomass
elimination, followed by the addition of detergent (Brij 35) and the stepwise filtration using a rotating

ceramic filtration systems (Novoflow AG, Germany) with 0.2 and 0.01 um cut-off. In a final step the
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obtained retentate was precipitated with acetone, dissolved in PB (pH 8) and stored at 4 °C until used

for further experiments.

4.2.2. Colorimetric enzymatic activity assays

Enzymatic activities were determined by measuring absorbance changes of standard substrates or the
products formed over time. Measurements were conducted in 96-well plates by applying 50 pL of
enzyme containing solution to 150 uL of solution containing substrate and in some cases additional
compounds necessary for the corresponding enzymatic reaction. Color changes were monitored by
measuring the absorbance for 420 s at 6 s intervals. Table 4.1 summarizes the contents of the reaction
solutions for each enzyme and also contains information on the measured wavelength, and the molar
adsorption coefficient used for calculation of enzymatic activity. The corresponding enzymatic units
were defined as the amount of enzyme transforming 1 pmol of substrate per min. Units (U) were
calculated using Eq.1.

| <

AEXVt

= — (Eq.1
L exaxv, T

with AE being the change in extinction of light [min™], € being the molar absorption coefficient [M*
cm?], d being the layer thickness [cm], V: being the total volume [L], and Vs being the sample volume

of enzyme containing solution [L].

Table 4.1 Composition of reaction solutions of the different enzymatic assays used for determination of

enzymatic activities

Additional Wavelength Molar absorption

Enzyme Buffer pH Substrate compounds [nm] coefficient [M* cm]
MPC 0.2mM a
Laccase 100 mM 3 ABTS - 420 30,800
. Acetate 0.2mM b
Peroxidases 100 mM 4 ABTS 50 uM H>0, 412 32,400
High redox 2.0 mM
potential MPC 100 3 veratryl 400 uM 310 9,300°
. mM H20;
peroxidases alcohol
High redox
potential MPC100 4 32 M 100 iM 651 39,600
. mM azure B H20:
peroxidases
100 pM
Manganese Malonate 0.2 mM H20> d
peroxidase 50 mM 45 ABTS 200 uM 420 36,000
MnSO4
0.33 M p-D-
Glucose Acetate 0.2 mM glucose b
oxidase 100 mM 4 ABTS 1,250 U L 412 32,400
HRP
PB 100 10.3mM
Catalase mM 7 H,0, - 240 42.58
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Molar extinction coefficients were obtained from; a) Zimmermann et al. (2011), b) Shindler et al. (1976);
c) Tien and Kirk (1988) d) Hofrichter et al. (1998). Molar extinction coefficient for azure B and H-O;

was determined under assay conditions.

4.2.3. Various assays

Analytical isoelectric focusing was carried out using a Model 111 Mini IEF Cell (Bio-Rad) according
to the instruction manual. Amersham calibration kits (low range (pH 3-10) and high range (pH 5-10.5))
for pl determinations (GE Healthcare) were used as pl marker proteins. Bio-Lyte ampholyte (3/10,
40 %) was used as carrier ampholyte for the pH gradient, and gels were stained with Coomassie brilliant
blue R-250. The total protein content of enzyme working solutions was quantified by the bicinchoninic
acid assay (Smith et al. 1985). Bicinchoninic acid protein assay kits (Pierce®, Thermo Scientific,

Germany) were used, and assays were conducted according to the instruction manual.

4.2.4. Enzyme content quantitation

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out according to
a standard protocol (Laemmli 1970). The gels were stained with SYPRO Orange gel stain (Sigma)
according to the procedure instructions of the provider. Precision Plus Protein Standards (Bio-Rad) were
used as molecular markers. The calibration curve for laccase protein amount determination was obtained
by applying bovine serum albumin (BSA) standards. The bands of the corresponding enzymes were
selected by identifying the bands which had a molecular weight closest to the molecular weight reported
in the literature. The Lablmage 1D software (Kabelan, Germany) was used for the calculation of the

amount of enzyme protein

4.2.5. Oxygen consumption rate measurements
For the characterization of oxygen consuming enzymes like laccases or oxidases a high throughput assay
was developed for the determination of oxygen consumption rates (OCRs). For comparison OCRs of

enzymes were also determined using a Clark like electrode.

4.25.1. Determination of oxygen consumption rates using Clark electrode

OCRs were determined using a Clark electrode (Oxytherm System, Hansatech Instruments Ltd.,
England) at 22 °C under atmospheric air saturation conditions (0.28 mM 0O,). Eight hundred pL of
Britton—Robinson buffer (pH 2-10) with 10 pL of enzyme solution/particle suspension were stirred at
30 °C with 50 rpm in a 2 mL reaction chamber. Oxygen consumption was monitored for 5 min until
equilibrium was reached. Subsequently, 10 uL of the substrate 2,6-DMP (164 mM in H,0) was added
to provide a concentration of 2 mmol 2,6-DMP L in the reaction vessel. The signal was recorded for

5 min. Data were fitted using the Oxygraph plus software provided by the manufacturer.

4.2.5.2. Determination of oxygen consumption rates using fluorimetric measurements
All O2-detection assays based on fluorimetric measurements were performed using either an XF24-2
(CFA24) or XF96-2 (CFA96) extracellular Flux Analyzer (CFA; Seahorse Bioscience). The fluorimetric
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detection of O, and H* levels via solid state probes immobilized on a sensor cartridge (see the
configuration in Figure 5.2) in CFA24 (single spotted fluorophores) and CFA96 (hybrid sensor spot)
allows a multiparallel measurement of 24 and 96 samples, respectively. The sensor cartridge lowers to
within 200 pm of the well bottom during a measurement cycle, creating a transient micro chamber. This
chamber defines the measurement volume (Vc) which is ~7 uL and ~3 pL for CFA24 and CFA96,
respectively (Wu et al. 2007). The CFA provides changes in oxygen concentration with respect to V¢
(pmol min~t V¢ every 12 and 16 s for the CFA24 and CFA96, respectively. Both versions of the CFA

are temperature controlled, and all assays were conducted at constant temperatures of 35 °C.

After a measurement cycle, the sensor cartridge rises and the medium is re-oxygenated through
mechanical mixing, thus theoretically allowing repeated measurements of O, and pH over time. The
sensor cartridge is equipped with four reagent delivery chambers per well for injecting compounds into
the wells during an assay. OCR, changes in pH, and absolute levels of O, and pH can be visualized in
the data output. Different tests were carried out in order to evaluate the performance of the CFA and to
assess their applicability for enzymatic assays. For each test conducted, the main protocol described in
Figure 5.2 has been followed. The limit of detection (LOD) and the limit of quantitation (LOQ) for both
CFA systems (24 and 96) were calculated as described before (Kromidas 2011).

4.25.2.1. Verification of fluorimetric oxygen consumption rate measurements

4.2.5.2.1.1. Single product formation: 2,6-DMP transformation using RVL

In order to assess the electron transfer rate during single product formation, CFA96 assays using 2,6-
DMP and RVL were conducted following the main protocol (Figure 5.2) with some slight modifications.
Wells contained 160 uL of 4 mM 2,6-DMP at pH 7. After injection of 20 pL of RVL solution and mixing
oxygen, concentrations were measured for 210 s. Subsequently 20 uL of 1 M HCI solution were injected
per well in order to stop the transformation reaction. After 10 s of mixing, the plate was removed and
the absorbance of each well was measured at 477 nm in order to determine 2,6-DMP transformation

using a molar extinction coefficient of 14,800 M* cm (Slomczynski et al. 1995).

4.2.5.2.1.2. Cation radical chain reaction: Diclofenac transformation

With the aim to assess differences between single and multi-substrate reaction CFA96 assays using
diclofenac as substrate and various amounts of GTL were conducted following the main protocol (Figure
5.2) with some slight modifications. Wells contained 180 uL of radiolabeled diclofenac (4.5 mM;
733 Bq) dissolved in MPC (pH 7). After injection of 20 uL. of GTL solution and mixing, oxygen
concentrations were measured for 900 s. Subsequently 20 puL of 1 M NaOH solution were injected per
well in order to stop the transformation reaction. After 30 s of mixing, the plate was removed. Contents
of wells treated with the same amount of laccase were pooled, and 50 pL of each resulting sample was
measured in a liquid scintillation analyzer (LSC) in order to determine total sample radioactivity.

Subsequently 300 and 100 pL of each sample were dried with N, at 37 °C. The 300 uL samples were
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taken in order to quantify diclofenac and diclofenac transformation product recovery. After drying,
diclofenac and acetonitrile soluble diclofenac transformation products were extracted with acetonitrile
and measured by LSC. Remaining residues were dissolved in H,O and measured by LSC. The 100 pL-
samples were taken for high-performance liquid chromatography (HPLC) analysis. After drying,
diclofenac and acetonitrile soluble diclofenac transformation products were extracted with acetonitrile
and measured by HPLC. HPLC analyses were carried out using an Agilent Technology HPLC 1200
series coupled to a radioisotope detector, Ramona Star (Raytest, Germany). A Nucleodur C18 Pyramid
column (150 mm x 4 mm, 3 um particle size, Macherey and Nagel) was thermostated at 40 °C, and the
flow-rate was set at 0.8 mL min™*. Aliquots of 25 pL were injected in the HPLC. Elution was performed
using a water/acetonitrile gradient starting from 55:45 (v/v) to 0.2:99.8 (v/v) in 17 min. All elution
solvents were acidified with formic acid to a final concentration of 0.1 %. For analysis of reaction
products samples containing 3.9 mM diclofenac (2.6 x 106 dpm mL™) and 1.2 mg mL™* GTL were
incubated for 20 h at 25 °C and pH 7. Controls without laccase or without diclofenac were incubated as
well. Samples were lyophilized and afterward dissolved in DMSO. Subsequently they were analyzed by
size exclusion chromatography (SEC). For this purpose, an HPLC column cascade consisting of two
polargel M columns (300 mm x 7.5 mm, 8 A Phenomenex, Torrance) and a column guard was used.
The eluent DMSO with 0.1 % LiBr was used in isocratic mode. Analysis was performed with a flow

rate of 0.6 mL min~* and an oven temperature of 50 °C.
4.25.2.2. Assessment of sensor interferences of the extracellular flux analyzers

4.2.5.2.2.1. Formation of colored product: Syringaldazine transformation

In order to evaluate possible interferences of the fluorimetric sensor caused by a colored reaction
solution, the CFA96 assays using syringaldazine as substrate and GTL as laccase were conducted as
described above with some slight modifications. Wells contained 180 uL of syringaldazine at various
concentrations (ranging from 0.03 mM to 0.1 mM) dissolved in 60 % (v/v) ethanol and 40 % (v/v) MPC
(pH 5). After injection of 20 uL of GTL solution and mixing, oxygen concentrations were measured for
210s. Subsequently 20 uL of 1 M NaOH solution was injected per well in order to stop the
transformation reaction. After 10 s of mixing, the plate was removed and the absorbance of each well

was measured at 525 nm in order to determine syringaldazine transformation.

4.2.5.2.2.2. Direct sensor oxidation: Hydrogen peroxide reduction
CFA24 assays using H.O, and HRP were conducted as described above. Wells contained 200 pL
reaction mixtures consisting of 0.07 mM H,O; and 1.3 mM ABTS in acetate buffer (pH 4.4) or pure

water.

4.25.2.3. Data treatment of the results from the extracellular flux analyzers
CFA OCR raw data was transformed using the “Level(Direct)Akos” algorithm that is a component of

the Seahorse CFA software package and has been fully described before (Gerencer et al. 2009). The
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algorithm accounts for the O, flow into the measurement volume through the atmosphere and the walls

of the microplate (Gerencer et al. 2009).

The statistical criteria for the reproducibility of the CFA assay was assessed by testing the data set on
its normal distribution (Shapiro-Wilk normality test, chosen significance level p<0.1) and equal
variances (Bartlett test of homogeneity of variances, chosen significance level p<0.1). Parametric data
were evaluated using analysis of variances (chosen significance level p<0.1) and Tukey’s honestly
significant test (standard significance level p<0.05), respectively. For nonparametric data, the one-way
analysis of means (not assuming equal variances, chosen significance level p<0.1) and one-way analysis
of variance by ranks (Kruskal-Wallis, chosen significance level p<0.1) was chosen. Outlier exclusion

was performed using the Chi-squared test for outliers.

4.25.2.4.  Oxygen consumption rate measurements in the presence of lignin

For the characterization of oxygen consuming enzymes, i.e., different laccases in the presence of lignin
the assay described under 4.2.5 using the CFA96 was used. Experiments were conducted in PB pH 5
using 50 or 250 U g* lignin. Furthermore, CFA 96 experiments with varying lignin concentrations from
0.4 to 3 g lignin pmol* laccase, i.e., 0.13 to 1.00 g lignin L were conducted using GTL and OL.

4.3.  Enzyme immobilization

4.3.1. Particle characterization

4.3.1.1. Rheological measurements

Rheological responses of particle suspensions of different particle densities and with different surface
modifications were determined using a plate-and-plate geometry (plate diameter 40 mm and plate-to-
plate gap 0.15 mm) on a Bohlin Gemini advanced rheometer (Malvern Instruments, UK). The particle
suspensions were directly applied to the plate and experiments were conducted at a constant temperature
of 40 °C. The data was fitted with the Ostwald—de Waele relationship (Ostwald 1925):

)
T = K(ﬁ)" (Eq. 2)

with t being the dynamic viscosity, K the flow consistency index, i.e., the dynamic viscosity at a shear
rate of 1 s, du/dy the shear rate or the velocity gradient perpendicular to the plane of shear in s, and

n the flow behavior index.

4.3.1.2. Evaluation of surface functionalization

The efficiency of aminopropylation was determined following a ninhydrin assay described before (Sun
et al. 2006). Briefly, a solution was prepared by dissolving ninhydrin in DMSO at a concentration of
172 mM under a stream of nitrogen gas. Next, 25 mL of sodium acetate buffer (4 M, pH 6.0) were added

to 75 mL of ninhydrin containing DMSO solution. The resulting mixture was aerated with nitrogen gas
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for 10 min. Next, 1 mL of particle containing solution was added to 1 mL of ninhydrin solution and
incubated at 100 °C for 15 min. Subsequently, the reaction mixture was cooled in an ice-bath to room
temperature before 5 mL of a 50 % (v/v) ethanol solution was added. After thorough mixing for 15 s the
absorbance was measured at 570 nm.

Changes of the surface charge due to functionalization of the particles were determined by means of
zeta potential measurement by electrophoretic mobility measurements on particle suspensions in pure
water using a Zetasizer nano-ZS (Malvern Insturments UK). The pH of the suspension was adjusted to
pH 7 prior to measurement using 0.01 M HCI. Additionally, mass increases of the particles after
aminopropylation and after immobilization of the enzymes were measured by means of thermo
gravimetrical analysis (TGA) using a Thermobalance (Mettler TC 15 TA controller equipped with a
Mettler TG 50). An aliquot of 10 mg lyophilized particles were heated from 50 to 700 °C at a heating

rate of 10 °C min™ under aerobic environment.

Fourier transform infrared spectroscopy (FTIR) measurements of dried MPs and MPs modified with
APTES were performed using a BioRad FTS 3000MX Excalibur spectrometer equipped with a Golden
Gate™ Diamond ATR Top-plate. Direct transmittance was measured at a resolution of 8 cm™ from 600
to 4000 cm™, and 32 scans were taken per sample.

4.3.1.3. Scanning electron microscopy studies

10 uL of particle suspensions were spread on freshly cleaved mica surfaces and dried. Subsequently,
sputter coating of particles with Au-Pd was performed before scanning electron microscopy (SEM)
studies were conducted using a Supra 40 V system (Carl Zeiss, Switzerland) with accelerating voltages
of 15 and 20 kV.

4.3.1.4. Transmission electron microscopy

Particle size and morphology of MPs and MP-laccase conjugates were evaluated using transmission
electron microscopy (TEM; 80 kV; FEI Morgagni 179 268D). The samples were dispersed in water and
drop casted onto carbon-coated copper grid and allowed to dry completely at room temperature. The
size distribution was determined by measuring the diameter of at least 300 particles using ImageJ

software (version 1.48v).

4.3.1.5. Magnetization measurements

The magnetic properties of the MPs, MPs after surface modification with APTES, and MP-laccase
conjugates were studied with a Princeton Measurement Corporation vibrating sample magnetometer
(MicroMagVSM, model 3900). Magnetization curves were measured at room temperature using a
varying sample interval between 398 A m™ in low fields to 7958 A m™ in high fields, and an averaging

time of 100 ms. The magnetization was normalized with sample mass.
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4.3.2. Enzyme immobilization on fsNP

4.3.2.1. Optimization of consumable consumption

Optimization started on the basis of fsNP—laccase conjugates preparation by means of a sorption assisted
immobilization method previously described (Zimmermann et al. 2011). Thereby, the influence of
different parameters, i.e., amount of laccase, APTES, and glutaraldehyde were tested to optimize the

immobilization procedure in terms of minimizing the applied resources (Table 4.2).

Table 4.2 Amounts of laccase, APTES and glutaraldehyde used for production of fsNP-laccase

conjugates (adapted from Hommes et al. 2012)

Laccase Applied laccase APTES Glutaraldehyde
[U mg* fsNP] [umol mg! fsNP] [umol mg* fsNP]

PSL 4 0 0

4 0,0.08, 4 10

4 0.8 0.1,1,10

4 0,0.08, 4 10

4 0.8 0.1,1,10
GTL 05,1.0,2,3,4 0.8 1

4 0 0

4 0,0.08, 4 10

4 0.8 0.1, 10

4.3.2.2. Resulting method after optimization of consumable consumption

Coating of the fsNP with APTES was performed by incubation with 0.8 mmol APTES per gram fsNP
for 20 h in PB buffer at pH 7.5 under stirring at room temperature. Subsequently, the fsSNP-APTES
conjugates were washed several times with PB buffer in order to remove excess APTES. Afterwards the
conjugates were usually suspended in PB buffer at pH 7.5 except for the immobilization of HRP where
conjugates were suspended in 0.1 M carbonate-bicarbonate buffer at pH 9.5. In a second step 0.07 ¢
protein per gram fsNP of the enzymes were added to the fsSNP-APTES conjugates. Next, the suspensions
were stirred for 2 h at 4 °C. Afterwards 1.0 mmol glutaraldehyde per gram fsSNP was added dropwise
and the suspensions were stirred for an additional 20 h at 4 °C. Finally, fsSNP-enzyme conjugates were

washed repeatedly with PB buffer in order to remove excess enzymes and glutaraldehyde.

4.3.2.3. Immobilization of multiple enzymes on the same carrier
Co-immobilization of two and simultaneous immobilization of up to five enzymes was conducted in
similar fashion as described under 4.3.2.2. Enzymes to be immobilized were applied simultaneously and

it was assured that the total protein amount used corresponded to the optimal protein load.

In order to prove the suitability of the applied method for immobilization of multiple enzymes on the
same carrier, control experiments were conducted in some cases, immobilizing the respective enzymes
separately. For each enzyme, the protein amount applied for the production of single enzyme-fsNP
conjugate was equal to the protein amount of the corresponding enzyme applied for co-immobilization.

In case of the simultaneous immobilization of five enzymes, four separate control experiments were
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conducted. The number of laccases to be immobilized was increased in each experiment from one to
four. For each enzyme, the protein amount applied in control experiments was equal to the protein

amount of the corresponding enzyme applied for the simultaneous immobilization of five enzymes.

4.3.2.4. Enzyme immobilization at kilogram-scale

Immobilization at kilogram-scale was carried out according to the principle described under 4.3.2.2. A
suspension of 100 g fsNP L was prepared using PB at pH 7. The suspension was homogenized with a
magnetic stirrer (RCT basic IKAMAG® or RET basic IKAMAG®, IKA®, Germany) at 700 rpm and
0.8 mmol APTES g* fsNP was added during stirring. The thixotropic sample was shaken until it became
liquid and placed on an overhead shaker (Reax 2, Heidolph, Germany) for 24 h at 20 °C. The excess
APTES was washed away by two successive centrifugation/resuspension steps [2,900xg for 15 min on
a MSE Mistral 3000E centrifuge (MSE, England)]. 0.07 g protein g fsNP was added before the
suspension was placed on an overhead shaker and treated for 2 h at 4 °C. Afterwards, the suspension
was stirred at 1,200 rpm and 1.0 mmol glutaraldehyde g* fsSNP was added dropwise. The suspension
was again treated on an overhead shaker for 24 h at 4 °C. Subsequently, the excess enzymes and
glutaraldehyde were washed away by two centrifugation resuspension steps at 2,900xg for 15 min.

4.3.3.  Enzyme immobilization on MP

4.3.3.1. Particle synthesis

MPs were synthesized by co-precipitation of FeCl, and FeCls. Prior to particle synthesis, all solutions
used were purged with N3 in order to remove oxygen. An aqueous solution of FeCl; (1 M), FeCls (2 M),
and NaNOs (1 M) was prepared. Subsequently, 0.48 mL of 2 M NaOH solution was added in one batch
per milliliter of iron-containing solution. After shaking the solution for 5 min, the particles were
separated magnetically from the supernatant and suspended in pure water repeatedly until pH 7 was

reached.

4.3.3.2. Immobilization procedure

Coating of MPs with APTES was performed by incubating different amounts of APTES with 12.25 g
L~ MP suspended in 0.1 M phosphate buffer (PB) at pH 7.5 at 80 °C for 20 h on an incubation shaker
(IKA KS 4000 ic, HuberLab, Switzerland) shaking at 250 rpm. After, surface modification particles
were washed twice with PB at pH 5 prior to the addition of 114 mg TVL protein g~ MP, and the mixture
was shaken for 2 h at 4 °C. Subsequently, 2 mmol gt MP glutaraldehyde were added to the particles
and they were shaken for an additional 20 h at 4 °C. Finally, particles were washed seven times with PB
(pH 7.5).

4.3.3.3. Stability tests
Stability tests were conducted by shaking 1 g L™ conjugate of TVL and MP (TVL-MP) at 250 rpm on

a compact shaker (KS 15 A, Edmund Buhler GmbH, Germany) at room temperature. Organic solvents
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were applied at 30 % (v/v) in PB at pH 7. H,O, and NaN; were applied at 1 mM and 100 uM,
respectively in PB at pH 7. Enzymatic activities were measured at different time points.

4.3.3.4. Optimization of reaction times, pH, enzyme, and cross-linker amount

4.3.3.4.1. Optimization regarding specific activity

Enzymes were immobilized on MP following the principle steps described in paragraph 4.3.3.2 using
18 mmol APTES g! MP. Response surface methodology (RSM) was used to optimize the
immobilization procedure in terms of highest specific enzymatic activity. Specific enzymatic activity
was defined as enzymatic activity per particle weight. The influence of five factors, i.e., protein amount,
glutaraldehyde amount, time for enzyme adsorption, time for incubation with glutaraldehyde, and pH
was investigated. A third-degree polynomial model was fitted to the results using Design Expert 8.0.7.1
software. The model was subsequently reduced to only contain significant factors (p<0.05) and factors
necessary to maintain model hierarchy using the step-wise automatic model regression of the software.
Confirmation experiments were conducted at predicted optimal conditions, i.e., conditions predicted to
yield highest specific enzymatic activities. More detailed information on the experimental design,
conducted experiments, and the resulting model are shown in the appendix Al.1 (Table A. 1, Table A.
2, and Table A. 3).

Protein contents of washing solutions of certain selected samples were determined. All washing
solutions of one experiment were combined. Proteins of washing solutions were precipitated on ice in
—20 °C cold 80 % acetone for 3 h. After precipitation samples were centrifuged (5,000%g, 15 min) and
supernatants removed. Subsequently, proteins were dissolved in pure water and measured by the

bicinchoninic acid assay.

4.3.3.4.2.  Optimization regarding stability

Stability experiments were conducted at eight different conditions. The influence of pH on biocatalyst
stability was evaluated at pH 3, 5, 7, and 9, the effect of two organic solvents, i.e., MeOH and acetone
was tested, and the impact of H,O, and the laccase inhibitor NaN3 on the residual activity was assessed.
Residual activity (defined as the percentage of the initial enzymatic activity remaining) of the

biocatalysts was determined at three different time points, i.e., 1, 7, and 14 d for every condition.

A second-degree polynomial model was fitted to the results of each time point for every tested condition
using Design Expert 8.0.7.1 software. The influence of five factors on the residual enzymatic stability
was evaluated, i.e., protein amount, glutaraldehyde amount, protein adsorption time, glutaraldehyde
reaction time, and pH used during enzyme immaobilization. Transformation of the results was conducted
prior to fitting whenever recommended by the software. The models were subsequently reduced to only
contain significant factors (p<0.05) and factors necessary to maintain model hierarchy using the step-

wise automatic model regression of the software.
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The three models obtained (one for each tested time point) for every tested condition, i.e., for every pH
value, every solvent, NaNs, and H,O, were compared based on the model F values of the analysis of
variance (ANOVA). The model F value compares the model variance with the residual (error) variance
and is calculated by dividing the model mean square by the residual mean square. Consequently, a higher
model F value indicates that more of the observed variability of the response can be explained by the
investigated factors. Therefore, for every condition tested, the model with the highest F value was
selected to evaluate the influence of the different factors on the biocatalyst stability for the corresponding
condition. Conducted experiments and selected models are shown in the appendix Al.2 (Table A. 4-
Table A. 12, and Table A. 14).

To determine the formulation predicted to yield particles with best properties regarding stability in all
tested conditions, a multiple response method was used (Myers et al. 2009). Briefly, an objective
function, i.e., the desirability function (D) was devised (Eg. 3).

1

D= (ﬁ dl-)n (Eq.3)

i=1

In this function, d; are the desirability ranges for each response and n is the number of responses. The
desirable ranges go from zero to one for the least to the most desirable outcome, respectively. In case of
the stability experiments, least and most desirable outcome has been defined as 0 and 100 % residual
activity, respectively. In the present case, eight desirability ranges (one for every tested condition) were
included in the desirability function. The respective time point to consider for every tested condition

was based on the model selection described above.

To find the optimal formulation regarding biocatalyst stability a second-degree polynomial model was
fitted to the obtained D values and subsequently reduced to only contain significant factors (p<0.05) and
factors necessary to maintain model hierarchy using the step-wise automatic model regression of the

software. The resulting model is shown in the appendix A1.2 (Table A. 13 and Table A. 14).

4.3.3.5. Biocatalyst characterization

Kinetic constants towards substrates listed in Table 6.8 were determined by mixing 50 uL laccase
containing solution with 150 uL substrate containing solution at various substrate concentrations in 96-
well plates. Concentrations of laccase solutions were 1.58 mg L™ except for 2,6-DMP, ABTS, and 3-
amino-4-hydroxybenzensulfonic acid. For these three substrates, laccase concentrations were 0.16 mg
L%, Changes in the extinction of light at the corresponding wavelength given in Table 6.8 were measured
and enzymatic activities expressed as micromoles of substrate transformed per enzyme molecule per
second were calculated using the extinction coefficients given in Table 6.8. Kinetic constants were
calculated by means of nonlinear regression assuming Michaelis-Menten kinetics using GraphPad Prism

(GraphPad Software, Inc., version 6.05).
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4.3.3.6. Dye production

To demonstrate the suitability of the immobilized enzymes for biocatalytic processes, the TVL-MPs
were used for the production of a phenoxazinone dye; 0.25mM of the precursor (3-amino-4-
hydroxybenzensulfonic acid) were stirred at 500 rpm in PB at pH 5 in presence of 1 kU L™ TVL-MP
for 15 min.

Ten production cycles were conducted successively, and TVL-MPs were separated magnetically after
each cycle for 5 min using a nickel plated neodymium magnet (25.4 x 25.4 x 12.7 mm, 1.26-1.29 T,
supermagnete, Switzerland). Enzymatic activities in supernatants were measured before and after
centrifugation (16,100xg, 5 min) to determine how much activity was lost due to ineffective particle
separation. Formation of the dye, i.e., 2-amino-3-oxo0-3H-phenoxazine-8-sulfonic acid was monitored
by measuring the absorbance after each cycle at 420 nm after separation of particles (first magnetically
and then by centrifugation as described above). Enzymatic activity remaining in the reaction vessel was
determined before each cycle prior to addition of new precursor.

4.4. Lignin

4.4.1. Lignin sources

Organosolv lignin (OL) was provided by Huntsman advanced materials and originated from a mix of
hardwood species, i.e. maple, birch, and aspen. Soda lignins obtained after LPS® (see 2.2.3) were
provided by GreenValue SA (Switzerland). Soda lignins originated from wheat straw (W-SL), sarkanda
(S-SL), and soft wood (SW-SL). A further lignin was also provided by GreenValue SA and obtained
from wheat straw after steam-explosion pre-treatment and LPS® (W-SE).

4.4.2. Analytical methods

4.4.2.1. Size exclusion chromatography

Prior to SEC analysis all samples were lyophilized, filtered through 0.45 pm polyvinylidene fluoride
(PVDF) filters and subsequently dissolved in DMSQO. Size distributions of treated and untreated lignin
of the screening experiments described in paragraph 4.4.3 and 4.4.4 were evaluated using an Agilent
1200 HPLC system connected to a diode array detector (DAD, Agilent Technologies, Germany).
Chromatographic separation was achieved up to a molecular weight of 700,000 Da with a column
cascade (polar gel M pre column, 50 x 7.5 mm, and two polar gel M columns 300 x 7.5 mm 8 A, Agilent
Technologies). DMSO with 0.1 % LiBr (w/w) was used as eluent and the DAD recorded adsorption
spectra between 240 and 470 nm. Analysis was performed with a flow rate of 1 mL min* and an oven

temperature of 50 °C.

Size distribution of treated and untreated lignin samples of all other experiments were evaluated using
an Agilent 1260 infinity GPC/SEC system connected to a DAD (Agilent Technologies), refractive index
(RI) detector (Agilent Technologies), a multi-angle light scattering (MALS, Dawn8*, Wyatt
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Technologies, Germany) detector, and a viscosimeter (Visco Star Il, Wyatt Technologies). Chromatic
separation was achieved using the same column cascade and eluent as described above. Analysis was
performed with a flow rate of 0.9 mL min? and an oven temperature of 50 °C. Poly(methyl
methacrylate) analytical standards, (+)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid, and
syringaldehyde were used for calibration. Fitting was done by a third order polynomial.

4.4.2.2. Determination of phenolic groups

Phenolic group content of insoluble lignin residues was measured using an assay described previously
(Zhou et al. 2013). Briefly, residues were dissolved in 1 mL MeOH. Subsequently, 100 pL of the MeOH
lignin solution were mixed with 150 pL Folin Ciocalteau’s phenol reagent (2 N) and 1.5 mL nanopure
water and stirred for 8 min. Afterwards, 750 pL of nanopure water containing 100 mg Na,COs was
added and solutions were mixed for an additional 2 h before absorbance at 760 nm was measured.
Calibration was conducted using vanillin containing samples. Vanillin and lignin free controls were used

as reference.

4.4.2.3. Elemental analysis

Elemental analysis of water insoluble residues for the determination of C, H, N, and S contents was
performed by combustion-thermal conductivity detection. An accurately weighed amount of test
substance (usually between 1 and 2 mg) was placed in a sample capsule and inserted into an elemental
analyzer (Eurovector-Hekatech EA 3000 CHNS). The lignin samples were combusted at 1,000-1,200 °C
in the presence of oxygen. The total contents of C, H, N, and S were quantitatively converted to CO,,
H>0, Ny, and SO,. After separation the gaseous components were quantified by measurement of their

thermal conductivity.

4.4.2.4. HPLC-MS analysis of low molecular weight reaction products

Low molecular weight aromatic compounds were identified and quantified using HPLC-MS. Prior to
SEC analysis all samples were filtered through 0.45 um PVDF filters. Samples were analyzed by HPLC
using an Agilent 1200 Series system (Agilent Technologies, Germany) and MS using an Agilent 6320
lon Trap Mass spectrometer with ESI electrospray ionization (Agilent Technologies). The samples were
separated on a Zorbax SB C18 column (150 x 3.0 mm,; particle size 3.5 um, Agilent Technologies). The
temperature of the column was set to 20 °C, the flow rate to 0.8 mL min and the injection volume was
10 pl. Separation was achieved with a gradient program, using (A) MeOH : acetonitrile (1:1; v/v) and
(B) 0.1 % formic acid. The elution program started with 95 % (B) and was followed by gradient to 55 %
(B) in 20 min. The PDA detector for HPLC was set to 280 nm. Calibration curves were measured in the

concentration range of 1 to 50 ug mL™.

To support metabolite identification, HPLC-MS analyses were performed using an Agilent 1200 Series
LC system and an Agilent 6320 lon Trap Mass spectrometer with ESI electrospray ionization (Agilent

Technologies). The samples were separated on a Zorbax SB C18 column (150 x 3.0 mm; particle size
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3.5 um, Agilent Technologies). The temperature of the column was set to 20 °C, the flow rate to
0.5 mL min* and the injection volume was 10 pL. Separation was achieved with a gradient program,
using (A) MeOH : acetonitrile (1:1; v/v) and (B) 15 mM ammonium formate. The elution program
started with 95 % (B) and was followed by gradient to 55 % (B) in 20 min.

ESI operated either in positive or negative mode and scanned the mass range from 50 to 300 u with
maximum accumulation time 200 ms. Production scan mode (HPLC-MS/MS) was used in order to
monitor the fragmentation pattern. Target metabolite was isolated and fragmented either in positive or
negative mode with amplitude 0.7. Product ion mass spectra and retention times were compared to
respective standards. Instrumental parameters were as follows: Capillary spray voltage +2233V,
nebulizer 60 psi, drying gas 12 L min?, drying temperature 340 °C.

4.4.2.5. Fourier transform infrared spectroscopy analysis

FTIR measurements of dried lignin samples were performed on a BioRad FTS 3000MX Excalibur
spectrometer equipped with a Golden Gate™ Diamond ATR Top-plate. Direct transmittance as well as
absorbance was measured. All the spectra were measured at a resolution of 4 cm? from 400 cm™ to
4000 cm and 32 scans were taken per sample. Spectra were normalized setting the peak typical for
lignin at 1512 cm* (Pandey and Pitman 2003) to 1. Data was baseline corrected and normalized at
1510 cm™ as suggested by Lin and Dence (1992). Peak height and areas were calculated as described
by Pandey and Pitman (2003).

4.4.2.6. GC-MS measurements

Injections (1 pL) of samples into the GC-MS system (Agilent 7890A GC, 5975C MSD) were done using
a temperature programmable vaporizer, using the following temperature program: 100 °C, held for
0.1 min, heated with 600 °C min™ to 300 °C and held for 1.5 min. The GC system was equipped with a
DB-5ms column (30 m x 250 um x 0.25 um). The carrier gas was He (flow of 1 mL min*). The
temperature program was as follows: 65 °C for 1 min, followed by heating by 4 °C min™ to 180 °C, then
heating by 10 °C min to 250 °C, and finally heating by 15 °C min™ to 320 °C the final temperature was
kept for 5 min. The mass spectrometer was operated in electron ionization mode; spectra were recorded
in the range of 50-1,000 Da. Compounds were identified using the National Institute of Standards and
Technology (NIST) library.

4.4.3. Experiments in organic solvent-buffer mixtures with oxidative enzymes

4.4.3.1. Screening of organic solvents and enzymes

A D-optimal design was compiled in order to test the influence of five categoric factors, i.e., solvent,
LiP, HRP, MnP, and laccase (shown in Table A. 18). The organic solvents tested were DMSO, 2-
propanol, 2-methoxyethanol, and MeOH. They were applied at a concentration of 30 % (v/v) in MPC at
pH 5. In experiments where MnP was used, reaction mixtures additionally contained 1 mmol oxalate

and 3 umol MnSO.. Readjustment of pH to 5 was done after oxalate addition.
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Enzymatic treatment of OL was conducted as follows. OL was suspended at a concentration of 0.5 g L
Lin 10 mL of the respective solvent. A multi-channel tubing pump (ISMATEC, IP 16) was used to
deliver two separate solutions to the reaction solution. One solution contained the respective enzyme
mixture in MPC buffer at pH 5. The other solution contained 2.4 mM H,O; in 60 % (v/v) of the
respective organic solvent and 40 % (v/v) MPC buffer at pH 5. Reaction mixtures were stirred at room
temperature and the two solutions were added at 0.54 mL h. After 20 h 1 mL samples were taken from
the reaction mixture and measured by SEC.

4.4.3.2. Optimization of enzymatic activities and pH in DMSO-buffer mixtures

The most promising enzyme and solvent combinations for treatment of OL were optimized with regard
to applied enzymatic activities and pH. The different setups run are shown in Table A. 19. In order to
increase throughput, experiments were conducted with an infinite® 200 pro plate reader (Tecan group
Ltd., Switzerland) using 24-well plates. The reader was equipped with an injector module and a syringe
pump (XE-1000, Tecan group Ltd, Switzerland) allowing to inject solutions into the wells during

experiments.

Prior to insertion of the plate into the plate reader, wells were filled with 300 pL DMSO containing
263 ug OL and 700 pL of MPC buffer of the respective pH containing the respective mixture of
enzymes. Subsequently, 220 cycles were run each lasting 5 min and 30 s amounting to a total duration
of the experiment of 20 h and 10 min. In each cycle the following tasks were performed by the plate
reader. First the plate was shaken for 10 s, next 5 pL of a solution containing 1.7 mM H>O5, 30 % (v/v)
DMSO, and 70 % (v/v) pure water was injected in each well and finally the plate was shaken for an

additional 20 s. After the experiment 1 mL samples were taken from each well and measured by SEC.

4.4.3.3. Determination of reaction products after treatment in DMSO

For the determination of low molecular weight reaction products 40 mg OL was suspended in 45 mL
DMSO and 105 mL PB at pH 5.62 applying 900 U TVL. Samples were stirred with magnetic stirrers at
300 rpm. A multi-channel tubing pump (ISMATEC, ISM444B) was used to deliver a solution containing
1.7 mM H,0; in 30 % (v/v) and 70 % (v/v) phosphate buffer at a rate of 8.25 mL h™. Reaction was
stopped after 20 h by the addition of 1.40 g ascorbic acid and 60 g NaCl. 20 uL of a 7.6 mM solution of
2,6-dimethylphenol-D9 was added as internal standard. Afterwards, reaction mixtures were centrifuged
(20,000%g, 20 min), the supernatant was taken to extract reaction products using successively 70, 50,
and 50 mL EtAc. The EtAc phases were combined and dried with Na;SO4. Subsequently, the EtAc
extract was filtered over silanized glass wool and concentrated using a rotary evaporator (Rotavapor
EL131, Biichi, Switzerland) at 60 °C and 105 mbar down to 4 mbar. The concentrate was dissolved in
200 uL  acetonitrile/EtAc (50/50) (V/Iv) and derivatized  with 15 pL N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) and 5 pL pyridine for 30 min at 70 °C. The derivatized
samples were subsequently analyzed by GC-MS.
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The pellets were washed several times with pure water in order to remove all water soluble components
and freeze dried afterwards. The dried pellet was weighed and used for determination of the phenolic
group content of the insoluble residues as described under 4.4.2.2. Elemental analysis of water insoluble
residues for the determination of C, H, N, and S contents was performed by combustion-thermal
conductivity detection as described under 4.4.2.3.

4.4.3.4. Long term experiment

The production of low molecular weight compounds was monitored during OL treatment with TVL in
30 % (v/v) MeOH over 15 d. OL was dissolved in MeOH prior to the addition of buffer, enzymes, and
other substances for 1 h. 9.9 mg OL was suspended in 23.1 mL PB at pH 5.62 and 9.9 mL MeOH
applying 59.1 U TVL. Samples were stirred with magnetic stirrers at 300 rpm. After 5and 13 d 36.6 U
TVL were added additionally. Samples were taken at different time points and analyzed by HPLC-MS.

Furthermore, enzymatic activities were determined.

4.4.3.,5. Treatment using an antioxidant

OL was treated in the presence of an antioxidant, i.e., (£)-6-hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (Trolox). Experiments were conducted with 0.3 g Lt OL with 2 kU L™ TVL in 30 %
(v/v) MeOH mixed with 70 % (v/v) PB at pH 5.62. OL was dissolved in MeOH prior to the addition of
buffer, enzymes, and other substances for 1 h. Samples were stirred with magnetic stirrers at 300 rpm.
Different samples were taken at various time-points of the treatments. 2.5 mL samples were taken for
further HPLC analysis. These samples were acidified with 100 uL 1 M HCI to stop the enzymatic
reaction and to precipitate high-molecular weight lignin. After waiting two h for precipitates to form the
samples were analyzed by HPLC. Additionally, 1 mL samples were taken for subsequent SEC analysis.
Furthermore, 10 mL samples were taken for the further analysis of water insoluble lignin residues.
Samples were acidified with 400 pL HCI and after waiting two h for precipitates to form they were

washed extensively with water. Subsequently, they were weighed prior to SEC analysis.

4.4.3.6. Preliminary experiments using enzymes immobilized on fsSNP

Preliminary experiments for OL treatment in 30 % (v/v) DMSO using enzymes immobilized on fsNP
(as described in paragraph 4.3.2.2) were conducted as described in paragraph 4.4.3.2. A central
composite design was conducted investigating the influence of enzymatic starting activities and pH on

the molecular weight distribution of lignin. The different setups run are shown in Table A. 23.

4.4.3.7. Preliminary experiments using enzymes immobilized on MP

OL treatment with 2 kU L* TVL-MP was conducted in 30 % (v/v) MeOH mixed with 70 % (v/v) PB at
pH 5.62 for 20 h. Two OL concentrations, i.e., 3 and 10 g L were tested. Treatments were conducted
as described in paragraph 4.4.3.5 with a few modifications. Samples were shaken on an incubation
shaker (IKA KS 4000 ic, HuberLab, Switzerland) at 150 rpm. Furthermore, TVL-MPs were
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magnetically separated from all samples prior to further processing using a neodymium magnet (25.4 x
25.4 x12.7 mm, 1.26-1.29 T, supermagnete, Switzerland).

4.4.4. Preliminary test with laccase mediator systems

The effect of different laccase mediator systems (LMS) on the molecular weight distribution of OL was
evaluated. The mediators were 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), 1-hydroxybenzotriazole
(HBT), 4-hydroxybenzoic acid, syringaldehyde, acetosyringone, and p-coumaric acid. GTL and GTL

immobilized on fsNP were used as biocatalyst.

A D-optimal design was used testing different mediator combinations and laccase activities in batch
reactions in acetate buffer at pH5 lasting 20 h. The design is shown in Table 4.3. Mediator
concentrations varied from 0.0 to 15.0 mM and laccase activities varied from 100 to 1,000 U L. OL
concentration was 4 g L. Additional experiments using syringaldehyde, acetosyringone, and p-
coumaric acid as mediators were conducted. Setups of these experiments are also included in Table 4.3.
Furthermore, control experiments without lignin and without enzymes were performed. Samples were
freeze dried after treatment and subsequently dissolved in DMSO at a concentration of 1 g L™ for SEC

analysis.
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Table 4.3 Experimental setups of batch experiments to evaluate the effect of different LMS on the
molecular weight distribution of OL. OL concentration was 4 g L. Experiments were conducted at
pH 5 lasting 20 h.

4- p-
GTL li-lll—:; HBT TEMPO Hydroxybenzoic coumaric Syringaldehyde Acetosyringone
acid acid
n UL
[ULY 1 [mM] [mM] [mM] [mM] [mM] [mM]
955 - 6.2 0.4 8.4 - - -
550 - - 75 - - - -
100 - - - - - - -
1,000 - - 7.3 7.7 - - -
685 - 75 - - - - -
1,000 - - 15 - - - -
100 - - - - - - -
100 - 6.8 8.2 - - - -
1,000 - 7.8 7.2 - - - -
1,000 - - - 15 - - -
550 - - - - 7.5 - -
100 - 0.2 - 6.6 8.1 - -
100 - 7.6 - - 7.4 - -
537 - - - 2.0 13.0 - -
1,000 - - - - - - -
100 - - - 15.0 - - -
280 - - - 7.5 - - -
955 - - - 7.7 7.3 - -
190 - 6.9 - 8.1 - - -
100 - 7.6 - - 7.4 - -
100 - - 5.2 - 5.0 - -
685 - 75 - - - - -
100 - - - - 15.0 - -
1,000 - 15.0 - - - - -
1,000 - - - - 15.0 - -
1,000 - 2.0 9.4 - 3.6 - -
1,000 - - 7.3 7.7 - - -
100 - - 15.0 - - - -
280 - - - 7.5 - - -
100 - 15.0 - - - - -
1,000 - - - - 1.0 - -
1,000 - - - - 10.0 - -
1,000 - - - - - 1.0 -
1,000 - - - - - 10.0 -
1,000 - - - - - - 1.0
1,000 - - - - - - 10.0
- 1,000 - - - 1.0 - -
- 1,000 - - - 10.0 - -
- 1,000 - - - - 1.0 -
- 1,000 - - - - 10.0 -
- 1,000 - - - - - 1.0
- 1,000 - - - - - 10.0
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4.4.5. Sequential lignin treatment: combining laccase mediator systems with formic acid induced

depolymerization

4.45.1. General treatment procedure

The general procedure for lignin treatment and analysis is depicted in Figure 7.17. Lignin was treated at
a concentration of 3.0g L in 0.1 M phosphate buffer (PB) by means of TVL magnetic particle
conjugates (TVL-MP) and in presence of 30 % (v/v) MeOH, HBT, or TEMPO. Various enzymatic
activities, mediator concentrations, pH values and treatment durations were applied. Reaction
suspensions were shaken at 150 rpm on a compact shaker (KS 15 A, Edmund Buhler GmbH, Germany).
After treatment TVL-MPs were separated using a nickel plated neodymium magnet (25.4 x 25.4 x
12.7mm, 1.26-1.29 T, supermagnete, Switzerland), washed with water three times and then lyophilized.
Subsequently, lignin samples were acidified to pH 2 with 1 M HCI. After 2 h in the acidified conditions
the insoluble material was separated by centrifugation (15 min, 4,500xg). Thereafter, samples were
taken from the supernatant for HPLC and SEC analyses.

Insoluble material obtained after enzymatic treatment was combined with the lignin-containing
suspensions obtained from washing of TVL-MP. Subsequently, they were washed with water (pH
adjusted to 2 with HCI) before they were lyophilized. After freeze-drying lignin residues were weighed
and samples for GPC measurements were taken prior to formic acid/formate treatment. Treatment was
performed at a concentration of 7 gL in 80 % formic acid in microwave reaction vials (2-5 mL,
Biotage, Sweden) under magnetic stirring. Varying amounts of sodium formate were added before
samples were sealed, heated to 110 °C under stirring at 1,500 rpm. After treatment samples for HPLC,
and GPC were taken before formic acid was evaporated. 1.5 mL aliquots of the residues were extracted
with EtAc (three times, 1.5 mL). EtAc extracts were dried and weighed before they were measured on
SEC.

4.4.5.2. Optimization of lignin treatment

Lignin was treated sequentially according to the general procedure described above (4.4.5.1). RSM was
used in order to study the effect of six influencing factors on the lignin reaction products, i.e., enzymatic
activity, HBT concentration, enzymatic treatment time, initial pH of enzymatic treatment, formic
acid/formate reaction time, and sodium formate concentration. A IV-optimal design was chosen
consisting of 28 model points, 5 experiments to estimate lack of fit, and 3 replicates. The experimental
matrix is shown in the appendix (Table A. 26). Subsequently, second-degree polynomial models were
fitted to different experimental results, i.e., lignin solubility in aqueous solution at pH 2 after enzymatic
treatment, weight average molecular mass (Mw) of insoluble material after enzymatic treatment, Mw of
lignin after formic acid/formate treatment, lignin solubility in EtAc after formic acid/formate treatment,
Mw of EtAc soluble fraction after formic acid/formate treatment, total yield of identified monomers
after formic acid/formate treatment, and total lignin solubility (either in aqueous solution after enzymatic

treatment or in EtAc after formic acid/formate treatment). Results were transformed prior to model

55



4. Materials and Methods

fitting whenever recommended by the Design Expert software and resulting models were reduced to
only contain significant factors (p<0.05) and factors necessary to maintain model hierarchy using the
step-wise automatic model regression of the software. All models as well as the corresponding ANOVA
are shown in the appendix (Table A. 25-Table A. 33). Optimal conditions regarding total lignin solubility
predicted by the associated model were tested and results compared to model predictions of all the
different models.

4.4.5.3. Formic acid/formate treatment with carbocation scavenger
OL was subjected only to the formic acid/formate treatment as described in paragraph 4.4.5.1.
Treatments were conducted with OL alone and in presence of 0.7 g L 2-naphtol.

4.4.5.4. Lignin treatment over several reaction cycles

W-SL was treated following the general procedure described in paragraph 4.4.5.1 over five consecutive
reaction cycles. 15 kU TVL-MP were applied initially. Treatments were conducted with 7.38 mM HBT
at pH 5 for 48 h. After each cycle separated TVL-MP were reused for treatment of a new batch of W-
SL. Between cycles separated TVL-MP were not washed in order to retain as much enzymatic activity
as possible. Therefore, some insoluble products were transferred from one cycle to the next. Extensive
washing of the particles was only conducted after the last cycle.
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5. Development of a high-throughput microplate respiratory

assay for the characterization of oxygen consuming enzymes

Among the LME of interest for lignin treatment there are certain enzymes, e.g., laccases and oxidases
which consume oxygen during their catalytic cycle (general information on the different enzymes used
is listed in Table 5.1). For simplicity and sensitivity reasons, the determination of activity (in vivo or in
vitro) of these enzymes is mostly performed by means of photometrical tests using phenolic substrates,
whereby the colored oxidation products are monitored (Johannes and Majcherczyk 2000b). In case of
oxidases the use of an additional enzyme, i.e. a peroxidase is necessary which uses the produced H,O,
for oxidation of the substrate (Sun et al. 2002). These tests are commonly based on the transformation
of substrates like guaiacol, 2,6-DMP (Prillinger and Esser 1977), syringaldazine (Harkin and Obst
1973), or ABTS (Childs and Bardsley 1975). For high-throughput characterization of oxygen consuming

enzymes a microplate respiratory assay was developed

A model to describe the laccase-catalyzed oxidation of phenol was developed by Kurniawati and Nicell
(2009). To generalize the catalytic cycle, this model can be extended as described in Figure 5.1.
According to the proposed catalytic cycle of laccase (Figure 5.1, A), the native enzyme (E) is oxidized
by oxygen (O,) to produce an oxidized enzyme species (E™) that subsequently reacts with molecules of
substrate (S) resulting in the production of free radicals (S*) that combine either with other radicals or
through cross-coupling with different substances (X) to create products (P). These products might react
as new substrates (S;) that will again undergo the reaction cycle and compete with the original substrate

(S1). Also shown are side reactions including laccase inactivation (Einac).

The occurring reactions in photometrical tests in the case of oxidases are even more complex (Figure
5.1, B). The oxidase (E) is oxidized by oxygen (O;) to produce an oxidized enzyme species (E*) and
H.O,. The oxidized enzyme species reacts with a substrate (OS) while H,O, oxidizes a peroxidase (E2)
to an oxidized peroxidase species (E.") that subsequently reacts with molecules of the substrate (S)

which subsequently undergo similar reactions as in case of laccase.

Given the possibility of multiple oxidation steps of a substrate, the understanding of the enzymatic
reaction requires precise analytical tools. The simple assessment of substrate depletion or the dynamic
of product formation does not allow a satisfying determination of the contribution of the oxygen
consuming enzyme to substrate transformation. Actually some oxidation reactions can be overlooked if,
for instance, the formed products have the ability to act as new substrates (S, 3, 4...) or if the described

reaction of S° to P is a free radical chain reaction.
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Table 5.1 Characteristics of the different enzymes (extended and adapted from Ammann et al. 2014 and
Hommes et al. 2012)

Specific activity

Molecular weight

Isoelectric point

Enzyme
[U mg! protein] [kDa]? [kDa]® [PH]
Laccases
Genus Thielavia 14.2+0.3 75.6 80 42-76
Coriolopsis polyzona 22.1+1.0 59.8 59 3.9
Cerrena unicolor 6.0+0.1 58.1 57 3.8
Pleurotus ostreatus 7.9+0.1 58.3 59 <3.0
Trametes versicolor 12.5+0.3 61.6 63 <3.0
Phoma sp. 1143 - 26+4°¢ - - -
Peroxidases
Horseradish peroxidase
(from Amoracia 137.9+1.0 - 449 3.0-9.0¢
rusticana)
Lignin peroxidase 0.9+0.0 - - -
Manganese peroxidase
(from Nematoloma 5.940.2 - - -
frowardii)
Versatile peroxidase
(from Bjerkandera 0.5+0.0 - - -
adusta)
DyP 0.88+0.05 - - -
Oxidases
Glucose oxidase (from
) . 26.5£1.9-127.0£1.4¢ - 160 4.2f
Aspergillus niger)
Additional enzymes
Catalase (from bovine
1,786.0+21 - 2504 5.4¢

liver)

a) Molecular weight (kDa) was determined in triplicates by SDS-PAGE

b) Molecular weight (kDa) as reported in the literature or as given by the supplier (Genus Thielavia, Paloheimo et al. 2006;

Coriolopsis polyzona, Hiiner 2007; Cerrena unicolor, Michniewicz et al. 2006; Pleurotus ostreatus, Morozova et al. 2007;

Trametes versicolor, Collins et al. 1996; Glucose oxidase, Tsuge et al. 1975).

c¢) Different batches of Phoma sp. were used after processing of the fermentation broth. Specific activities varied between

batches.

d) Value given by supplier

e) Different batches of glucose oxidase were used.
f) According to Pazur and Kleppe (1964)
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For simplicity and sensitivity reasons, the determination of laccase activity (in vivo or in vitro) is mostly
performed by means of photometrical tests using phenolic substrates, whereby the colored oxidation
products are monitored (Johannes and Majchercyk 2000b). These tests are commonly based on the
transformation of substrates like guaiacol, 2,6-DMP (Prillinger and Esser 1977), syringaldazine (Harkin
and Obst 1973), or ABTS (Childs and Bardsley 1975).

However, measuring changes in oxygen concentrations, caused by the laccase catalyzed reduction of
oxygen (reaction rate constant ki, Figure 5.1), enables a direct quantitation of electrons transferred to

the substrate. Thus, issues posed by mere product or substrate quantitation are avoided.

In recent years, methodologies have been developed to allow for more efficient and high-throughput
measurements of OCR in cell respiration assays. These methods have several drawbacks like sensor

drift, electrode fouling, detection limit, and difficulties in sensor positioning (Molter et al. 2009).

Aiming at this approach, the CFAs (i.e., XF24 and XF96 Analyzer, Seahorse Biosciences) were
developed to assay cultured cells in a conventional 24- or 96-well microtiter plate format.13 This
represented a significant advance in the high-throughput assessment of physiological parameters in cell
monolayers compared to conventional investigations using Clark electrode-based methods and cell

suspensions.

In this chapter a new method for high-throughput screening of catalysts using oxygen as a substrate with
the CFA-24 and -96 is described. The focus is on the development of an enzymatic assay using laccase
as model enzyme for the development of protocols that allow for the measurement of enzymatic oxygen
consumption with a minimum of biocatalyst per well in a multiwell format. The goal of the proposed
approach was to acquire a high quantity of information and minimize the time it takes to collect

respiratory data from samples containing oxygen-consuming enzymes.

5.1. Validation of the CFA based enzymatic activity assay

The protocol for the developed assay for the determination of enzymatic activity of oxygen consuming
enzymes is shown in Figure 5.2. With the objectives to ensure robust signal, minimal noise, and keeping
OCR values within the linear range of response, within the dynamic range of the instrument, and within
the signal range of the algorithms employed to calculate respiration rates, the determination of optimal
guantities of biocatalysts per well was carried out. Figure 5.2 shows an example of an OCR measurement
and the linearity of the OCR response to different concentrations of laccase protein for POL using 2,6-
DMP as the substrate at pH 6. The linear range lies between 2 and 6 mg L™ laccase protein (R? = 0.998).
The linear range depends on the pH, substrate, and enzyme. Therefore, a suitable enzyme concentration
has to be identified anew whenever one of these parameters is changed in order to obtain a linear range
of response. The CFA system consists mainly of two parts, the light detection apparatus and the sensor

cartridges. In combination both parts were tested in terms of measurement performance.
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Figure 5.1 A) Catalytic cycle of native laccase (E) oxidized by oxygen (O2) with formation of an oxidized species
(E*) that subsequently reacts with substrate molecules (S1.23..), leading to free radicals (S°) that create products
(P123,.) either by reacting with other free radicals or with different substances (X). Depending on the molecular
structure of the substrate, this results in the production of an end product (Pinal) O @ substrate (S1.23..) that can
subsequently again be converted. k; and k. (M1 s71) are the apparent second-order rate constants for the reaction
representing the sequence of binding of oxygen and oxidation of the enzyme as a single step (k1) and the reaction
between E* and substrates (S125...) (k2), respectively; ke (s2) is the first-order rate constant for the consumption
of oxygen by the electrode. The figure was adopted from Kurniawati and Nicell (2009) and extended with possible
free radical chain reactions described by Zhang et al. (2002) depending on the type of substrate (adapted from
Hommes et al. 2013).

B) Catalytic cycle of oxidase enzyme (E) oxidized by oxygen (O) with formation of oxidized species (E*) and
H.0.. E” subsequently reacts with oxidase substrate OS while H,O, oxidizes an additional peroxidase enzyme E;
that subsequently reacts with substrate molecules (S;23,..), leading to free radicals (S°) that create products (P123,.)
either by reacting with other free radicals or with different substances (X). Depending on the molecular structure
of the substrate, this results in the production of an end product (Prina) Or a substrate (S1.2,3,..) that can subsequently
again be converted. k; and k. (M s71) are the apparent second-order rate constants for the reaction representing
the sequence of binding of oxygen and oxidation of the oxidase enzyme as a single step (ki) and the reaction
between E” and substrates (OS), respectively; ks and ks (M™* s71) are the apparent second-order rate constants for
the reaction representing the oxidation of the peroxidase enzyme with H»O; as a single step (ks) and the reaction
between Ex* and substrates (Si.23....) (Ka), respectively; ke (s2) is the first-order rate constant for the consumption

of oxygen by the electrode.

5.1.1. Limit of detection and quantitation

One major parameter evaluated for the validation of the CFA based laccase activity assay was the LOD
and LOQ, determined by measuring substrate-free (i.e., with enzymes, without substrate) and enzyme-
free (i.e., without enzymes, with substrate) control samples simultaneously with every assay (Figure
3A). The CFA24 control measurements reveal larger variations (enzyme-free, —10.7+£49.1 pmol min~!
Vel substrate-free, 3.6+44.8 pmol mint Vc™) compared to the CFA96 system (enzyme-free,
0.3+£9.5 pmol mint V¢ substrate-free, 1.1+10.7 pmol min? Vc™). Consequently, LOD and LOQ
values for the CFA24 (LOD=56.6+15.4 pmol mint V¢!, LOQ=150.7+38.6 pmol mint Vc?) were
higher than for the CFA96 (LOD=26.3+5.5 pmol min~* V¢, LOQ=87.6+18.4 pmol min~ V¢).
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Figure 5.2 Cutaway graphic of a single probe and well of the CFA24 system and a schematic diagram of the novel
assay for multi-parallel laccase activity quantitation via OCR measurements using the CFA (CFA24 or 96)
including the run protocol. The lower graph (left) shows OCR values for different POL concentrations at pH 6
using 2,6-DMP (2 mM) as the substrate (n=4). The lower graph (right) shows examples of CFA measurements
using 2,6-DMP as substrate (2 mM, pH 5, n=3) with POL as the biocatalyst (filled markers) and control
measurements (substrate-free and enzyme-free control; empty markers). Data are displayed as change in oxygen

tension (mmHg of O,; diamonds) and as OCR (pmol min V¢™2, squares; adapted from Hommes et al. 2013).
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5.1.2. Injection efficiency and uniformity

In order to quantify possible losses due to protein sorption in the injection ports of the CFA96, the
injection efficiency of both ports (A and D) of the analyzer was tested by injecting GTL. GTL
concentrations were quantified after injection through optical density measurements of each well at
330 nm. In total, 83.9+2.8 % and 81.4+3.8 % of laccase were recovered after injection via ports A and
D, respectively. These results show that enzymes were injected evenly over the whole plate. However,
approximately 17 % of the enzymes were lost during injection most likely due to sorption of the proteins
on the plate material in the injection ports. This shows that losses of enzymes due to sorption in the
injection ports of the CFA96 can be significant and therefore have to be accounted for, if the
experimental setup requires injection of enzyme solutions. Protein sorption is a complex process that is
dependent among other factors on the specific protein mixture applied (Nakanishi et al. 2001).
Therefore, sorption losses in the injection ports will likely be different for every enzyme solution
applied. Testing the enzymatic activity of the substrate free controls after the experiment would be an
uncomplicated way to quantitate these losses provided the enzymes are stable over the course of the

measurement.

5.1.3. Reproducibility

In order to evaluate the reproducibility of the CFA assay, the pH activity range (pH 3—7) of free laccases
of POL (Figure 5.3, B) and GTL (GTL,; Figure 5.3, C) using 2,6-DMP as substrate was examined for
both systems (CFA24 and CFA96) by running the same assay three times using different cartridges
(CFA24, n=3 and CFA96, n=7 for each cartridge and pH value). Regarding the CFA24 assay, both
analysis of variances and Tukey’s honestly significant test, respectively, showed no significant
difference of the OCR measured under the same conditions between the cartridges, with two exceptions.
Measured OCRs for GTL at pH 5 and 6 were significantly higher in one cartridge compared to the other
two. However, measurements of this cartridge resulted in higher OCR values over the whole investigated
pH range (pH 3—7) compared to the other two. This might have been due to a slight variation in the
sensor response of the cartridge measuring higher values. Regarding the CFA96 assay, there were two
statistically significant differences between OCRs obtained by the different cartridges. OCR at pH 6
using GTL was significantly higher and OCR at pH 3 using POL was significantly lower in one cartridge
compared to the other two. Furthermore, the POL data set at pH 7 was not evaluated as the measured
OCRs were below the LOD. The difference in OCR values obtained by the two CFA systems (CFA24
and CFA96) (Figure 5.3, B, C) might be explained by a difference in the experimental setup (Figure
5.2). During the CFA96 assay the substrate is injected, while the laccase is dissolved in buffer solution
and applied manually to the reaction well. Conducting the CFA24 assay on the other hand, wells were
prefilled with substrate solution, while the laccase was dissolved in physiological water (0.9 % NaCl
(w/v)) before being injected during the assay. Consequently, the laccase tested in the CFA96 assay was
well adapted to ambient pH, whereas the injected laccase might still have been in an adaptation process

during the early measurement phase
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Figure 5.3 CFA assay reproducibility and system quality check: CFA assay control measurements (A);
enzyme-free (n=75) and substrate-free (n=75) control measurements regarding the CFA24 system,
enzyme-free (n=122) and substrate-free (n=73) control measurements regarding the CFA96 system.
Comparison between the CFA24 (n=9) and CFA96 (n=21) system regarding the pH activity range of
free laccases of Pleurotus ostreatus (POL) (B) and genus Thielavia laccase (GTL) (C) using 2,6-DMP
as a substrate (2 mM) in MPC buffer in the respective pH (3-7). Each boxplot represents the median
value as a line dissecting the box, upper (75 %) and lower (25 %) quartiles at the top and bottom box
edges, the non-outlier minimum and maximum values as whiskers outside the box (1.5 x the interquartile

range), and outlier values (beyond the whiskers) as open circles (adapted from Hommes et al. 2013).

using the CFA24 assay. This might explain the lower OCRs measured at pH 3 and 4 for POL (Figure
5.3, C) with the CFA24 compared to the CFA96. By closer examination of Figure 5.3B, C it becomes
apparent that at each pH (with the exception of pH 5) the CFA measuring a higher OCR for GTL also
measures a higher OCR for POL compared to the other CFA. Therefore, the differences might come
from distinctions between the two measurement systems using different sensor designs. The CFA24
measures pH and O with two separate sensors per well, while the CFA96 measures pH and O with one

hybrid sensor per well. The combination of both sensors causes pH to influence the measured pO- signal,
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due to pH-dependent polarity of the sensor polymer (Schrdder et al. 2007). This necessitates a different
treatment of the measured raw data (Schroder et al. 2007). Both aspects, i.e., enzyme adaptation and
sensor design might explain the differences between the obtained OCR values from the two systems
depending on the pH. Because of the possibility of multi-parallel OCR measurements, vast data sets can
be assessed and intensively analyzed by means of statistical models. This enables reliable comparative

studies on oxygen consuming enzymes.

5.1.4. Comparison of OCR-measurement devices (Clark-like electrode, CFA24, and CFA96)
for laccase activity determination

In a next step, the OCR of laccases obtained by transforming 2,6-DMP (2 mM) using the CFA based
laccase assay were compared to the OCR performed with a classical Clark-type electrode under identical
conditions (Table 5.2). Both measurement devices produced similar results independently of pH and
laccase genera investigated, showing the accuracy of the CFA system.

Table 5.2 Comparison of OCR obtained by the different oxygen measurement systems using the same

experimental conditions (Substrate: 2,6-DMP (2 mM); adapted from Hommes et al. 2013)

OCR [umol min** mg* Laccase]

Laccase pH CFA 24 Clark

Cerrena unicolor 3 6.2+0.6 5.1+0.4
Genus Thielavia 4 9.0£1.8 6.1+0.6
Cerrena unicolor 5 24.7+2.9 24.0£2.2
Trametes versicolor 6 14.3£1.4 13.5+0.7

5.2. Correlation of OCR/substrate transformation/product generation
To further validate the accuracy of the CFA system, assays were conducted in order to investigate

laccase catalyzed reactions, where products were formed in a defined ratio to the oxygen consumption.

5.2.1. Single product formation: 2,6-DMP transformation using RVL

Transformation of 2,6-DMP with fungal laccases from Pycnoporus coccineus has been shown to
produce several C—O, C—C dimers and 2,6-DMP oligomers (Wan et al. 2008a). Transformation of 2,6-
DMP by RVL (a low redox potential laccase) on the other hand has been reported to transform 2,6-DMP
to only one product: 3,3',5,5"-tetramethoxy-1,1'-biphenyl-4,4'-diol (Wan et al. 2008a, b). Since no
consecutive reaction occurs when RVL is used as a biocatalyst, the amount of electrons transferred
should be equal to the amount of 2,6-DMP molecules transformed, since the recombination of 2 mol of
para-radicals produces 1 mol of 3,3',5,5'-tetramethoxy-1,1"-biphenyl-4,4’-diol (Wan et al. 2008a).
Consequently, a comparison of the transformation rate of 2,6-DMP (calculated based on colorimetric

measurements of the formed 2,6-DMP dimers after the experiment) and the electron transfer rate
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(calculated based on OCR measurements by the CFA system) allows validation of the suitability of the
developed CFA assay. The fact that the obtained electron transfer rates (39.1+7.3 uM min!; n=13)
correspond well to the 2,6- DMP transformation rates (33.5+1.1 uM min%; n=13) shows that the
developed assay is suitable to correlate enzymatic OCR with the rate of product formation (in case of
single product formation).

5.2.2. Free radical chain reactions

In order to assess laccase activity during a multi-substrate reaction, transformation of *C-labeled
diclofenac, a nonsteroidal anti-inflammatory drug, by GTL was studied. It is already known that
filamentous fungi transform diclofenac into 4’-hydroxy diclofenac and small amounts of 3'-hydroxy and
5-hydroxy diclofenac (Webster et al. 1998). More recent findings are the conversion of diclofenac to 4'-
hydroxy diclofenac using AaeAPO (Kinne et al. 2011) and the production of 4',5- hydroxyl-diclofenac
by the bacterium Actinoplanes sp. Degradation of diclofenac was studied recently using Trametes
versicolor pellets (Marco-Urrea et al. 2010). After 4.5 h, the reaction mixture showed a brown color
possibly due to the accumulation of an identified diclofenac metabolite 4-(2,6-dichlorophenylamino)-
1,3-benzenedimethanol. Full diclofenac degradation after 24 h was reported, and no metabolites were
found after that time indicating that diclofenac was either mineralized or transformed into products that
could not be detected (Kunamneni et al. 2007). Since, all samples in these experiments were filtered
through 0.22 and 0.45 um filters before HPLC and NMR analysis, respectively; higher molecular

polymerization products could most likely not be detected.

Our results showed additional aspects of laccase-driven diclofenac transformation (Table 5.3). While
the presence of GTL leads to diclofenac transformation, electron transfer rates are substantially lower
than diclofenac transformation rates, indicating that electron transfer to oxygen by GTL is only partly
responsible for diclofenac transformation. Transformation products might react further by free radical

chain reactions leading to further diclofenac transformation.

Table 5.3 Comparison of diclofenac transformation determined by LSC and HPLC measurements (n=1)
and electron transfer rates determined by CFA measurements at different genus Thielavia (GTL)

amounts per well (n=8; adapted from Hommes et al. 2013)

. . Diclofenac Diclofenac Electron transfer
GTL[pe; well rigg\'/g?gg\ﬁy] transformation transformation rate rate [umol min
Mg 0 [%6] [umol mint mg? GTL] mg! GTL]
0 105.2 0
8 97.7 64.0 4.26 0.71 (£ 0.17)
15 99.7 67.7 241 0.52 (£ 0.10)
44 100.6 75.5 0.92 0.27 (£ 0.04)
83 101.1 83.7 0.54 0.21 (+ 0.02)
151 94.4 91.0 0.32 0.16 (£ 0.01)
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In order to check if losses through filtration might have occurred, GTL treated samples (**C-diclofenac)
were filtered through 0.45 um polytetrafluoroethylene (PTFE) membrane filters. Comparison of
radioactivity before and after filtration showed that only 17.8 % of radioactivity remained in the filtered
fraction indicating that the remaining 82.2 % were retained by the filter strongly suggesting that losses
of transformation products through filtration was the main reason why no higher molecular
transformation products could be detected in the aforementioned study. Furthermore, the fact that
virtually all the radioactivity was recovered shows that mineralization of diclofenac did not play a
significant role in diclofenac transformation by GTL.

In order to verify if higher molecular diclofenac transformation products were formed during diclofenac
transformation, SEC measurements of samples treated with GTL were performed. SEC chromatograms
of GTL treated samples, controls, and different markers, i.e., Vitamin B12 (Figure 5.4, Il), tannic acid
(Figure 5.4, 111), and two poly(4-vinylphenol) polymers (Figure 5.4, IV and V), are shown in Figure 5.4.
Diclofenac can clearly be identified at 290 nm as well as through the radioactive signal after 20.5 mL
elution volume. The chromatogram of the GTL treated sample only shows a small peak at 290 nm
around 20.5 mL elution volume indicating that most of the diclofenac has been transformed. The
predominant amount of the radioactive and 290 nm signal is measured between 16 and 19 mL elution
volume. Eight peaks can be identified overall. They appear after 9.5, 10.7, 13.2, 16.7, 17.8, 18.8, 19.5,
and 20.7 mL. The peaks at 19.5 mL (Figure 5.4, a) and 18.8 mL (Figure 5.4, b) elution volume are most
likely due to diclofenac dimers (~600 Da) and trimers (~900 Da), respectively. Since the peak at
17.8 mL (Figure 5.4, c) appears before the Vitamin B12 marker, which has a molar mass of 1,355 g
mol2, this peak is most likely due to diclofenac pentamers (~1,500 Da) and the peak of the diclofenac
tetramers (~1,200 Da) might be superimposed. The peak at 16.7 mL (Figure 5.4, d) appears shortly
before the tannic acid marker (1,702 Da) and might therefore be due to diclofenac hexamers
(~1,800 Da).

Overall, the results from SEC measurements clearly show that diclofenac is transformed into higher
molecular polymerization products when treated with GTL. Therefore, diclofenac transformation is no
direct measure of enzymatic activity, since the intermediate radicals seem to react further without
additional involvement of the enzymes. Hence, mere substrate and/or product quantitation is insufficient
in such reactions to describe enzymatic activity. Additional OCR measurements give a more accurate

picture of the actual contribution of the enzymes during the transformation reactions.
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Figure 5.4 SEC chromatograms of (1) diclofenac (**C signal: black dotted line, signal at 290 nm: dark
grey solid line), (Il) vitamin By, (retention volume 18.2 mL, Mw = 1,579.58 Da), (lIl) tannic acid
(retention volume 17.3 mL, Mw = 1,701.20 Da), (IV) Poly(4-vinylphenol) (retention volume 15.7 mL,
average Mw ~11,000 Da, (V) Poly(4-vinylphenol) (retention volume 14.8 mL, average Mw
~25,000 Da), (VI) GTL control (retention volume 13.3 mL, 75.6 kDa) and GTL treated sample (**C
signal: dark grey dotted line, signal at 290 nm: black line; a-d: polymers detected after laccase
treatment). Signals have been normalized (100 % has been defined as the highest measured signal of the
corresponding run). Background radioactivity has been subtracted from the “C signals. It was calculated
from the average radioactivity of the first 12 mL of the corresponding run (adapted from Hommes et al.
2013).

5.3.  Assessment of sensor interferences

5.3.1. H,0; sensitivity

CFA24 assays were performed applying an enzyme (HRP) that uses a strong oxidizer (H.0,) as
substrate. HRP was tested in the presence of H.O, and ABTS in order to clarify if any reaction products
or initial substances, even strong oxidizers, impede with the O, measurement system (i.e., fluorophores).
Obtained OCR over all tested HRP, H.O,, and ABTS combinations were 3.4+28.5 pmol min™* V¢'?
(n=16) and thus below LOD. Therefore, it seems like the presence of HRP and H.O, has no impact on
0O, measurements and that activity of laccases within mixtures of peroxidases and laccases might be
analyzed in CFA assays while both enzymes catalyze the oxidation of the same substrate. This is not
possible using standard colorimetric assays where only the extent of total substrate oxidation can be
monitored.

5.3.2. Formation of colored product: Syringaldazine transformation
The CFA system measures oxygen concentrations and pH via highly sensitive photo detectors and a

fiber-optic waveguide, which delivers light at different excitation wavelengths (oxygen, 532 nm; pH,
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470 nm) and transmits a fluorescent signal through optical filters to the photo detectors. Therefore, we
expected that the formation of reaction products absorbing light at these wavelengths can interfere with
the measurements. The laccase-catalyzed oxidation of syringaldazine to tetramethoxy-azo-bis-methylen
guinone constitutes a reaction where electron transfer rates should be proportional to substrate
transformation rates, since two electrons per substrate molecule are transferred to molecular oxygen
during the reaction (Sanchez-Amat and Solano 1997). Additionally, syringaldazine transformation leads
to an increase in absorbance at 525 nm, i.e., close to the wavelength where the CFA system measures
oxygen concentration. Therefore, this constitutes a reaction where inaccurate oxygen concentration
measurements by the CFA system can be expected. Assays using syringaldazine and GTL were
conducted in eight identical parallel assays and led to the measurement of negative OCR. Colorimetric
measurements on the other hand showed a clear increase in tetramethoxy-azo-bis-methylen quinone (the
syringaldazine transformation product) concentration. Hence, the results of the CFA system were
inaccurate, as expected, showing that it is unsuitable for oxygen measurements when changes in optical

density at 532 nm occur during the investigated reactions.

5.4. Oxygen consumption by laccases in the presence of lignin

OCR of laccase enzymes in the presence of OL in aqueous buffer solutions at pH 5 have been measured
using the CFA 96 to evaluate whether lignin oxidation under these conditions occurs. Laccases from
five different sources were tested applying 250 U g* lignin. Higher activities led to too fast oxygen
consumption making calculation of meaningful OCRs impossible. OCRs are presented in Table 5.4.
Increasing laccase activities led to increasing OCR for all laccases indicating that lignin acted as laccase
substrate and was oxidized by the enzymes. Further experiments were conducted with GTL and varying
concentrations of OL (Figure 5.5). Increasing OL concentrations led to increasing OCR further
supporting the finding that OL is oxidized by laccases in aqueous solutions. A linear increase in OCR
was observed with increasing OL concentrations over the whole tested range (R? = 0.99) indicating that
the enzyme even at the highest liginin concentration tested, i.e., 1.0 g L™* was not working at its

maximum velocity.

Table 5.4 OCR for different laccases in the presence of OL at pH 5. Applied activity was 250 U g* OL.

Laccase source OCR

[umol mint g* OL] [mol min™ mol* laccase]
Trametes versicolor 0.07 6
Thielavia arenaria 2.75 36
Coriolopsis polyzona 4.15 432
Cerrena unicolor 4.07 117
Pleurotus ostreatus 214 139
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Figure 5.5 OCR for GTL at different OL concentrations at pH 5. Error bars show standard deviations
(n=4).

5.5. Concluding remarks

The method described by this work allows high-throughput screening of oxygen consuming catalysts.
A literature search for comparative data showed that there is a considerable lack thereof and that the
majority of the values were obtained by photometric tests which are rarely conducted in the exact same
way between different studies further impeding comparability. The introduced assay presents a new
approach which allows high-throughput measurements and produces comparative data. Since it is based
on OCR rather than substrate transformation measurements, it allows direct assessment of the enzymatic
activity, provides information about reaction stoichiometry, and is unaffected by possible radical chain
reactions or competition between different substrates. Therefore, it allows obtaining ample data on
enzymes using oxygen as a substrate and has the potential to illuminate aspects of enzymatic reactions
that cannot be assessed using common enzymatic assays focusing on product formation. However, the
method might rather be suitable for the identification of potential substrates for oxygen consuming
enzymes. Regarding lignin treatment there is little information to be gained in addition to verifying

whether lignin is oxidized by the enzymes.
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6. Enzyme Immobilization

6. Enzyme immobilization

6.1. Immobilization on fumed silica nanoparticles

The economy of biocatalytic processes can be improved by enzyme reuse and increase of enzyme
stability by means of immobilization technologies. Implementing the capacity of enzyme retention or
recovery in existing processes enables biocatalyst separation from products; thereby allowing
continuous processes and preventing carry-through of biocatalysts to subsequent process steps (Polizzi
et al. 2007). The improvement of enzyme performance, such as activity and stability under application
relevant conditions can be achieved by enzyme immobilization on solid surfaces, such as fsNP
(Zimmermann et al. 2011). Moreover, immobilization of the biocatalyst can reduce the enzyme loss and
facilitate their use in continuous processes, such as bioreactors using membrane filtration technology to
retain the immobilized enzymes (Sheldon 2007; Hu et al. 2009; Corvini and Shahgaldian 2010).

In this chapter a previously published immobilization method for enzyme immobilization on fsNP
(Zimmermann et al. 2011) was developed further while the principle process steps remained unchanged.
First the surface of the fsSNP was modified by aminopropylation using an organofunctional alkoxysilane,
i.e., APTES. In this process the hydroxyl groups of the fsNP attack and displace the alkoxy groups on
APTES and covalent Si-O-Si bonds are formed. Consequently, the modified fsNP display multiple
amino groups on the surface. In a next step excess APTES is removed and enzymes are added to the
suspension and allowed to adsorb for 2 h on the surface modified fsSNP. Next a cross-linker, i.e.
glutaraldehyde is added to the suspension. Glutaraldehyde reacts with the amine groups displayed on
the enzymes as well as on the modified fsSNP thereby covalently binding the enzymes to the fsNP and
to other enzymes. The suspension is stirred for 24 h in order to give the reaction sufficient time to occur.

In a last step unbound enzymes and glutaraldehyde are removed by several washing steps.

This method was first optimized regarding the consumables required. Next it was amended in order to
allow immobilization of specific enzyme combinations enabling the production of defined multi-enzyme
fsNP. Finally, it was further optimized in order to allow for a more efficient production of enzyme-fsNP

on kilogram-scale.

6.1.1. Optimization of consumables consumption

Improvement of the sorption assisted immobilization method started with optimization of
aminopropylation of fsNP using APTES. Subsequently, the effect of glutaraldehyde concentration per
enzymatic activity [umol U] was tested in order to minimize the amount of cross-linker per amount
fsSNP [umol mg? fsNP] during the immobilization. Furthermore, the quantity of enzyme per amount
fsSNP [U mg? fsNP] applied was tested in order to minimize washing losses and maximize

immobilization yield.
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6.1.1.1. Improvement of fsNP functionalization

With the aim of reducing costs and resource consumption, APTES concentration for aminopropylation
of fsSNP (4 umol APTES mg? fsNP used by Zimmermann et al. (2011)) was gradually decreased.
Producing fsNP—enzyme conjugates by applying constant cross-linker concentrations and enzymatic
activity led to different results depending on the applied enzyme as shown in Table 6.1.

In case of PSL immobilization decreasing APTES concentration led to increasing washing losses.
Virtually all enzyme activity was lost during washing using 0.08 pumol mg™ fsNP. Enzyme activity of
PSL dropped during incubation indicating inactivation of the laccase due to coupling reagents or
conditions, since laccase activity in a control with only PSL in PB (pH 7) remained stable (97.4 % of
initial activity remained). Losses in enzyme activity during incubation were 66+7 %, 13+5 %, and
39+4 % for 0.08, 0.8, and 4 umol APTES mg™* fsNP, respectively. Consequently, immobilization yield
and enzyme load were highest for 0.8 umol APTES mg™ fsNP since enzyme activity losses during
incubation were lowest at this APTES concentration.

Enzyme immobilization of CPL was virtually not affected by decreasing APTES concentration from 4
to 0.8 umol mg™ fsNP. Washing loss was close to 0% for both concentrations. However, washing losses
rose to 74.6+4.6 % when fsNP treated with 0.08 pmol APTES mg™ fsNP were used. Zeta potential at
pH 7 was -21.9+1.7, -17.7+0.9, 3.5£0.4, and 4.8+0.7 mV for fsNP treated with 0, 0.08, 0.8, and 4 pmol
APTES mg? fsNP, respectively. Apparently 0.08 umol APTES mg* fsNP did not change the overall
surface charge of the fsSNP to an extent that could positively influence the sorption and therefore the
immobilization of the enzyme. This might explain the low immobilization yield and enzyme load and
the high washing loss when using 0.08 umol APTES mg? fsNP suspended in MPC at pH 7 for the
immobilization of CPL. For protein adsorption to occur, the surface charges of both protein and silica
support material must be complementary (Deere et al. 2002). At pH 7 CPL which has an isoelectric
point of 3.9 is net negatively charged and, consequently, repelled by fsNP treated with 0.08 pmol
APTES which provided an overall negative surface charge of -17.7+0.9 mV at pH 7.

For immobilizing GTL, which showed multiple isoelectric points between 4.2 and 7.6, immobilization
yield and enzyme load increased while washing loss decreased with decreasing APTES concentration,
indicating that APTES modification might not be needed for GLT sorption and its immobilization onto
fsNP.

Since the application of 0.8 umol APTES mg™ fsNP showed the best results considering immobilization
yield and enzyme load for PSL and CPL and 0.08 pmol APTES mg™* fsNP was too little modification
agent to change the surface charge of the fsNPs, further experiments for optimization were conducted
with 0.8 umol APTES mg? fsNP. This allowed saving 80 % of APTES, resulting in cost savings of
approximately 208 € kg™ fsNP compared to the immobilization procedure used by Zimmermann et al.
(2011), in which APTES modified fsNP were produced for approximately 260 € kg™ fsNP.
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Table 6.1 Comparison of fsNP-laccase conjugates produced with different APTES amounts (adapted
from Hommes et al. 2012)

Laccase Protein amount APTES Washing loss®  Immobilization ~ Enzyme load®
[mg protein [umol mg? [%0] yield® [9%6] [U mgtfsNP]
mg* fsNP] fsNP]

Phoma sp. 0.15 0.08 98.9+0.1 04+0.1 0.013+£0.01

UHH 5-1-03¢ 0.15 0.80 62.2+0.2 328+18 1.13+0.03

0.15 4.00 51.7+3.8 295+25 1.03+£0.05
Coriolopsis 0.18 0.08 746+4.6 27943 1.20 £0.27
polyzona 0.18 0.80 6.1+6.7 88.7+6.0 4.77+£0.24
0.18 4.00 0.7+£0.6 80.7+3.2 4.56 + 0.26
Genus 0.28 0.08 444 +4.1 74.0x6.7 2.69 £ 0.05
Thielavia 0.28 0.80 60.5+ 3.9 60.8 £ 4.8 2.30x0.24
0.28 4.00 722+15 41.0+5.1 147 £0.15

Test performed with constant laccase units (4 Umg? fsNP) and cross-linker concentration (10 pmol
glutaraldehyde mg* fsNP). Samples (n=3) were incubated at 4 °C for 24 h.

2Washing loss was defined as 100% minus apparent (measured) laccase activity bound to fsNP after exhaustive
washing in % relative to apparent laccase activity before washing (100 %), i.e. after incubation.

b Immobilization yield was defined as apparent laccase activity of the fsNP suspensions in % after exhaustive
washing relative to the initially applied laccase activity (100 %).

¢ Enzyme load was defined as apparent laccase activity (in U) per mg fsNP applied remaining after exhaustive
washing.

dSpecific activity of Phoma sp. laccase fermentation broth used was 26+4 U mg* Protein.

6.1.1.2. Optimization of cross-linking
In order to further reduce chemical consumption of the immobilization procedure cross-coupling was
optimized. The effect of cross-linker concentrations (glutaraldehyde) on both free and immobilized

laccases was investigated.

Glutaraldehyde strongly affected the enzyme activity of PSL during incubation. Without glutaraldehyde
this laccase kept 97.4 % of the initial applied activity, but incubation with 0.25 and 2.5 pmol
glutaraldehyde U showed a decrease in apparent laccase activity after incubation relative to the applied
laccase activity (100 %) down to 72.4 % and 40.9 %, respectively, indicating enzyme inactivation

through glutaraldehyde.

CPL and GTL were stable in the presence of the cross-linker. Enzyme activity of GTL was even
increased considerably in the presence of glutaraldehyde, i.e., apparent laccase activity after incubation
relative to applied laccase activity (100 %) being 102.8 %, 152.5 %, 164.2 %, and 142.8 % for 0, 0.025,
0.25, and 2:5 umol glutaraldehyde U, respectively. Enhanced enzyme activity for cross-linked laccases

compared to their native forms has been reported before (Duréan et al., 2002).

Producing fsNP—enzyme conjugates by applying 4 U mg* fsNP modified with 0.8 pmol APTES mg™*
fsNP using different glutaraldehyde amounts per mg fsNP led to different results depending on the

laccase originally applied as shown in Table 6.2. The immobilization method used was not suitable for
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PSL since its activity was lost in presence of glutaraldehyde. Consequently, the immobilization
procedure showed low immobilization yield and led to PSL immobilized on fsNP (PSL-fsNP) with low
enzyme load compared to CPL immaobilized on fsNP (CPL-fsNP) and GTL immobilized on fsNP (GTL-
fsNP). Therefore, further experiments were only conducted with GTL and CPL. CPL was almost entirely
immobilized using 1 and 10 pmol glutaraldehyde mg™ fsNP. Concerning the immobilization of GTL,
decreasing glutaraldehyde from 10 to 1 umol mg™ fsNP led to a decrease in washing loss and an increase
in immobilization yield and enzyme load. Reducing glutaraldehyde further to 0.1 pmol mg* fsNP led
to an increase in washing losses for all three laccases indicating that cross-linker concentration was too

low.

For further experiments 1 umol glutaraldehyde mg® fsNP was used since the highest values for
immobilization yield and enzyme load for GTL-fsNP were obtained and CPL was almost entirely bound
to the fsNP at this glutaraldehyde amount per mg fsNP. This allowed saving 90% of glutaraldehyde,
known to be environmentally dangerous, compared to the immobilization procedure used by
Zimmermann et al. (2011) and therefore represents a considerable environmental relief. Furthermore,
this optimization led to additional cost savings of approximately 40 € kg* fsNP.

6.1.1.3. Optimization of applied protein amount

According to Zimmermann et al. (2011) a binding efficiency of 93.9+4.6 % using 4 U CPL mg™* fsNP
could be achieved. This was in accordance with the obtained washing loss of 4.3+1.7 % using CPL
showing that nearly all enzymes were bound to the fsNP (Table 6.2).

However, washing loss using GTL was 49.9+4.2 % showing that not all enzyme molecules were bound
to the fsNP. This discrepancy between the two protein mixtures can be explained by the different specific
activities of CPL and GTL. As shown in Table 5.1 specific activity was considerably higher for CPL
compared to GTL. Therefore, approximately twice as many proteins were applied in the immobilization
procedures with GTL compared to CPL leading to excess proteins. Therefore, further optimization of

applied laccase amount of GTL was necessary.

As can be seen in Table 6.3, washing loss decreased with decreasing applied protein amounts. At
0.07 mg protein mg™ fsNP the enzyme was almost entirely bound to the fsSNP. The immobilization yield
increased with decreasing protein amounts as well and reached 161.5+9.6 % applying 0.07 mg protein
mg? fsNP. This demonstrated at the same time that immobilization of GTL led to an increase of
enzymatic activity. A further decrease to 0.035 mg protein mg fsNP led to similar values for washing
loss and immobilization yield and consequently enzyme load was approximately divided by two.

Accordingly, 0.07 mg protein mg™ fsNP was applied in further experiments.
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Table 6.2 Comparison of fsNP-laccase conjugates produced with different glutaraldehyde amounts

(adapted from Hommes et al. 2012)

Laccase Protein Glutaraldehyde Washing Immobilization ~ Enzyme load®
amount [mg [umol mg fsNP] loss? [%0] yield® [%6] [U mg? fsNP]
protein mg-1

fsNP]
Phoma sp. 0.36 0.1 94404 76+09 0.21+0.01
UHH 5-1-03¢ 0.36 1.0 78.3+3.0 26654 0.77+£0.12
0.36 10.0 74720 179+11 0.53+0.03
Coriolopsis 0.18 0.1 16.8+25 875+7.3 3.85+0.30
polyzona 0.18 1.0 43+17 82.7+34 3.61+£1.20
0.18 10.0 6.1+6.7 88.7+6.0 477+0.24
Genus 0.28 0.1 69.3+3.1 53.4+48 2.05+0.15
Thielavia 0.28 1.0 499+42 728+15 2.70+0.05
0.28 10.0 60.5+3.9 60.8+4.8 2.30+0.24

Test performed with constant laccase units (4 U mg* fsNP) and APTES concentration (0.8 umol mg* fsNP).

Samples (n=3) were incubated at 4 °C for 24 h.

@Washing loss was defined as 100% minus apparent (measured) laccase activity bound to fsNP after exhaustive

washing in % relative to apparent laccase activity before washing (100%), i.e. after incubation.

® Immobilization yield was defined as apparent laccase activity of the fsNP suspensions in % after exhaustive

washing relative to the initially applied laccase activity (100 %).

¢ Enzyme load was defined as apparent laccase activity (in U) per mg fsNP applied remaining after exhaustive

washing.

dSpecific activity of Phoma sp. laccase fermentation broth used was 11+3 U mg Protein.

Table 6.3 Comparison of fumed silica nanoparticle (fsNP)-laccase conjugates produced with different

applied GTL amounts (adapted from Hommes et al. 2012)

Applied laccase

Washing loss?

Immobilization
yield®

Enzyme load®

[U mg? fsNP] [mg protein [%0] [U mg? fsNP]
mg* fsNP]
0.5 0.035 -18+4.1 1609+7.1 0.75+0.63
1 0.070 09+19 161.5+9.6 1.53+£0.02
2 0.140 152+75 127.3+84 2.30+£0.19
3 0.210 39.0+£25 942+18 2.62 £ 0.07
4 0.280 499+42 728+15 2.70£0.05

Test performed with constant cross-linker (1 umol glutaraldehyde mg™ fsNP) and APTES (0.8 pmol mg* fsNP)

concentration. Samples (n=3) were incubated at 4 °C for 24 h.

aWashing loss was defined as 100 % minus apparent (measured) laccase activity bound to fsSNP after exhaustive

washing in % relative to apparent laccase activity before washing (100 %), i.e. after incubation.

b Immobilization yield was defined as apparent laccase activity of the fSNP suspensions in % after exhaustive

washing relative to the initially applied laccase activity (100 %).

¢Enzyme load was defined as apparent laccase activity (in U) per mg fsSNP applied remaining after exhaustive

washing
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6.1.2. Immobilization of multiple enzymes on the same carrier

In order to verify whether the developed immobilization method is suitable for the immobilization of
multiple enzymes on the same carrier, immobilization experiments using five different laccases were
conducted. Furthermore, a strategy to design defined multi-enzymatic nanobiocatalyst has been

investigated. Results of the immobilization experiments are summarized in Table 6.4.

6.1.2.1. Immobilization of single laccases as benchmark

Washing losses of single laccases were below 10 % for GTL, POL, and TVL, indicating that these
biocatalysts were almost entirely immobilized on the support material. For CPL and CUL, washing
losses were higher compared to the other three enzymes but still below 20 %. The slightly higher
washing losses for CPL and CUL were most likely due to the fact that the protein loads (0.088 and
0.080 mg protein per milligram fsNP, respectively) actually used were slightly above the calculated
optimal protein load (0.07 mg protein per milligram fsNP) for these two enzymes. The specific activities
of the enzyme suspensions correlated nicely with the enzyme loads of the corresponding
nanobiocatalysts, i.e., higher specific activities of the enzyme suspensions resulted in higher enzyme
loads of the nanobiocatalysts.

The resulting enzyme loads correlated with the specific activity of the applied laccases, and the resulting
washing losses correlated with the applied protein amounts, indicating that similar protein amounts were
immobilized per milligram fsNP irrespective of the enzyme used. Immobilized enzymes retained a
higher percentage of their maximal enzymatic activity towards 2,6-DMP compared to free enzymes over
the tested pH range (except for GTL at pH 3), indicating that the enzymatic activity is enhanced due to
immobilization even at unfavorable pH. Similar favorable effects of immobilization of laccases on the
relative enzymatic activity at different pH values have been reported before (e.g., Yang et al. 2006). A
shift of the optimum pH due to immobilization could not be observed for any of the laccases. However,
since enzymatic activities were determined at discrete pH values, small shifts of the pH optimum, as

reported for the immobilization of CUL (Luterek et al. 1998), might have not been detected.

76



6. Enzyme Immobilization

Table 6.4 Comparison of different laccase-fsNP conjugates produced with different laccases and

laccase mixtures (n=3; adapted from Ammann et al. 2014).

Immobilisation

Applied laccase(s) Washing loss yield ¢ Enzyme Load ¢
[%0] [%] ° [%0] [U mg fsNP]

GTL . 48+39 6.0+05 126.1+9.6 0.91 +0.05
(0.056 mg protein mg* fsNP) R R e DA
CPL . 171+18 152405 1393+95 242 +0.12
(0.088 mg protein mg* fsNP) e e R T
CuL . 17.6+65 18.0+0.8 161.3+17.3 0.70 +0.07
(0.080 mg protein mg* fsNP) T D o R
POL . 21+31 85+13 2283 +16.4 1.05 + 0.06
(0.062 mg protein mg* fsNP) T T R DR
TVL
(0,050 mg profsin mg ™ fSNF) 72+18 20+01 191.1+8.9 1.08+0.02
GTL 74445 0.5+0.0 180.0 £8.7 0.30 +0.01
(0.014 mg protein mg* fsNP) e R R e
GTL, CPL
(0.038 g protein ma ™ fsNP) 6.7+27 0.5+0.0 205.4 + 15.4 0.78 +0.06
GTL, CPL, CUL
(0.042 mg protein ma® f6NP) 55+2.1 0.5+0.0 204.7 +3.4 0.86 +0.04
GTL, CPL, CUL, POL
(0.056 g protein g fsNP) 9.1+05 26+0.1 201.9+13.1 1.01+0.02
GTL, CPL, CUL, POL, TVL
(0.070 mg protein g SNF) 118+33 50+03 190.7+ 1.8 1.10+0.03
GTL . 57+06 434023 166.1+3.1 0.69 +0.00
(0.035 mg protein mg* fsNP) T e T U
POL . 51+35 3.4+03 2274+38 0.55 +0.02
(0.035 mg protein mg* fsNP) T T T T
GTL, POL
Crotal 0070 mg protein mg fSNF) 100429 9.8+08 1557 +1.7 1.03+0.02
CPL 85+3.1 0.5+0.0 1944 +6.8 0.93+0.02
(0.035 mg protein mg* fsNP) T T . DR
TVL
(©.035 g protein mg fSNP) 9.7+22 23+02 212.0+47 0.75 +0.04
CPL, TVL 9.7+4.0 6.4+0.1 184.0 5.6 1.37+0.03

(Total 0.070 mg protein mg-* fsNP)

Washing loss was determined in two different ways, i.e. as @ relative difference between the apparent (measured)

laccase activity bound to the fsNP after exhaustive washing and the apparent laccase activity before washing

(100 %) and P apparent laccase activity discarded during washing relative to the apparent laccase activity before

washing (100 %), i.e. the relative laccase activity discarded during washing.

¢ Immobilization yield was defined as apparent laccase activity of the completed nanobiocatalyst suspensions

relative to the initially applied laccase activity (100 %).

4 Enzyme load was defined as apparent laccase activity per mg fsNP of the completed nanobiocatalysts.
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6.1.2.2. Immobilization of multiple enzymes for proof of concept

In order to test whether immobilization of all five investigated laccases onto the same particles was
feasible, different experiments were conducted. The number of laccases to be immobilized was
increased successively from one up to five. With each increase in the number of applied laccases, the
resulting nanobiocatalysts showed an increase in total enzyme load. Herewith, it could be shown that all
five laccases were successfully co-immobilized, and thereby a biocatalyst containing all five laccases
(multi-fsNP) could be produced. Therefore, the suitability of the applied method to immobilize defined
combinations of laccases was proven. This allowed selection of laccase combinations for immobilization
on the same particle based on their capabilities in order to produce nanobiocatalysts with enhanced
abilities compared to the single enzymes. One pair of laccases was selected for co-immobilization, i.e.,
GTL and POL to produce nanobiocatalysts that retain most of their maximal enzymatic activity over a

broader pH range.

Co-immobilizations of two laccases were assessed similar to the immobilization of five laccases by
running control experiments applying only one laccase. Enzyme load of GTL and POL co-immobilized
on fsNP (GTL-POL-fsNP), was higher after immobilization of both laccases compared to experiments

where only one laccase was immobilized, indicating successful immobilization.

Successful co-immobilization of the studied laccases on the same particles could be demonstrated by
successive immobilization of the five different enzymes. The amounts of enzyme that were immobilized
on the fsSNP were calculated based on the assumption that crosslinking with glutaraldehyde is in general
nonspecific towards different proteins and consequently towards different enzymes, since cross-linking
of proteins to a carrier with glutaraldehyde usually involves non-protonated -amino groups of lysin
residues (Weetall 1974), and proteins usually exhibit many lysine residues on their surface, due to the
polarity of the amine group (Migneault et al. 2004). The experiments demonstrated that applying enzyme
mixtures with total protein amounts equal or slightly below the protein amount that can be immobilized

on the fsNP allows immobilizing defined combinations of enzymes.

6.1.2.3. Characterization of immobilized laccases

Figure 6.1 shows the normalized activity of the different laccases (A) and immobilized laccases (B) at
different pH values in the presence of 2,6-DMP. All laccases reached their maximal activity at pH 4
with the exception of GTL, which reached its maximal activity at pH 5. Laccase activity was reduced
below 20 % of the maximal activity at pH 6 for CUL, POL, and TVL. At pH 7, the measured activity
for these three laccases was below the LOD. For CPL, the reduction in laccase activity at higher pH
values was not as drastic and remained at approximately 31 and 16 % of the maximal activity at pH 6
and 7, respectively. GTL retained 80 % of its maximal activity at pH 6, and at pH 7, 50 % of the maximal

activity remained. For all investigated laccases, the immobilization of the enzymes did not
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Figure 6.1 Enzymatic activity of laccases (A) and immobilized laccases (B) at different pH values
during the oxidation of 2,6-DMP (2 mM). A) single laccase in its soluble form from genus Thielavia
laccase (GTL), Coriolopsis polyzona (CPL), Cerrena unicolor (CUL), Pleurotus ostreatus (POL) and
Trametes versicolor (TVL) B) single laccase-fsNP conjugates from genus Thielavia laccase (GTL-
fsNP), Coriolopsis polyzona (CPL-fsNP), Cerrena unicolor (CUL-fsNP), Pleurotus ostreatus (POL-
fsNP) and Trametes versicolor (TVVL-fsNP) and two laccase-fsNP conjugates from GTL and POL (GTL-
POL-fsNP). Laccase activity is normalized to the highest measured activity of the corresponding

enzyme; error bars show the standard deviations (n=5; adapted from Ammann et al. 2014).

lead to an observable shift of the optimal pH regarding enzymatic activity. However, immobilized

enzymes retained a higher percentage of their maximal activity compared to free enzymes at pH 6 and
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7. Especially, GTL-fsNP showed little losses in activity at higher pH values compared to other
immobilized laccases, retaining 97 and 74 % of maximal enzymatic activity at pH 6 and 7, respectively.
At pH 3, losses in enzymatic activity compared to the maximal enzymatic activity were also smaller for
all enzymes after immobilization, except for GTL. Notably, TVL retained most of its maximal
enzymatic activity after immobilization at pH 3, i.e., 88 %, while it only retained 28 % in its dissolved
form. The co-immobilization of GTL and POL led to the anticipated extension of the pH range, in which
the nanobiocatalysts retained enzymatic activity. Enzymatic activities were always above 70 % of the
activity maximum of the GTL-POL-fsNP over the tested pH range from 3 to 7. This constitutes a clear
improvement at pH values above 4 compared to the nanobiocatalyst, in which POL was used as a sole
enzyme and at pH 3 compared to the one-enzyme nanobiocatalyst, in which GTL was used.
Furthermore, an increase in enzymatic activity towards the substrate ABTS at pH 3 was observed for all
laccase genera after immobilization, as is apparent by the immobilization yields above 100 % that were
achieved for all laccases and laccase combinations (Table 6.4). Enzymatic activity after immobilization
also increased, when 2,6-DMP was used as a substrate for all laccases at all pH values investigated. One
enzyme nanobiocatalysts showed increased enzymatic activity towards 2,6-DMP between 3.5- (pH 5,
TVL immobilized on fsNP; TVL-fsNP) and 9.4- fold (pH 6, TVL-fsNP) compared to the corresponding
dissolved enzymes. Enzymatic activity towards 2,6-DMP by co-immobilized enzymes increased
between 4.9- (pH 4, GTL-POL-fsNP) and 11.6-fold (pH 7, GTL-POL-fsNP) compared to the
corresponding mixture of dissolved enzymes at the same enzyme ratio. Immobilization of five different
laccases onto one carrier led to an increase in enzymatic activity towards 2,6-DMP between 10.3- (pH 3)
and 15.5-fold (pH 7), in comparison to a mixture of the respective native laccases applied at the same

enzyme ratio.

The co-immobilization of specifically selected laccases allowed the production of biocatalysts with a
broader pH-activity range, in case of the GTL-POL-fsNP, compared to the corresponding singly
immobilized laccases. This indicates that the characteristics of single laccases regarding pH activity

profile complemented one another after co-immaobilization.

6.1.2.4. Immobilization of multiple LMEs on fumed silica hanoparticle

Several LMEs in addition to the five laccases were immobilized on fsNP using the immobilization
method developed in section 6.1.1. Results of these experiments are summarized in Table 6.5. All
enzymes were successfully immobilized. However, biocatalysts with LiP displayed low enzyme loads
in comparison to the other biocatalysts. This is most likely due to the low specific enzymatic activity of
LiP (see Table 5.1). Furthermore, LiP lost all activity towards the nonphenolic dye (Azure B). Therefore,
these results indicate, that further improvement and/or purification of LiP might be necessary before this
enzyme is of interest for application outside of basic research. However, DyP and VP retained their
activity towards the nonphenolic substrate after immobilization indicating that these enzymes might be

more suitable for lignin treatment after immobilization.
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Table 6.5 Different LME-fsNP conjugates (n=3)

Enzyme Source Immobilization Enzyme load ° Enzyme load ©
yield @ [U mg? fsNP] [U g fsNP]
[%0]

Glucose oxidase Aspergillus niger 98.9+15.0 6.73+0.42
VP Bjerkandera adusta 49.5+1.8 0.18+0.00 0.41+0.06
LiP 70.1 0.02 0.00
DyP 93.6+9.9 0.07+0.01 0.45+0.02
HRP Amoracia rusticana 1.8 0.21

22.8+2.2¢ 1.20+0.09¢

@ Immobilization yield was defined as apparent enzymatic activity of the completed nanobiocatalyst suspensions
relative to the initially applied enzymatic activity (100 %)

b Activity was determined by the peroxidase assay or in case of glucose oxidase by the glucose oxidase assay

¢ Activity was determined by the azure B assay.

4 Immobilization was conducted at pH 9.5.

HRP immobilization at pH 7.5 resulted in low immobilization yields. The HRP product applied
consisted of seven isoenzymes with differing isoelectric points ranging from 3 to 9 (Table 5.1).
Consequently, it could be expected that at pH 7.5 some HRP isoenzymes were positively charged. The
pKa of APTES is 7.6 and it was calculated based on the Henderson—Hasselbach equation that the amino
groups of APTES are fully protonated below pH 6 and are neutral above pH 9.5 (Bhat and Genzer 2007).
Therefore, the particles are net positively charged at pH 7.5 repelling the positively charged enzymes.
Consequently, these isoenzymes do not readily adsorb and might, therefore, not be bound to the particles
after addition of the cross-linker. In order to prohibit repulsion pH during immobilization was increased
to 9.5. At this pH value the particles are expected to have a net neutral charge while the enzymes have
a net negative charge. Preventing repulsion by increasing pH led to a considerable increase in the enzyme
load of the biocatalysts, i.e., enzyme load increased from 0.21 to 1.20 U mg* fsNP for immobilizations
conducted at pH 7.5 and 9.5, respectively. However, this is still not ideal because there is no electrostatic
attraction between the enzymes and the particles which is reflected in the relatively low immobilization
yield of only 22.8+2.2 %.

Immobilization of multiple enzymes on the same particles was conducted as well following the approach
described in paragraph 6.1.2.2. Results are summarized in Table 6.6. Three different biocatalysts
containing more than one enzyme type were produced for proof of concept, i.e., TVL-HRP-fsNP, LiP-
glucose oxidase-fsNP, and HRP-glucose oxidase-fsNP. Results indicate that immobilization of both
enzymes was successful in all three cases. Overall activity of the TVL-HRP-fsNP was higher compared
to the TVL-fsNP or HRP-fsNP alone. Furthermore, LiP-glucose oxidase-fsNP and HRP-glucose

oxidase-fsNP displayed both peroxidase activity and glucose oxidase activity.
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Table 6.6 Comparison of different LME-fsNP conjugates produced with single enzymes and enzyme

mixtures.

Enzyme load
Enzyme(s) [U mg fsNP]

b c
TVL (0.035 mg TVL protein mg* fsNP) ¢ 0.75
HRP (0.070 mg HRP protein mg™* fsNP) ¢ 1.48
HRP, TVL ¢
(0.035 mg TVL protein mg fsNP, 2.28
0.070 mg HRP protein mg™ fsNP)
LiP (0.035 mg LiP protein mg™ fsNP) 0.01
Glucose oxidase (0.035 mg glucose oxidase protein mg™ fsNP) 0.80
LiP, glucose oxidase
(0.035 mg protein mg™* fsNP of each enzyme) 0.01 0.90
HRP (0.035 mg HRP protein mg* fsNP) 0.02
Glucose oxidase (0.017 mg glucose oxidase protein mg™ fsNP) 0.26
HRP, glucose oxidase
(0.035 mg HRP protein mg* fsNP, 0.017 mg glucose oxidase protein 0.02 0.27
mg* fsNP)

@ Immobilization yield was defined as apparent enzymatic activity of the completed nanobiocatalyst suspensions
relative to the initially applied enzymatic activity (100 %)

® Enzyme load was defined as apparent enzymatic activity per mg fsNP of the completed nanobiocatalysts
(determined either by peroxidase (in all cases in which peroxidases were applied) or laccase assay)

¢ Determined by the glucose oxidase assay.

4 Immobilization was conducted at pH 9.5.
6.1.3. Immobilization at kilogram-scale

6.1.3.1. Optimization of particle concentration

In order to increase production efficiency of nanobiocatalysts the process was further optimized
regarding the particle amount per reaction volume. Finding the optimal particle concentration during the
immobilization procedure, i.e., the highest particle concentration at which particle suspensions could
still be stirred without using excessive energy was an essential developmental step for more cost-
effective production. Therefore, the rheological characteristics of different particle suspensions (Figure
6.2) which originated from the individual immobilization process steps were investigated. With
increasing particle concentration viscosity showed a rapid increase at a critical point depending on the
surface modification. This critical point was reached at approximately 100 g of particles L* for fsNP.
Higher concentrations led to drastically higher viscosities of the working suspensions greatly hampering
treatability. Therefore, a particle concentration of 100 g fsNP L* was deemed to be optimal, and
consequently, 0.08 mol APTES and 100 g fsNP L medium were used for surface modification of the
fsNP. In the subsequent coupling step, aminopropylated fsNP (AP-fsNP) were applied, which showed
a slight mass increase of approximately 6 % compared to applied fsNP mass due to surface modification.
The obtained amount of 106 g AP-fsNP L was suspended and applied for enzyme immobilization. In

these optimization experiments GTL was used as enzyme to be immobilized. Again, an increase of
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particle mass of approximately 15 %, due to the loading of fsNP with glutaraldehyde and protein, was
measured after immobilization of the enzymes and washing of the particles. Thus, starting the production
with 100 g fsNP L™, the final particle concentration was 121 g L™ after the whole immobilization
procedure. Particle concentration was never above the critical point and treatment was not hampered by
too high viscosity of the suspension since both AP-fsNP and Lac-fsNP showed a critical increase in
viscosity well after 130 g particles L.
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Figure 6.2 Rheological responses i.e. flow consistency indexes of fsSNP (crosses), AP-fsNP (diamonds),
and GTL-fsNP (black circles) in suspensions of different particle concentrations (adapted from Gasser
et al. 2014b)

6.1.3.2. Monitoring of surface modification and enzyme immobilization

After each process step, different control measurements were performed in order to determine the
efficiency of the adapted protocol. Results from amino group quantification assays and zeta-potential
measurements after aminopropylation with APTES indicated successful surface modification of fsNP.
The nitrogen content increased from 0.25+0.05 mg N g* fsNP for non-modified fsNP up to 16.0+0.1 mg
N g fsNP after aminopropylation and the surface charge changed drastically from —25.140.4 for fsSNP
t0 6.31+0.10 mV for AP-fsNP. Those results confirmed the successful modification of the surface of the

nanoparticles.

Monitoring enzymatic activity of the biocatalysts during the enzyme immobilization procedure indicated

that virtually the whole enzyme load could be conjugated to the particles. Only 3.6+£9.5 % of laccase
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activity was lost during the washing procedure. Washing losses were determined as the relative
difference of laccase activity of the suspension before (100 %) and after exhaustive washing. The
residual enzymatic activity obtained after the whole production was 132.5+11.5 % of initially applied
laccase activity. Thus, an enzyme load of 1.23+0.11 kU g* fsNP was achieved.

Almost the same amount of laccase activity could be immobilized using higher particle concentrations
compared to particles produced on lab scale which had an activity of 1.53+0.02 kU g* fsNP. Therefore,
the undertaken changes in the immobilization procedure to increase production efficiency had no

considerable repercussions for the end product.

6.1.4. Concluding remarks

In summary, results showed that the developed immobilization method is suitable for immobilization of
several different enzymes. Enzyme loads of biocatalysts are closely related to specific activities of
applied enzymes. However, results also indicate that immobilization of enzymes with isoelectric points
around or above 9 might be inefficient using the applied method since no or only small electrostatic
attraction between particles and such enzymes occurs (even if pH values are adjusted) since particle
surfaces have a neutral charge above pH 9.5. Consequently, the adsorption step does not lead to the
desired proximity of such enzymes to the particle surface which would facilitate cross-linking.

6.2. Immobilization on superparamagnetic nanoparticles

The partial insolubility of lignins in aqueous solution as well as organic solvent buffer mixtures hinders
the effective separation of heterogeneous catalysts from the reaction products after treatment. Therefore,
fsNP are not the ideal enzyme carrier material for lignin treatment (see 7.1.5.1). However, carrier
materials with paramagnetic or superparamagnetic properties like magnetite nanoparticles (Yamaura et
al. 2004) are an attractive alternative since applying a magnetic field to otherwise stable aqueous
suspensions of the particles leads to agglomeration and separation from the bulk solution. In the absence
of a magnetic field, the particles can be easily re-suspended allowing their reuse. In order to conjugate
the biocatalysts to the paramagnetic particles, a core-shell approach is usually applied, i.e., the magnetite
core is chemically bound to an organic or polymeric shell (Ma et al. 2003; Kumar et al. 2014).
Subsequently, the proteins are bound to the functional groups of the shell. The iron oxide cores are
produced as nanoparticles exhibiting paramagnetic or superparamagnetic behavior (Yamaura et al.
2004). Several strategies have recently been developed to immobilize laccases on magnetic carriers
(Kumar et al. 2014; Ardao et al. 2015; Kumar and Cabana 2016). Immobilization of CLEAS on
magnetite particles using glutaraldehyde as cross-linker led to the production of biocatalysts with
enhanced stability (Kumar et al. 2014). However, only low immobilization yields (~32 % of the applied
activity) were reached after the immobilization procedure (Kumar et al. 2014). The same group reported
the immobilization of CLEAs on magnetite particles using chitosan/1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride as cross-linker (Kumar and Cabana 2016). This

allowed higher immobilization yields of up to 61.4 % (Kumar and Cabana 2016).
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In the present chapter, a simple and robust method for enzyme immobilization on MPs was developed
and optimized based on the sorption-assisted surface conjugation method described in paragraph 6.1.
TVL was used as model enzyme. The influence of different factors governing the specific enzymatic
activity and stability of the biocatalysts were investigated in depth using RSM. Resulting particles were
characterized by TEM, zeta potential, FTIR, and magnetization measurements. Furthermore, the
enzymatic activity of resulting biocatalysts towards several laccase substrates was determined and the
stability of the biocatalysts at different pH and in the presence of different chemical denaturants was
assessed. In order to demonstrate the suitability of the superparamagnetic biocatalysts for green
chemistry applications, a non-toxic phenoxazinone dye, i.e., 2-amino-3-0x0-3H-phenoxazine-8-sulfonic
acid was produced from 3-amino-4-hydroxybenzenesulfonic acid using the immobilized enzymes. The

biocatalysts were applied in ten consecutive cycles to determine the effectivity of reuse.

6.2.1. Particle synthesis and biocatalyst size distribution

MPs were produced by a co-precipitation method according to Eqg. 4. Since, the goal was the
development of an immobilization procedure as simple as possible particles were not produced under
completely anoxic conditions. Therefore, it is possible that a part of the formed magnetite reacted further
to maghemite according to Eq. 5 or that maghemite was formed directly according to Egs. 6 and 7.

Fe?* + 2Fe* + 80H — Fe304 + 4H,0 (Eq. 4)
2 Fes04 + %2 O, — 3 Fey03 (EQ. 5)

Fe?* + % H,0 + % O, — Fe** + OH (Eq. 6)

2 Fe3* + 6 OH — Fe,03 + 3 H,0 (Eq. 7)

The size distribution and morphology of the biocatalysts before and after immobilization was assessed
by TEM and is shown in Figure 6.3. The particles had an average diameter of 6.0+1.3 and 13.4+4.3 hm
before and after immobilization, respectively showing that the particle size clearly increased due to
immobilization. Several laccase isozymes of Trametes versicolor have been described. They have a
molecular weight of 60 to 70 kDa and dimensions of roughly 6.5x 5.5 x 4.5 nm (Bourbonnais et al.
1995; Collins et al. 1996; Bertrand et al. 2002; Piontek et al. 2002). The molecular weight of the laccases
used in the present study was 63 kDa as determined by SDS-PAGE, and the enzyme purity was
estimated to be 65.7+6.2 %. Consequently, the increase in particle size due to immobilization indicates

that on average not more than one layer of laccase was immobilized on the particle surface.

The magnetic properties of the particles before and after surface modification and after enzyme
immobilization were assessed by magnetization measurements. Magnetization curves are shown in
Figure 6.4. Nanoparticles showed typical superparamagnetic behavior since the magnetization curves
for all particles showed no hysteresis, were completely reversible and no remanence or coercivity was
observed (Cullity and Graham 2008).
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Figure 6.3 Distribution of particle diameters (A) of MP (black) and TVL-MP (grey). Bars show the
frequency of particles with the corresponding diameter (rounded to 1 nm). Lines show the cumulative

frequency, i.e., the percentage of particles that have at the most a diameter as displayed on the x-axis.
TEM pictures of MP (B) and TVL-MP (C; adapted from Gasser et al. 2016)
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Figure 6.4 Magnetization curves of MPs (black), MPs functionalized with APTES (dark grey), and
TVL-MP (light grey) measured at room temperature (adapted from Gasser et al. 2016).

6.2.2. Particle surface modification

Different specific APTES amounts were tested for surface modification of MP. Increasing amounts from
1to 15 mmol APTES g MP led to considerable increases in enzymatic activity of resulting biocatalysts
(Figure 6.5). Increasing APTES from 15 to 18 mmol g~* MP led to a slight increase in specific enzymatic
activity of resulting biocatalysts while a further increase to 24 mmol APTES g MP resulted in no
further activity increase. Therefore, an APTES amount of 18 mmol g MP was used for surface

modification of MPs in all further experiments.

Zeta potential and FTIR measurements gave further evidence for successful surface modification. Zeta
potential increased from 0.0 + 1.9 to 16.2+ 0.9 mV at pH 7 by modifying MPs with 18 mmol APTES
g ' MP indicating the presence of NHs* groups on the particle surface. The obtained zeta potential of
0 mV of unmodified MP corresponds well to other studies investigating magnetite nanoparticles
reporting the isoelectric point of magnetite nanoparticles to be around pH 7 (Vayssieres et al. 1998;
Kulak et al. 2014). FTIR spectra of MP modified with APTES showed two distinct absorption bands at
1582 and 1346 cm™?, which are ascribed to NH, bending and Si—C stretching vibrations on the surface

of the particles, respectively (Figure 6.6, McCarthy et al. 2012) which were not observed in spectra of
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native MP. Furthermore, at 2920 cm™, a less pronounced band was observed in the spectra of the APTES
modified MP likely due to stretching vibration of the C—H bond (Ma et al. 2003; McCarthy et al. 2012).
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Figure 6.5 Normalized enzymatic activity of TVL- Figure 6.6 FTIR spectra of APTES coated
MP after surface modification with different (black) and uncoated (grey) MP (adapted from
specific APTES amounts. Error bars represent Gasser et al. 2016)

standard deviations (n=3). Average specific

enzymatic activity measured at 18 mmol APTES g

1 MP was defined as 100 % (adapted from Gasser

et al. 2016).

6.2.3. Optimization of immobilization procedure

6.2.3.1. Optimization regarding maximal specific enzymatic activity

The further reaction steps were optimized for maximal specific activity of the biocatalysts using RSM
to gain maximum information from a given set of experiments by separating statistical deviations from
statistically significant effects of the investigated parameters on the experimental results. The parameters
that are actively controlled and varied between different experiments are called factors. In the present
study the influence of five factors, i.e., protein amount, glutaraldehyde amount, time for enzyme
adsorption, time for incubation with glutaraldehyde, and pH on the specific enzymatic activity of the
resulting biocatalysts after immobilization were investigated. Factors were varied from 15 to 200 mg
gl MP, 0.5to 8.0 mmol gt MP, 0.5t0 4 h, 0.5to 24 h, and 5 to 9 for protein amount, cross-linker
amount, protein adsorption time, glutaraldehyde reaction time, and pH, respectively. A third-degree
polynomial model was fitted to the results and subsequently reduced to only contain significant factors
(p<0.05) and factors necessary to maintain model hierarchy. Conducted experiments, obtained results,
the ANOVA results of the response surface reduced cubic model, and the final equation in terms of the
actual factors are appended in the appendix Al.1 (Table A. 1, Table A. 2, and Table A. 3).
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The model predicted highest specific enzymatic activity of biocatalysts to be 4.90+0.48 kU g~ MP using
94.5 mg protein g* MP, 5.21 mmol glutaraldehyde g* MP at pH 9 and conducting the protein
adsorption step for 4 h and the glutaraldehyde reaction for 24 h. The corresponding experiment was
conducted and biocatalysts with a specific activity of 4.60+0.27 kU g~ MP were produced. The model
predictions seemed to be suitable since the obtained specific activity was within one standard deviation
of the specific activity predicted by the model. It was calculated that 76.0+1.5 mg proteins were
immobilized per gram MP based on protein losses determined during washing. Furthermore, 69.4+5.2 %
of the initially applied enzymatic activity was immobilized on the MP.

The effect of the interaction effects of the different factors included in the model are shown in Figure
6.7. Factors that are not shown were held constant at the predicted optimal conditions. Results indicate
that protein amount and glutaraldehyde amount are the most essential factors influencing specific
activity of the biocatalysts. Predicted optimal glutaraldehyde amount regarding maximal enzymatic
activity increased from 4.25 to 6.35 mmol g~ MP with increasing protein amounts from 15 to 200 mg
protein g~ MP while leaving the other factors at predicted optimal conditions. Increasing glutaraldehyde
reaction time led to increasing specific activity while leaving the other factors at predicted optimal
conditions. The effect was predicted to be more pronounced at lower glutaraldehyde amounts. Specific
activity increased from 0.37+0.48 to 2.84+0.48 kU g MP and from 2.48+0.48 to 4.14+0.48 kU gt MP
when increasing glutaraldehyde reaction time from 0.5 to 24 h for glutaraldehyde amounts of 0.5 and

8.0 mmol g MP, respectively while leaving the other factors at predicted optimal conditions.

The influences of the two-factor interaction effects of glutaraldehyde reaction times and protein
adsorption time, pH and protein adsorption time, and pH and glutaraldehyde reaction time on the specific
activity were predicted to be less substantial when leaving the other factors at predicted optimal
conditions. Specific activities were predicted to be lowest, i.e., 2.95+0.48 kU g~ MP at glutaraldehyde

reaction time of 0.5 h, protein adsorption time of 4.0 h, and pH 9.
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Figure 6.7 Interaction effects of the different interactions predicted by the response surface reduced
third-degree polynomial model. Factors that are not shown were held constant at predicted optimal

glutaraldehyde g! MP

conditions, i.e., 945mg protein g* MP (protein amount), 5.21 mmol

and 9 (pH;

(glutaraldehyde amount), 4 h (protein adsorption time), 24 h (glutaraldehyde reaction time)

adapted from Gasser et al.

2016).
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6.2.3.2. Optimization regarding stability

The stabilities of biocatalysts were tested under various conditions, i.e., pH 3,5, 7,and 9 and at pH 7 in
the presence of 30 % (v/v) MeOH, 30 % (v/v) acetone, 1 mM H,O;, or 100 uM NaNs. The influence of
the same five factors as for the optimization regarding specific enzymatic activity, i.e., protein amount,
glutaraldehyde amount, time for enzyme adsorption, time for incubation with glutaraldehyde, and pH
on the residual enzymatic activity of the TVL-MP was investigated using RSM. For every condition
tested, a second-degree polynomial model was fitted to the results and subsequently reduced to only
contain significant factors and factors necessary to maintain model hierarchy. Model results are
summarized in the appendix Al.2 (Table A. 4-Table A. 14).

To determine the formulation predicted to yield particles with best properties regarding stability that
takes into account the biocatalyst stability in all tested conditions, a multiple response method was
applied (Myers et al. 2009). A desirability function was used (Eg. 3) which is the geometric mean of the
normalized residual enzymatic activities of all tested conditions at specific time points (starting activities
were defined as 1). A second-degree polynomial model was fitted to the desirabilities and subsequently
reduced to only contain significant factors and factors necessary to maintain model hierarchy. Model
results are summarized in the appendix Al.2 (Table A. 13 and Table A. 14). Predicted optimal
biocatalyst formulations regarding biocatalyst stability for all nine models are summarized in Table A.
15. Figure 6.8 shows the predicted influence of the three significant factors, i.e., protein amount,
glutaraldehyde amount, and pH and the interaction effect between protein amount and glutaraldehyde

amount predicted by the model.

Glutaraldehyde is predicted to have the most pronounced effect on biocatalyst stability. Increasing
glutaraldehyde amounts from 0.5 to 5.15 mmol g* MP while leaving protein amount and pH constant
at 111 mg g * MP and 9, respectively, is predicted to lead to increasing biocatalyst stability (desirability
increases from 0.34+0.04 to 0.59+0.04). Further increases in glutaraldehyde amounts are predicted to
lead to slight decreases in biocatalyst stability. Changing protein amounts from 15 to 200 mg g~ MP
while leaving glutaraldehyde amounts and pH constant at 5.15 mmol g* MP and 9, respectively, is
predicted to have a smaller effect on biocatalyst stability in comparison (desirability varies between
0.49+0.04 and 0.59+0.04). Stability is predicted to be highest at 111 mg g* MP. Predicted optimal
glutaraldehyde amounts increased from 4.89 to 5.39 mmol g~ MP with increasing protein amounts from
15 to 200 mg protein g~ MP. The model predicts no interaction effect between pH and the other two
significant factors. Increasing pH from 5 to 7 is predicted to lead to no considerable changes in
biocatalyst stability (desirability increases by 0.01). Further increasing pH from 7 to 9 is predicted to

lead to a more substantial increase in biocatalyst stability (desirability increases by 0.07).

Biocatalysts were produced according to the predicted conditions for overall optimal biocatalyst
stability, i.e., with 111 mg protein g'* MP, 5.15 mmol glutaraldehyde g* MP at pH 9 and conducting

the protein adsorption step for 0.5 h and the glutaraldehyde reaction for 24 h. The times were chosen
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based on the predictions for optimal conditions regarding biocatalyst stability by the three models
predicting significant effects for protein adsorption time (MeOH) or glutaraldehyde reaction time (pH
9, NaNs).

Magnetic biocatalysts predicted to have optimal stability were produced in triplicate and had a specific
enzymatic activity of 4.31 + 0.27 kU g* MP corresponding well to the predicted value by the response
surface reduced third-degree polynomial model of 3.86+ 0.48 kU gt MP. Stability of these biocatalysts
and the biocatalysts produced using the formulation for maximal enzymatic activity was subsequently

assessed in all eight conditions and compared with dissolved laccases.
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Figure 6.8 Predicted effects of the three significant factors predicted by the response surface reduced
second-degree polynomial model. Dashed lines show standard deviations. For showing the effect of
protein amount, glutaraldehyde amount was kept constant at 5.15 mmol g™* MP and pH was 5 (grey line)
and 9 (black line). For showing the effect of glutaraldehyde amount protein amount was kept constant
at 111 mg g* MP and pH was 5 (grey line) and 9 (black line). For showing the effect of pH protein
amount and glutaraldehyde amount was 15 mg g* MP and 0.5 mmol g MP, respectively (grey line),
and 111 mg g and 5.15 mmol g* MP, respectively (black line). For showing the interaction between
glutaraldehyde amount and protein amount, pH was kept constant at 9 (adapted from Gasser et al. 2016).
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6.2.4. Biocatalyst stability and catalytic properties

6.2.4.1. Biocatalyst stability

Increased enzymatic stability is one of the main advantages of immobilized enzymes next to their
facilitated reuse. Experiments evaluating the enzymatic stability at the eight different conditions used
for model development were conducted with biocatalysts predicted to have optimal stability and highest
specific activities, and with dissolved laccases. Changes over 63 d of incubation in all tested conditions

are shown in Figure 6.9. Comparison of model predictions and measured values are shown Table 6.7.

Immobilized enzymes were considerably more stable than dissolved enzymes under all tested
conditions. There were little differences regarding stability between the two tested paramagnetic
biocatalysts. This was expected since formulations for biocatalyst production did not differ substantially
between the two biocatalysts and predicted desirability by the model taking into account the residual
stabilities measured in all eight tested conditions was also virtually the same, i.e., 0.586 and 0.589 for

particles with predicted highest specific activity and predicted optimal stability, respectively.

Table 6.7 Comparison of residual activities predicted by the different response surface reduced
guadratic models with measured values (xstandard deviation, n=3 for measured values). TVL-MPs
(max. activity) were produced according to the formulation predicted to yield maximal activity and
TVL-MPs (max. stability) were produced according to the formulation predicted to yield maximal
stability by the model considering overall stability of the biocatalysts. For comparison values for

dissolved laccases are given as well (adapted from Gasser et al. 2016).

Dissolved TVL-MP TVL-MP
laccase (max. activity) (max. stability)

Measured Measured Predicted Measured Predicted
pH 3 (1 day) 1.70.4 58.9+1.8 62.6+0.1 61.6+3.7 61.6+0.1
pH 5 (14 days) 3.1+0.8 52.5+0.7 57.1+0.6 51.0+3.6 56.0+0.6
pH 7 (14 days) 34.6+1.7 84.3+1.1 94.0+7.4 88.1+4.2 94.3+7.4
pH 9 (14 days) 24+0.1 38.8+0.9 41.3+0.4 36.8+1.0 41.9+04
30% Acetone
(14 days) 12.5+0.9 39.2+04 37.6x0.1 39.9+1.3 38.8+0.1
30% MeOH (7 days) 33.7£5.9 50.7+1.2 53.6+0.0 49.9+1.3 59.1+0.0
NaNs (100 pM, 14 days) 24.9+5.6 68.4+1.6 83.5+9.7 71.7+1.7 82.0+9.7
H202 (1 mM, 14 days) 33.8+1.7 80.0+3.0 84.7+7.9 83.9+6.4 86.2+7.9

Overall stability
(desirability)

0.106+0.014  0.569+0.012 0.586+0.038 0.576+0.026  0.589+0.038

Immobilized enzymes remained fairly stable, i.e., did not lose more than 20 % of their initial activity at

pH 7 during 14 d irrespective whether 1 mM H,O, was added in the beginning of the experiment (Figure
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6.9A) or not (Figure 6.9C). After 63 d residual activity was still above 60 %. For the dissolved enzymes,
there were also no considerable differences in residual stabilities between the experiments conducted at
pH 7 with or without H>O,. Therefore, no apparent enzyme inactivation due to H.O, occurred. In a
further experiment conducted at pH 7, the laccase inhibitor NaNs; was added (Figure 6.9G). This yielded
slightly lower residual activities for all tested biocatalysts compared with experiments conducted at pH 7
without addition of NaNs indicating that the enzymes were slightly inhibited by NaNs irrespective of
immobilization. Residual activities were 82.2+0.9 and 83.8+3.0 % in the presence of NaNs and 91.7+1.1
and 90.6x2.1 % in the NaNs free samples after 1 d for the biocatalysts produced for highest specific
activity and optimal stability, respectively. For the dissolved enzymes, residual activities after 1 d at
pH 7 and in the presence of NaN;s did not differ significantly (p=0.404; student’s t test, two-sample equal
variance, two-tailed distribution) and were 84.6+3.8 and 88.1+5.2 % for samples without and with NaNs,
respectively. However, significant differences became apparent after 4 d (p=0.003, student’s t test, two-
sample equal variance, two-tailed distribution). Residual activities were 76.4+ 3.5 and 63.3+ 0.7 % for
samples without and with NaNs;, respectively. Presence of solvents also had a negative effect on
enzymatic stability at pH 7. Enzymatic activity of dissolved enzymes decreased to 27.4+1.0 % during
the first 3 d in 30 % acetone and then decreased more slowly to 12.5+0.9 % after 14 d (Figure 6.9E)
while biocatalysts produced for highest specific activity and optimal stability retained 39.2+0.4 and
39.9+1.3 % of their initial activity, respectively after 14 d of incubation. In presence of 30 % MeOH,
differences between dissolved and immobilized enzymes were least considerable for all tested
conditions (Figure 6.9F). Dissolved enzymes, biocatalysts produced for highest specific activity, and
optimal stability retained 28.0+0.9, 37.4+0.9, and 41.1+1.5 % of their initial activity after 14 d,

respectively.

Of all tested conditions, enzymes were least stable at pH 3 (Figure 6.9A). Dissolved enzymes only
retained 1.7+0.4 % of their initial activity after one day of incubation. Immobilization enhanced
enzymatic stability considerably but after ten days of incubation also only 1.2+0.2 and 1.3+0.2 % of the
initial activity was left for biocatalysts produced for highest specific activity and optimal stability,
respectively. Dissolved enzymes were also not very stable at pH 5 (Figure 6.9B) and 9 (Figure 6.9D).
After 14 d of incubation at pH 5 and 9, only 3.1+0.8 and 2.4+0.1 % of the initial enzymatic activity
remained, respectively. Under these conditions, immobilization also improved the enzymatic stability
substantially. At pH 5 after 14 d of incubation 52.5+0.7 and 51.0+3.6 % and after 63 d 7.7+0.4 and
7.9+0.5 % of the initial activity remained for the biocatalysts produced for highest specific activity and
optimal stability, respectively. At pH 9 after 14 d of incubation 38.8+0.9 and 36.8+1.0 % and after 63 d
17.5+£0.9 and 18.3t£1.4 % of the initial activity remained for the biocatalysts produced for highest

specific activity and optimal stability, respectively.
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Figure 6.9 Residual activities of free laccases (empty diamond) and TVL-MPs produced using
formulation for maximal specific activity (black diamonds) and stability (empty circles) incubated at
pH 3 (A), pH 5 (B), pH 7 (C), pH 9 (D), and in presence of 30 % (v/v) acetone (E), 30 % (v/v) MeOH
(F), 1 mM H;0- (G), and 100 uM NaNs (H) at pH 7. Error bars show standard deviations (n=3, adapted

from Gasser et al. 2016)
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6.2.4.2. Assessment of biocatalyst activity towards laccase substrates

The influence of immobilization on the catalytic efficiency of the biocatalysts towards several phenolic
compounds, ABTS, and the precursor used for the production of the phenoxazinone dye has been
assessed by determination of the apparent ke and K values. The obtained values are summarized in
Table 6.8. While the K" values were higher and kc.*" values were lower for TVL-MP than for the
free enzymes for all phenolic compounds, the sequence of the catalytic efficiencies (Kca/Km)®® of the
different phenolic compounds remained the same. Regarding ABTS and 3-amino-4-

hydroxybenzenesulfonic acid, Kn® and k" increased due to immobilization.

Table 6.8 Apparent kinetic constants for the oxidation of various substrates at 25 °C and pH 5 by TVL-
MP and TVL and extinction coefficients used for quantitation (adapted from Gasser et al. 2016).

Extinction TVL-

\ct TVL
coefficient MP
Wavelength (M1 Kcat®PP Km@PP (Keat/ Km)2PP Kcat®PP Km@PP (Kcat/Km)2PP
(nm) cml)? (shb (mM) (st mM?) (shp (mM) (st mM?)
) 185+  0.20% 238t
Guaiacol 470 26600 o oon 63.4+11.4 4 0252003 9384141
301+  0.030+ 450+  0.008+ 5,620+
2,6-DMP 477 14800 >, hoos  1s00:218 0001 080
o 34+ 1.0t 11.8+
Vanillic acid 350 1315 o 026 3.3:0.9 L4 0673014 175%41
Syringic acid 360 1,105 ?’géi 064025 80.4+17.7 sg.gi 0.17+003 22743
Vanillin 410 807  3.84#05 7.3+l5  05:01  7.2¢08  3.0£0.6 24405
) 122+  0.08240. 188+  0.080%
Syringaldehyde 360 1,065 13 013 149+28 19 0.010 235+37
348t  0.044+ 200+  0.015+
ABTS 420 3BI0 p 0007 783143 20 hoos 1930320
3-amino-4-
hydroxybenzen- 420 8,935 51"511'5' 0'27‘:—'0'0 192433 32'21 0114002 29862
sulfonic acid )

@ Extinction coefficients for guaiacol and 2,6-DMP were taken from Roy and Abraham (2006) and Hommes et al.
(2013), respectively. All other values were determined at assay conditions.
® Errors were calculated based on the standard deviations of the kinetic constants, the applied laccase amounts, and

the laccase molecular weight by means of error propagation. All experiments were conducted in triplicates.

6.2.5. Immobilization of various LMEs on superparamagnetic particles

Next to TVL, two additional LME were immobilized on MP to demonstrate the suitability of the
immobilization method for immobilization of various enzymes. Selected enzymes were glucose oxidase
and DyP. Chosen conditions during immobilization were the optimal conditions derived for TVL
regarding maximal specific activity (6.2.3.1). Glucose oxidase was successfully immobilized. Resulting
particles had an enzyme load of 14.0+0.2 kU g MP corresponding to an immobilization yield of

69.9+3.4 %. However, DyP lost all activity during immobilization.

Preliminary experiments incubating DyP with glutaraldehyde at pH 7 and 9 were conducted for 60 h,
since it was suspected that the internal cross-linking of the enzyme with glutaraldehyde might inactivate

DyP. As discussed below (6.2.7) glutaraldehyde forms different polymers at acidic conditions compared
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to basic conditions and glutaraldehyde polymers at basic conditions are expected to lead to enhanced
cross-linking of the enzymes. Therefore, immobilization at lower pH might lead to less cross-linking
allowing immobilization of active DyP. While samples incubating DyP with glutaraldehyde at pH 9 had
virtually no activity left, samples at pH 7 retained 56 % of their initial activity. Glutaraldehyde free
controls showed that DyP had still 65 % of the initial activity at pH 9. Therefore, a substantial part of
enzyme inactivation was due to the presence of glutaraldehyde. Consequently, the immobilization of
DyP was repeated at lower pH, i.e., 6.5 and yielded MP with an enzyme load of 0.06 kU g* MP
corresponding to an immobilization yield of 65.8+4.4 %. The lower enzyme load of DyP-MP compared
to glucose oxidase-MP and TVL-MP can be explained by the differences in specific enzymatic activities
of the different enzymes, i.e., 0.88, 12.5, and 26.5 kU g* protein for DyP, TVL, and glucose oxidase,
respectively. DyP-MPs were also able to transform a nonphenolic dye, i.e., Azure B as verified by the

corresponding assay. DyP-MP had an enzyme load of 0.12+0.02 U g* against Azure B.

Glucose oxidase and DyP were successfully immobilized on MP showing the versatility of the
developed immobilization method. Furthermore, results indicate that the formulation for enzyme
immobilization has to be adapted for certain enzymes that are inactivated by glutaraldehyde at basic

conditions.

6.2.6. Application example: Dye production

To demonstrate the reusability of TVL-MP they were applied for the production of a phenoxazinone
dye, i.e., 2-amino-3-0x0-3H-phenoxazine-8-sulfonic acid from 3-amino-4-hydroxybenzenesulfonic acid
over ten consecutive reaction cycles. Particles were separated magnetically after each cycle from the
colored product. Subsequently, aqueous phase was centrifuged to remove virtually all particles from
reaction solutions before the concentration of the phenoxazinone dye was determined
spectrophotometrically. Enzymatic activities were determined at the beginning of each reaction cycle
before 3-amino-4-hydroxybenzenesulfonic acid addition. Results are shown in Figure 6.10. Virtually,
100 % of 3-amino-4-hydroxybenzenesulfonic acid was converted to the phenoxazinone dye in all ten
cycles demonstrating the reusability of the biocatalysts. However, after every cycle, some particles were
lost due to inefficient separation. After ten reaction cycles, 28.4+3.7 % of the initially applied enzymatic
activity remained in the reaction vessel. Losses due to inefficient separation were determined by
measuring the enzymatic activities of supernatants before and after centrifugation. On average,
15.5+8.1 % of the enzymatic activity present at the beginning of a reaction cycle was lost after magnetic
separation while 1.7+£1.4 % remained in the supernatant after centrifugation showing that losses of
enzymatic activity were predominantly due to inefficient particle separation and not due to other effects
like, e.g., enzymes leaching from the particles. Calculation of the balance of the enzymatic activities
over the whole experiment yielded 110.3+10.3 % of the initially applied activity indicating that enzymes

remained stable during the experiment.
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Figure 6.10 Conversion of 3-amino-4-hydroxybenzenesulfonic acid to phenoxazinone dye with TVL-
MP over ten reaction cycles (empty circles). Bars show apparent enzymatic activity during treatment
remaining in reaction vessels after magnetic separation (dark grey), separated by centrifugation from
supernatants (light grey), and left in supernatants after centrifugation (white). A balance summing up
apparent enzymatic activity remaining after ten cycles, total enzymatic activity separated from all
supernatants by centrifugation, and left in supernatants after centrifugation is shown as well. Error bars
of residual activities show uncertainties calculated based on the standard deviations of the different
measurements (n=3) by means of error propagation. Error bars of 3-amino-4-hydroxybenzenesulfonic

acid conversion show standard deviations (n= 3, adapted from Gasser et al. 2016).

6.2.7. Discussion of immobilization procedure

In the present chapter, enzymes were immobilized on MPs using the sorption-assisted surface
conjugation method developed and optimized for enzyme immobilization on fsSNP in chapter 6.1. The
procedure is depicted schematically in Figure 6.11. Surface modification of MPs with APTES is
followed by adsorption of the enzyme molecules on the particle surface. This brings the enzyme in close
proximity to the MPs facilitating the subsequent cross-linking using glutaraldehyde. This general
procedure was optimized in the present study regarding maximal specific enzymatic activity and optimal

enzymatic stability of the resulting superparamagnetic biocatalysts.

MPs were produced by a co-precipitation of ferrous and ferric iron at alkaline conditions. Fast addition
of NaOH to the iron containing solution led to immediate supersaturation due to the low solubility of
iron in alkaline solution resulting in rapid nucleation of ferrite nanoparticles (Baumgartner et al. 2013).

Particle size was controlled by applied ionic strength (1.0 M) and pH (11.0) during particle formation
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(\Vayssiéres et al. 1998). Obtained average particle size was 6.0+£1.3 nm corresponding well to particles
obtained in other studies reporting production of MPs with an average diameter of approximately 6 nm
applying the same conditions regarding pH and ionic strength (Vayssieres et al. 1998).

"
+ H1C 0—Si
e — ..
H,C 0
~ Surface modification
80 °C,
APTES s .
20 hours Surface modified MPs

pHS-7
AL GV S
E‘ Ll HO 0’ A 'OM
or
Enzyme adsorption
p}'I = ) 4°C
Il I 0.5-4 hours
pH 5-9
Cross-linker

Enzyme cross-linking
4°C

0.5-24 hours

pH 5-9

Figure 6.11 Schematic description of the sorption assisted surface conjugation method developed.

Investigated ranges of reaction times and pH are stated (adapted from Gasser et al. 2016).

MPs showed typical superparamagnetic behavior usually observed for sufficiently small magnetic
particles. It was calculated for magnetite particles that particles with a diameter below ~26 nm show
superparamagnetic behavior at 27 °C (Cullity and Graham 2008). Since magnetization did not reach
saturation but still increased asymptotically for high fields the saturation magnetization for the different
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particles was calculated by fitting M vs. 1/H extrapolating the magnetization value to 1/H=0 (Liu and
Zhang 2001). Saturation magnetization was estimated to be 26.7, 23.2, and 18.0 Am? kg* for MPs, MPs
functionalized with APTES, and MP-TVL, respectively. The decrease in saturation magnetization can
be attributed to the coating of the particles adding nonmagnetic mass to the sample weight.

Estimated saturation magnetization values were considerably lower than the saturation magnetization
of bulk magnetite (92 Am? kg*; Cullity and Graham 2008). Decreasing nanoparticle size is reported to
lead to sharp decreases in saturation magnetization of ferrite nanoparticles (Yamaura et al. 2004). While
the exact reasons for this decrease are still a matter of investigation, they can be ascribed to surface
effects of the particles like magnetically inactive layers containing spins that are not collinear with the
magnetic field (Lin et al. 1995). Furthermore, the presence of maghemite or clustering of the particles
might contribute to the reduction as well.

Next the MP surface was modified with an organosilane, i.e., APTES. Nanoparticles have a large
specific surface area and display many dangling bonds on the surface (Ma et al. 2003). Therefore, the
atoms on the surface are suitable to adsorb ions. In case of MPs, the Fe and O atoms on the surface
adsorb OH™ and H* ions in neutral aqueous solution, respectively leading to particles displaying many
OH groups on the surface (Ma et al. 2003). These OH groups react with APTES leading to APTES
coating of the particles by chemical bond (Ma et al. 2003). The successful surface modification was
shown by FTIR and zeta potential measurements. Furthermore, increasing APTES amounts during the
immobilization procedure from 1 to 18 mmol gt MP led to considerable increases in specific enzymatic

activities of resulting biocatalysts giving further indirect evidence of effective MP surface modification.

Subsequently, the further reaction steps were optimized for maximal specific activity and optimal
stability of the biocatalysts using RSM. RSM s a useful tool to optimize enzyme immobilization on
solid carriers as shown previously (e.g., Demarche et al. 2012; Nair et al. 2013). Optimization for activity
as well as stability was investigated since biocatalysts exhibiting high specific activity are not
necessarily also most stable. For instance, internal cross-linking of the enzymes might increase their

stability while it might coincidentally negatively influence their activity.

First, the enzymes were adsorbed on the surface of the particles. Interactions between the enzymes and
the APTES-modified MP surface can be expected to be dominated by electrostatic attraction. The
surface of the APTES-modified MPs is expected to be positively charged over the whole pH range that
was tested (5 to 9) since the amino groups on the particle surface are anticipated to be protonated in this
pH range. However, the degree of protonation and, therefore, the surface charge decreases with
increasing pH. The pKa of APTES is 7.6, and it was calculated based on the Henderson—Hasselbach
equation that the amino groups of APTES are fully protonated below pH 6 and are neutral above pH 9.5
(Bhat and Genzer 2007). The enzymes on the other hand have a net negative charge since the isoelectric

points of TVL isozymes are around or below 3 (Ammann et al. 2014; Bertrand et al. 2002).
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Results indicate that increasing protein adsorption time from 30 min to 4 h at pH 9 has a slightly positive
effect on the maximal specific activity that can be immobilized on the MPs. Protein adsorption most
likely occurs slowly since the APTES modified MPs are only slightly positively charged at this pH.
Therefore, longer adsorption times lead to more enzymes in proximity of the particles facilitating cross-
linking in the subsequent step. At pH 5, a slightly negative effect of prolonging adsorption time is
predicted by the model. Initial adsorption of proteins on the MP surface at pH 5 should occur rapidly at
this pH since all APTES amino groups are protonated. Therefore, prolonging adsorption time should not
lead to a considerable increase of adsorbed enzymes. The slight decrease in enzymatic activity might be
due to unfavorable conformational changes of the enzymes that occur slowly after enzyme adsorption
as described for other proteins (e.g., Roach et al. 2005). However, the predicted effect is only small and

further studies would be needed to confirm this.

In the next step, the cross-linking agent, i.e., glutaraldehyde was added. This leads to covalent bonds
between the amino groups on the MP surface and the enzymes and to internal cross-linking of the
enzymes. The internal cross-linking of the enzymes has been shown to increase their rigidity making
them more resilient against denaturation (e.g., Cabana et al. 2009; Zimmermann et al. 2011; Hommes
et al. 2012; Kumar et al. 2014). Predicted optimal protein amounts and glutaraldehyde amounts were
similar for both biocatalyst formulations, i.e., formulations yielding TVL-MP with highest activity and
stability. Further increasing protein amounts or glutaraldehyde amounts were not predicted to lead to
considerable further changes or (in case of glutaraldehyde) even to particles with slightly lower specific
activities. One explanation for the predicted negative effect on enzymatic activity of too high
glutaraldehyde concentrations might be the occurrence of extensive enzyme cross-linking leading to
losses in enzyme flexibility and, therefore, activity (Barbosa et al. 2014; Kumar et al. 2014). However,

further investigations would be necessary to confirm this.

Concerning pH, best results were achieved for specific enzymatic activity and stability for the
biocatalysts produced at pH 9. A possible explanation for the beneficial effect of conducting
immobilization at higher pH might be the effect of pH on glutaraldehyde reactions with amino groups.
Glutaraldehyde forms different polymers at acidic and neutral conditions compared with basic
conditions. At acidic or neutral conditions glutaraldenyde forms hemiacetal cyclic monomers and
polymers (Barbosa et al. 2014). The hydroxyl groups at each end of these compounds can react with
amino groups by nucleophilic substitution (Barbosa et al. 2014). At basic conditions, glutaraldehyde
builds a polymeric form of an a,f3-unsaturated aldehyde (Barbosa et al. 2014). Every monomer contained
in these polymers can potentially react with amino groups through the C—O double bond or the C-C
double bond (Barbosa et al. 2014). The positive effect of basic conditions on the enzymatic stability of
the biocatalysts might be explained by the higher amount of possible bonds that can be formed between
the amino groups of the proteins and particles, and the glutaraldehyde polymers formed at basic

conditions compared with the polymers formed at acidic to neutral conditions leading to enhanced
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internal cross-linking of the enzymes and, therefore, increased rigidity. Furthermore, cross-linking
between the enzymes and the particles might be increased at basic conditions as well leading to stronger
attachment.

At optimal conditions regarding enzymatic activity, 69.4+5.2 % of the initially applied enzymatic
activity was recovered. This is in a similar range as reported by another study immobilizing laccases on
magnetite particles using chitosan/1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride as
the cross-linking system (Kumar and Cabana 2016) achieving an immobilization yield of 61.4 %.
However, the process described in our study was not optimized regarding immobilization yield but
aimed to reach optimal enzymatic activity per gram of MP. Highest immobilization yield obtained in all
conducted experiments for process optimization was 153 %, yielding TVL-MP with a relatively modest
specific enzymatic activity of 1.15 kU gt MP. This increase in enzymatic activity above 100 % is most
likely due to the increase in k" towards ABTS for immobilized enzymes compared with dissolved
enzymes (Table 6.8).

Increased enzymatic stability is one of the main advantages of immobilized enzymes next to their
facilitated reuse. The increased stability of the paramagnetic biocatalysts due to immobilization was
confirmed in stability experiments testing eight different conditions. Immobilized biocatalysts were
considerably more stable than dissolved enzymes in all tested conditions. Other studies report similar
results regarding stability increases of enzymes after immobilization using glutaraldehyde as cross-
linking agent and attribute this to internal cross-linking of the enzymes as well (e.g., Cabana et al. 2009,
Zimmermann et al. 2011; Nair et al. 2013; Kumar et al. 2014; Kumar and Cabana 2016). However,
immobilization of the enzymes induced no apparent benefit regarding stability towards NaNs since
immobilized enzymes and dissolved enzymes had approximately 15 and 10 % lower residual activity in
the presence of NaNs at pH 7 compared with NaN3 free experiments conducted at pH 7, respectively.
This indicates that alteration of the catalytic site of laccase induced by azide binding (Battistuzzi et al.
2003) was occurring to a similar extent as for dissolved enzymes and was not inhibited by internal cross-
linking of the enzymes. This seems consequential since the small azide should be able to bind to the

catalytic site irrespective of internal cross-linking.

The influence of immobilization on the catalytic efficiency of the biocatalysts towards several phenolic
compounds, ABTS, and the precursor used for the production of the phenoxazinone dye has been
assessed by determination of the apparent k. and K, values. For all phenolic compounds, a decrease in
ke and an increase in KnP were observed comparing immobilized with dissolved laccases indicating
lower catalytic efficiency of immobilized enzymes (Table 6.8). This decrease might be due to reduced
exposure of the active sites of the enzymes, due to mass transfer limitations for the substrates, and/or
due to increased rigidity of the enzymes after cross-linking which inhibits changes in the conformation
of the active site to accommodate substrates (Roy and Abraham 2006; Rodrigues et al. 2013).

Immobilization had no apparent influence on the specific order regarding catalytic efficiency (Kca/Km)?”

102



6. Enzyme Immobilization

for the different phenolic substrates. Catalytic efficiency of the biocatalysts was lower towards phenolic
substrates with only one methoxy group, i.e., guaiacol, vanillin, and vanillic acid compared with
substrates with two methoxy groups, i.e., 2,6-DMP, syringaldehyde, and syringic acid. This is most
likely due to the electron donating property of methoxy groups which reduce the redox potential of the
substrates thereby facilitating laccase oxidation (Xu 1996). Substituents in the p-position led to an
increasing Kn*" and decreasing kc.®" when comparing guaicol with vanillic acid and vanillin and 2,6-
DMP with syrinic acid and syringaldehyde. This decrease in catalytic efficiency is most likely due to
the electron withdrawing nature of these substituents (Xu 1996). Their presence decreases the electron
density at the phenoxy group, thereby making oxidation by the enzymes more difficult (Xu 1996).
Regarding ABTS and the precursor, K" increased due to immobilization. However, K also
increased. Therefore, while the reaction rate approaches Vmax more slowly with increasing substrate
concentration Vmax is higher for immobilized enzymes. An increase in the maximum rate towards ABTS
due to immobilization and/or glutaraldehyde cross-linking has been described for several different
laccases including TVL previously (Hommes et al. 2012; Ammann et al. 2014; Kumar et al. 2014). The
reasons for this apparent increase are not yet clear and merit further investigation. It can be speculated
that cross-linking either changes the catalytic site in a way that increases substrate turnover or that the
microenvironment of the enzymes is changed in a way that favors oxidation of specific substrates
(Rodrigues et al. 2013; Kumar et al. 2014).

Finally, reusability of the TVL-MP was demonstrated by the production of a phenoxazinone dye, i.e.,
2-amino-3-0x0-3H-phenoxazine-8-sulfonic acid over ten cycles achieving virtually 100 % of precursor
conversion in each cycle. Activity losses due to incomplete separation of TVL-MP indicate that the
retention of enzymatic activity can be increased considerably by application of a stronger magnetic field

or by prolonging the duration of the magnetic separation step.

6.2.8. Concluding remarks

In this chapter, a simple and robust method for the efficient immobilization of enzymes on
superparamagnetic nanoparticles was developed and optimized. The resulting biocatalysts are
considerably more stable than dissolved enzymes and can be easily separated from reaction solutions by
application of a magnetic field allowing their reuse. Therefore, application of such superparamagnetic
biocatalysts in enzyme catalyzed processes has considerable potential to increase process efficiency and
economics. Furthermore, the presented method has potential for the immobilization of various enzymes
as shown for the immobilization of DyP and glucose oxidase and can potentially immobilize any protein

displaying lysines on the surface.
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7. Lignin treatment

7.1.  Organic solvent buffer mixtures

An obstacle for the use of enzymes for the oxidative degradation of lignin is the hydrophobic nature and
compact structure of the biopolymer which makes it insoluble in agqueous solution (Achyuthan et al.
2010) limiting the accessibility to enzymes. In nature enzymatic lignin degradation does not seem to
occur in a simple aqueous environment but rather in a less polar polysaccharide gel which might cause
lignin swelling and partial dissolution of lignin in the cell wall (Hammel et al. 1993). A similar effect
can be achieved in vitro by partly solubilizing lignin in an organic solvent during treatment (Hammel et
al. 1993).

The possibility to degrade lignin employing different LME was evaluated by screening different
combinations of organic solvents and LME for their capability to produce monomeric compounds from
OL. Next conditions with regard to pH and enzymatic activities for the most promising combinations
were optimized and low molecular weight reaction products of three settings favorable in terms of yields

were characterized.

7.1.1. Screening of organic solvents and enzymes

The influence of five different water/solvent mixtures (i.e., 30 % (v/v) DMSO, 30 % (v/v) MeOH, 30 %
(v/v) 2-propanol, 30 % (v/v) 2-methoxyethanol, and 100 % MPC buffer at pH 5) and four different
enzymes (i.e., MnP, LiP, HRP, and laccase) on the molecular weight distribution of OL was tested.
Figure 7.1 shows two SEC chromatograms. One of a sample treated with laccase in 30 % (v/v) DMSO
and one of an enzyme free control sample. A clear increase in absorbance between 19.2 and 20.2 mL
elution volume (grey area) was observed. This was also the case in several other samples. As indicated
by SEC measurement of low molecular weight phenolic compounds like guaiacol (19.4 mL elution
volume) and isovanillin (19.1 mL elution volume), increases in the absorbance in this range of the SEC
chromatogram are most likely due to the formation of monomeric aromatic compounds. Consequently,
the measured areas of the peaks (from 19.2 to 20.2 mL) from the SEC chromatograms after treatment
of OL were calculated for wavelengths from 284 to 308 nm and the sum of these areas has been defined
as the area of the monomer fraction (AMF). A D-optimal design was used and a two-factor interaction
model was fitted in order to identify the factors significantly influencing AMF. Subsequently, the two-
factor interaction model was reduced to only include significant factors (p<0.05), factors necessary to

maintain hierarchy of the model, and factors that were suspected to be significant (p<0.20).
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Figure 7.1 SEC chromatograms of an OL sample treated with laccase enzymes in 30 % (v/v) DMSO
for 20 h (black) and an OL sample treated in 30 % (v/v) DMSO for 20 h without the addition of enzymes
(grey). The grey area depicts the elution period that was considered for the calculation of AMF. The
numbered grey dotted lines depict retention volumes at which the following substances eluted; guaiacol
(I, MW 124.14), isovanillin (11, MW 152.15), baicalein-7-methylether (111, 284.28), riboflavin (IV, MW
376.37), tannic acid (V, MW 1,701.20), polyvinylphenol (VI, MW ~11,000), polyvinylphenol (VII, MW
~25,000).

The ANOVA results of the model are shown in Table A. 16. The following model terms were significant
(i.e., had a p-value <0.05); Solvent, and Laccase. Furthermore, the factors LiP and the interaction
between solvent and laccase had p-values below 0.2 which indicated that they might be significant.
Consequently, the model was reduced to only contain the model terms Solvent, LiP, Laccase, and the
interaction between solvent and laccase. The ANOVA results of the reduced model are shown in Table
A. 17, the final equation in terms of the coded factors is given in Eq.8 and the design matrix of the
screening experiment as well as the measured and calculated sums of the areas of the monomer fraction

(AMF) are shown in Table A. 18.

All model terms of the reduced model were significant. The model predicts a positive effect on AMF
for the model terms MeOH, DMSQO, LiP, Laccase, MeOH x Laccase, and DMSO x Laccase. The
positive influence of DMSO and DMSO x Laccase on AMF is considerably higher compared to MeOH
and MeOH x Laccase as can be derived from Eq.8. Consequently, the experimental setup predicted by
the reduced model to yield the highest AMF consists of laccase and LiP using DMSO as co-solvent.
Since, the predicted influence on AMF was higher for DMSO and the interaction between DMSO and

laccase compared to MeOH and the interaction between MeOH and laccase the model predicted highest

106



7. Lignin treatment

AMF when treating OL with laccase and LiP in 30 % (v/v) DMSO. However, the model clearly
underestimated the AMF for three experiments, i.e., the experiment applying a combination of LiP,
HRP, and MnP using DMSO as solvent, and the experiments applying solely HRP using 2-propanol or
MeOH as solvent. This indicates that HRP might contribute to an increase of the monomeric fraction as
well, even though this enzyme was not identified as significant by the model. Consequently, HRP was

included in further optimization experiments.

AMF [mAU] =

5729

+1045 « A[MeOH|]

+2362 * A[DMSO]

—207 = A[2 — Propanol]

—1002 * A[2 — Methoxyethanol)

+535 % C[LiP]

+1129 * E[Laccase]

+230 * A[MeOH] x E[Laccase]

+1662 * A[DMSO] x E[Laccase]

—915 * A[2 — Propanol] X E[Laccase]

—1044 = A[2 — Methoxyethanol] X E[Laccase] (Eq.8)
Dissolution of lignin in aqueous solutions containing organic solvent had a considerable impact on the
accessibility of the enzymes. In the absence of an organic solvent the molecular weight distribution of
lignin was virtually unchanged after enzymatic treatment. In the presence of organic solvent clear
changes in the molecular weight distribution could be assigned to enzymatic treatment. Increases in the
monomeric fraction could be observed when DMSO, MeOH, or 2-propanol was used as solvent and
were most pronounced for DMSO. Simple alcohols like MeOH have been shown to limit condensation
reactions during oxidative degradation of lignin and might also act as radical scavengers (Voitl and
Rudolf von Rohr 2008). DMSO is also known to scavenge free radicals (Phillis et al. 1998) and might
therefore also limit polymerization reactions of lignin oxidation intermediates. While MnP did not seem
to contribute to the formation of monomers, increases in the monomeric fraction were observed in
samples in which lignin was treated with LiP, HRP, or laccase or a combination of these three enzymes.
Polymerization as well as depolymerization reactions occurred since both a shift towards higher
molecular weight compounds and increase in monomeric fraction simultaneously occurred in several

samples.
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7.1.2. Optimization of enzymatic activities and pH

Based on the observations of the screening experiment described in paragraph 7.1.1, subsequent

experiments testing the influence of pH and enzymatic activity were conducted with LiP, HRP, and

laccase using DMSO as co-solvent. A D-optimal screening experiment was conducted and subsequently

extended by a IV-optimal design. The conducted experiments are summarized in Table A. 19. Since,

MnP was no longer considered in these screening experiments addition of oxalic acid to samples was

no longer necessary. Therefore, additional wavelengths below 284 nm could be included in AMF

calculations. The range for calculation was extended to encompass the wavelengths from 276 nm to

308 nm. A cubic model was fitted to the data and subsequently reduced to only contain significant

factors (p<0.05) and factors necessary to maintain hierarchy of the model. The ANOVA results are

shown in Table A. 20 and Table A. 21 for the cubic and the reduced model, respectively.
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Figure 7.2 Observed areas of the monomeric
fraction (AMF) in the SEC chromatograms of
experiments with varying pH and enzymatic
activities versus predicted AMF calculated by the
cubic empirical model (A) and the reduced empirical
model (B). Markers depicted by diamonds with no
filling show data used for model fitting. Markers
depicted by black triangles show data obtained by
experiments conducted to evaluate the models.
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The coefficients of the final equations in terms
of the actual factors of the cubic and reduced
model are given in Table A. 22. Figure 7.2 shows
the observed and predicted AMF calculated
from SEC chromatograms (from wavelength
276 to 308 nm) of the experiments used to fit
the cubic (Figure 7.2 A; diamonds) and the
reduced model (Figure 7.2 B; diamonds) as well
as of experiments conducted in order to evaluate
the models (triangles). The cubic model clearly
the AMF for
conducted at pH 3 applying HRP, laccase, and

overestimated experiments
LiP in combination and clearly underestimated
it for experiments conducted at pH 3 applying

LiP and laccase in the absence of HRP.

The reduced model on the other hand predicted
AMF of the control experiments reasonably
well. Except for a setup using LiP and laccase
at pH 3 (for which observed AMF was 22+1 %
than predicted AMF)

prediction never deviated more than 20 % from

higher the model

the observation. These deviations are most

likely due to an overestimation of the influence
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20 of HRP on AMF at pH 3. Activity tests using a
100 e standard substrate, i.e., ABTS showed that HRP
2wl is virtually inactive at this pH (see Figure
IS SN 7.3)This finding is further supported by

experiments at pH 3 using HRP as single

40

enzyme which did not affect the molecular

o/ . & .~ Weight distribution of OL. Consequently, while
04 i g -

o5 7 the models predict an effect of HRP at pH 3 in

pH
reality there is virtually none.

Figure 7.3 Relative activities of laccase (diamonds), . . .
HRP (triangles), and LiP (emply squares) The cubic model predicts highest AMF at pH 3

determined by oxidation of ABTS and LiP (filled with enzymatic activities of 0.39, 3.48, and

squares) determined by oxidation of veratryl alcohol. 428U per well for LiP, HRP, and laccase
Error bars depict standard deviations of triplicates. ' ' ' ’
respectively.

The reduced model predicts highest AMF when applying 6 U per well HRP at pH 5.71 omitting the
other enzymes. While the prediction of the reduced model fits rather well (observed AMF at highest
predicted setup was 0.1+4.1 % higher than projected) the prediction of the cubic model deviates
considerably from observed results (observed AMF at highest predicted setup was 37.7+2.8 % lower
than projected). Next to increases in the monomeric fraction of the molecular weight distribution of
lignin some samples also showed considerable increases in the higher molecular weight fraction

indicating considerable polymerization of lignin

7.1.3. Characterization of reaction products

In order to characterize low molecular weight reaction products and water insoluble lignin residues one
setup, i.e., using laccase at pH 5.62 in 30 % (v/v) DMSO was chosen. Overall weight, phenolic group
content and elemental composition of the water insoluble residues after lignin treatment with laccase
and of enzyme free controls was determined. Results are summarized in Table 7.1. Considerable
increase in weight and decrease in phenolic group content was observed indicating polymerization of
lignin through oxidative phenolic coupling reactions due to enzymatic treatment. Occurrence of such
reactions by treatment of lignin has been proposed previously for the oxidation of wheat straw milled
lignin by laccase and HRP (Crestini et al. 2011) and of lignosulfonates by HRP (Zhou et al. 2013).
However, the weight increase above 100 % of the initially applied lignin cannot be entirely explained
through lignin polymerization. The clear increase in nitrogen indicates that laccase proteins adsorbed on
lignin and could not be washed away using water. Hydrophobic interactions have been proposed to play
an important role in enzyme adsorption to lignocellulose (Palonen et al. 2004; Berlin et al. 20054, b). In
this context it has been shown that blocking of hydrophobic lignin sites using surfactants leads to a

decreased adsorption of enzymes (Eriksson et al. 2002). Next to hydrophobic interactions ionic bonds

109



7. Lignin treatment

between lignin and enzymes in the presence of charged (COO", O°) or partially charged (CO) functional

groups have also been proposed to occur contributing to enzyme binding (Berlin et al. 2006).

The N to S ratio (w/w) of two laccases from T. versicolor has been calculated based on their amino acid
sequences (Piontek et al. 2002; http://www.ebi.ac.uk/ena/data/view/AY049725, Accessed: 31.11.2014)
to be 40.8 and 37.5. The measured N to S ratio of 4.8 of water insoluble enzymatically treated lignin is
considerably lower than expected if the increase in S compared to untreated lignin would only occur due
to protein adsorption. This low N to S ratio indicates that additional sulfur most likely originating from
DMSO has been incorporated into lignin. DMSO, a nucleophile, might compete with the aromatic rings
of lignin to react with the formed radicals and carbocations. Similar reactions have been proposed to
occur between MeOH and lignin with MeOH acting as nucleophile when oxidizing kraft lignin using a
POM catalyst in an acidic water MeOH mixture (Voitl et al. 2010). Occurrence of lignin polymerization
was considerably reduced in reactions applying MeOH at a concentration of 80 % (v/v) compared to
reactions performed only in aqueous solution, thereby demonstrating the competition between MeOH
and lignin (Voitl and Rudolf von Rohr 2010).

Table 7.1 Characteristics of water insoluble residues of samples treated with laccase for 20 h at pH 5.62
in 30 % DMSO and an enzyme free control plus minus () standard deviations (n=8 for wt% and

phenalic group content and n=3 for elemental composition).

Enzyme free control OL treated with TVL

W% (relative to applied lignin) 35.2+8.1 106.1+9.6
Fnﬂﬁ?gl'igc_f’g’t’f content 1.9740.21 0.22+0.05
Elemental composition

C [%] 66.25+0.30 55.67+0.73
H [%] 5.58+0.07 5.49+0.05
N [%] <0.3 4.09+0.08
S [%] <0.3 0.86+0.04

Regarding low molecular weight compounds a new product, identified as 2,6-dimethoxy-1,4-
benzoquinone (DMBQ) was observed at low abundances with GC-MS if no ascorbic acid was added
after 20 h of treatment. When ascorbic acid was added 2,6-dimethoxy hydroguinone was identified,
indicating that DMBQ was reduced to 2,6-dimethoxy hydroquinone and stabilized by the addition of the
reducing agent (GC chromatograms are shown in Figure 7.4). However, high deviations of the internal
standard between GC-MS measurements were observed and recoveries were low ranging from ~2 % to
~29 %. Furthermore, injected extracts of lignin repeatedly blocked the GC inlet liner indicating that
further reactions took place at elevated temperatures. Furthermore, DMSO posed severe problems
concerning extraction and analysis of low molecular weight products. DMSO is a polar aprotic solvent

and, therefore, no clear separation of DMSO from the solvent used for extraction, i.e., EtAc (also a polar
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aprotic solvent) was achieved. Furthermore, the boiling point of DMSO (189 °C) is similar to the boiling
point of many phenolic compounds, e.g., phenol (182 °C), o-cresol (191 °C), syringaldehyde (192-
193 °C), m-cresol (201 °C), p-cresol (202 °C), 2,6-dimethylphenol (203 °C), and guaiacol (204-
206 °C). Therefore, many phenolic compounds were potentially lost during extraction and evaporation
as indicated by the low recoveries of the internal standard. Consequently, DMSO might not be the
solvent of choice in future applications since the production of sulfur containing products is of little
interest for the chemical industry and separation of products from solvent might become laborious.
Alternatively, alcohols like MeOH or 2-propanol could be used, thereby, avoiding the inclusion of sulfur
while still enabling the production of monomeric compounds.
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Figure 7.4 Total ion chromatogram of OL in the presence of heat inactivated laccase (A), OL treated
with laccase in 30 % (v/v) DMSO at pH 5.62 for 20 h without (B) and with (C) the addition of ascorbic
acid. Identified monophenolics are shown as basic substances of their TMS derivatives: Vanillin (1),
syringaldehyde (I1), DMBQ (not derivatized) (I11), 2,6-dimethoxy hydroquinone (1V), ascorbic acid (V).
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Further characterization of low molecular weight products was performed in triplicates by LC-MS
measurements. Samples were treated in 30 % (v/v) MeOH at optimal pH determined by the screening
experiment described above for 20 h using laccase, HRP, or a combination of LiP and laccase. Enzyme
free control samples were measured as well. Yields of most prominent identified low molecular weight
compounds for the different treatments are shown in Table 7.2. Several low molecular weight products
were already present in the untreated sample. Some of them could be identified and quantified by the
injection of standard substances. Identified compounds were syringic acid (0.052+0.002 wt%), vanillin
(0.104+0.001 wt%), syringaldehyde (0.373+0.001 wt%), guaiacol (0.036+0.003 wt%), and
acetosyringone (0.031+0.001 wt%). In the samples treated by enzymes a new compound, 2,6-dimethoxy
hydroguinone was identified and quantified. Figure 7.5 shows the mass spectra of a standard of 2,6-
dimethoxy hydroquinone standard (A) and of the metabolite (B). The mass spectra correspond very well
to each other. A possible fragmentation scheme of the hydroquinone is presented in Figure 7.6.

Furthermore, 2,6-dimethoxy hydroquinone eluted after the same retention time, i.e., 7.6 min as the

metabolite.
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Figure 7.5 Mass spectra of 2,6-dimethoxy Figure 7.6 Proposed fragmentation of 2,6-
hydroquinone (A) and the metabolite formed by dimethoxy hydroquinone leading to mass spectra
OL treatment with laccase in 30 % (v/v) MeOH presented in Figure 7.5.

(B). Intensities have been normalized with

respect to the intensity of m/z 139.1 (100 %).
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Table 7.2 Yields of major low molecular weight compounds in wt% of initially applied lignin after

different enzymatic treatments in 30 % (v/v) MeOH lasting 20 h (+ standard deviation, n=3).

Compound

HRP

Biocatalyst(s)

TVL

TVL and LiP

Enzyme free

control
DMBQ 1.27+0.07 1.39+0.06 0.79+0.02 -
Vanillin - - 0.10+0.00 0.11+0.01
Syringaldehyde - - 0.10+0.00 0.37+£0.04

Subsequently, a long term experiment was conducted in order to evaluate maximal yields of 2,6-

dimethoxy hydroquinone that can be produced from OL using the corresponding experimental setup.

Samples were treated for 15 d in 30 % (v/v) MeOH and TVL was added at several time points during

the experiment to ensure sufficient enzymatic activity within the samples over the whole experiment.

Enzymatic activities and 2,6-dimethoxy hydroquinone yields over time are shown in Figure 7.7. Yields

increased considerably during the first day of treatment reaching 1.26+0.01 wt%. Thereafter, 2,6-

dimethoxy hydroquinone increased more slowly reaching 2.06+0.05 wt% after 10 d. During the next

five days of treatment a less considerable increase to 2.20+0.05 wt% was observed, indicating that the

maximal yield of 2,6-dimethoxy hydroquinone was virtually reached.
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Figure 7.7 Enzymatic activities (circles) and yields of 2,6-dimethoxy hydroquinone (diamonds) during

long term experiment treating OL in 30 % (v/v) MeOH with TVL at pH 5.6. Enzymes were added

several times during the experiment.
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The formation of 2,6-dimethoxy hydroquinone has already been achieved by oxidation of dimeric lignin
model compounds by laccases (Kawai et al. 1988). A similar reaction mechanism for the formation of
this compound as proposed for the dimeric lignin model compound (Kawai et al. 1988) might be
occurring in real lignin (depicted in Figure 7.8). After initial oxidation of a phenolic group on a syringyl
moiety, leading to the formation of a phenoxy radical, a cation intermediate is formed. Thereafter,
spontaneous reactions lead to alkyl-aryl cleavage and the formation of the hydroquinone.

Next to the production of 2,6-dimethoxy hydroquinone other low molecular weight compounds, e.g.,
vanillin and syringaldehyde have been transformed due to laccase treatment. Both substances are known
to be oxidized by laccases and are suspected to play a role in lignin degradation by white-rot fungi acting
as laccase mediators (Cafias and Camarero 2010). Hence, their transformation by laccases had to be
expected.
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Figure 7.8 Proposed reaction mechanism for the formation of DMBQ and 2,6-dimethoxy hydrogquinone
from lignin through laccase oxidation based on a reaction mechanism proposed previously (Kawai et al.
1988).
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7.1.4. Treatment using an antioxidant

As results from paragraph 7.1.1 and 7.1.2 showed, lignin is polymerized during enzymatic oxidation in

the presence of an organic co-solvent. To prevent polymerization an antioxidant, i.e., Trolox was added

during OL treatment with oxidative enzymes. Trolox is a synthetic water soluble analogue of vitamin E

capable to scavenge radicals (Cadenas et al. 1989). Its presence during the enzymatic oxidation of lignin

might decrease the amount of phenoxy radicals and, thereby, suppress the occurrence of polymerization

reactions.
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Figure 7.9 Percentage (A) and Mw (B) of
insoluble lignin in 30 % (v/v) MeOH at pH 5.6
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OL was treated with TVL at pH 5.6 in 30 %
(v/v) MeOH in presence of 12 mM Trolox.
Samples were taken after 15 min, 1 h, 2 h, and
20 h. Weight and Mw of the insoluble lignin
was determined. Furthermore, low molecular
weight products were identified and quantified.
Changes in wt% and Mw of insoluble lignin are
shown and compared to controls and OL only
treated with TVL in Figure 7.9. Weight and Mw
of insoluble material of controls did not change
considerably during the experiments. The
weight slightly decreased from 56.0+8.2 to
49.1+6.5 wt%. While this decrease was not
statistically significant (p=0.123, students t-test,
two-tailed distribution, paired samples) it might
indicate that some part of OL was solubilized
during the 20h of mixing. Mw slightly
increased from 6,140+760 Da to
7,780+1,285 Da. Again the difference was not
statistically significant (p=0.214, students t-test,
two-tailed  distribution, paired samples).
However, going along with the slight weight
decrease this might indicate solubilization of
small amounts of lower molecular weight lignin

during the 20 h of mixing.

The weight of insoluble lignin of samples only treated with TVL did also not change significantly over

time but was considerably higher compared to the controls, i.e., 94.4+3.0 wt% on average. Again

enzyme adsorption might have considerably affected the amount of insoluble lignin as discussed above
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(7.1.3). Mw clearly increased over time in these samples and was 8,960+640 and 44,300+1,460 Da after
15 min and 20 h, respectively indicating lignin polymerization.

Interestingly the weight of insoluble lignin in samples treated with TVL and Trolox was lower than in
controls after 15 min of treatment, i.e., 40.0+5.0 wt%. During the 20 h of treatment the weight of
insoluble lignin increased. This increase was relatively slow during the first hour, becoming more rapid
during the second hour before becoming less considerable during the rest of the treatment. The weight
of insoluble lignin was 47.6+1.2, 82.4+9.3, and 89.9+4.1 wt% after 1, 2, and 20 h of treatment,
respectively. Mw of insoluble lignin remained virtually the same during the first hour of treatment, i.e.,
6,010+£200 Da before increasing to 9,030+1,550 and 17,060+2,290 Da after 2 and 20 h, respectively.
These results indicate that polymerization reactions of lignin were successfully suppressed by the
antioxidant during the beginning of the treatment. Furthermore, if it is assumed that some of the weight
increase in lignin during the treatment is due to enzyme adsorption then this was also prevented to some
extent during the first hour of the experiment. It has been shown that lignin polymerization can
considerably increase the surface area of lignin (Pielhop et al. 2015). Consequently, polymerized lignin
might adsorb enzymes more efficiently as proposed previously (Pielhop et al. 2015) which would
explain why considerable weight increases occurred during the same time as substantial lignin

polymerization set in.

The changes in identified monomer yields over time are shown in Figure 7.10. In controls
syringaldehyde and vanillin concentrations stayed constant over the course of the experiment showing
that these compounds were stable in the applied reaction conditions. In samples treated with TVL all
vanillin and syringaldehyde was transformed already after 15 min. Furthermore, a considerable DMBQ
yield of 0.94+0.01 wt% was already observed after 15 min showing that the initial production of DMBQ
proceeded very fast. The DMBQ yield increased over the course of the whole experiment and reached
1.30+£0.00 wt% after 20 h. In samples treated with TVL and Trolox vanillin and syringaldehyde
remained stable during the first hour. Subsequently, yields started to decrease during the second hour.
Finally, the two compounds were completely transformed after 20 h. Along with the decrease in vanillin
and syringaldehyde the production of DMBQ started between the first and second hour of the
experiment. After 20 h a DMBQ vyield of 0.98+0.03 wt% was reached. The results correspond well to
results of insoluble material and changes in Mw indicating that the enzymatic reaction was suppressed
by Trolox during the first hour of the experiment. Subsequently, enzymatic oxidation leads to the
transformation of the phenolic monomers vanillin and syringaldehyde while DMBQ starts to get
produced from lignin. While it is possible that some DMBQ originates from syringaldehyde it is more
likely that syringaldehyde was mostly polymerized during the reaction as shown previously (Rittstieg et
al. 2002) and as our own results suggest (7.2.2). Furthermore, the produced DMBQ amount surpasses
the syringaldehyde amount found in OL and still increased after complete syringaldehyde

transformation indicating that most of the DMBQ originates from higher molecular weight lignin.
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Figure 7.10 Yields of monomeric products during OL treatment in 30 % (v/v) MeOH with TVL at
pH 5.6. DMBQ (circles), syringaldehyde (diamonds), and vanillin (triangles) yields are shown for
controls (grey), samples treated with TVL (empty), and samples treated with TVL in the presence of

Trolox (black). Error bars show standard deviations (n=3).

The application of an antioxidizing agent successfully suppressed lignin polymerization in the beginning
of the experiment. However, this went along with inhibiting the formation of low molecular weight
reaction products (especially DMBQ). Furthermore, the effect of Trolox decreased over time indicating
that the antioxidant has to be supplied continuously during treatment or needs to be recycled by addition
of a reducing agent, e.g., ascorbate (Guo and Packer 2000) to keep its effect. However, the direct
enzymatic oxidation of Trolox is possible as well leading to the formation of Trolox phenoxyl radicals
(Guo and Packer 2000). These radicals can potentially react further with lignin and might, thereby, be
incorporated into lignin. It can be speculated that the increase in lignin solubility during the beginning
of the treatment is not due to lignin depolymerization reactions but due to incorporation of Trolox into
lignin adding carboxyl groups to the lignin surface and, thereby, increasing solubility of lignin in polar
solvents. However, further studies would be needed to confirm this. Overall it seems questionable
whether the costs added by applying Trolox can be justified, even though some lignin might have been

solubilized during the start of the experiment.
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7.1.5. Preliminary experiments using immobilized enzymes

7.1.5.1. Preliminary experiments using fsNP

Preliminary experiments using TVL and HRP immobilized on fsNP to treat OL were conducted using
the same experimental setups as in experiments described in paragraph 7.1.2. A central composite design
was chosen to assess the influence of the enzymatic activities and pH on AMF. Results are summarized
in Table A. 23. Reaction conditions did not considerably influence AMF which varied between 9,064
and 10,582 mAU with the exception of the experiment conducted at pH 6.68 which had a notably lower
AMF of only 7,071 mAU. Compared to enzyme free control experiments AMFs of all samples increased
considerably indicating formation of low molecular weight compounds due to treatment and were in a
similar range as the high values of AMF observed in experiments conducted with dissolved enzymes.
Consequently, results showed that immobilized enzymes are still capable to oxidize lignin. However,
separation of insoluble lignin from immobilized enzymes could not be achieved and, therefore, effects
of treatment on higher molecular weight lignin was not evaluated. Consequently, fSNP were deemed
unsuitable as enzyme carrier material for lignin treatment and LME immobilized on MPs were used in

further experiments which considerably facilitate biocatalyst separation from reaction products.

7.1.5.2. Preliminary experiments using MP

Preliminary experiments treating OL with TVL-MP were conducted in 30 % (v/v) MeOH at pH 5.6 for
20 h. Samples were taken after 1, 2, and 20 h and low molecular weight compounds were analyzed by
HPLC. As in experiments with dissolved enzymes, one main reaction product, i.e., DMBQ was
produced. The DMBQ yield increased during treatment and was 0.46, 0.89, and 1.37 wt% after 1, 2, and
20 h, respectively indicating lignin oxidation by TVL-MP. DMBQ yields after 20 h were similar to
yields obtained after 20 h of treatment with TVL (Table 7.2). Enzymatic activity of TVL-MPs decreased
to 68.0 % of the initial activity during treatment. After treatment, TVL-MPs were separated magnetically
from lignin products. Separation was monitored by measuring residual enzymatic activities in the
sample. Particles could be effectively separated from the reaction suspension as evidenced by the

reduction in enzymatic activity in the sample to 0.9 % of the initial activity.

7.1.5.3. Preliminary experiments at higher lignin concentrations using MP

Lignin experiments were conducted with 2 kU L™ TVL-MP at two different lignin concentrations since
application of higher lignin concentrations during treatment would most likely be beneficial regarding
process economics as well as product separation (see chapter 8). Concentrations of 0.3 g L™ used in
experiments discussed up until now will most likely be too low for an efficient treatment. Therefore, OL
was also treated at 3 and 10 g L™ in the presence of 30 % (v/v) MeOH at pH 5.62 for 20 h. DMBQ was
produced in both cases. However, yields were higher in experiments conducted at 3 g L, i.e., they were
1.10 and 0.74 wt% for experiments conducted at 3 g L™ and 10 g L?, respectively. Furthermore, Mw
increased during enzymatic treatment in both cases to 11,950 and 5,860 Da for experiments conducted

at3g L'and 10 g L%, respectively. Consequently, results show that lignin was oxidized by TVL-MP in
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both experiments. However, oxidation seemed to be more efficient at 3 g L™ than 10 g L as indicated
by the higher DMBQ vyield and stronger increase in Mw. At 10 g L™ the reaction suspension became
rather dense and it might be that mixing became more difficult. Furthermore, the supply of oxygen for
the enzymes might also have been reduced. However, at 3 g L™ sufficient oxidation seemed to occur as
shown by the DMBQ yields which were only slightly below yields obtained in experiments conducted
at 0.3 g L™ (1.37 wt%, see 7.1.5.2). Therefore, experiments in subchapter 7.3 were conducted at lignin
concentrations of 3 g L™,

7.1.6. Concluding remarks

Considerable oxidation of OL could be achieved using oxidative LME in combination with organic
solvents. Especially in mixtures containing DMSO or MeOH the formation of stable monomeric
substances was observed. However, the similar boiling point of DMSO compared to many of the
potential phenolic products might considerably complicate product separation from the solvent after
treatment. Therefore, MeOH (boiling point 64.7 °C) seems to be a more promising solvent taking
downstream processing of products into account. Furthermore, the occurrence of higher molecular
weight lignin indicates that the phenoxy radicals produced react with lignin macromolecules through
phenolic oxidative coupling leading to lignin condensation and polymerization. Application of an
antioxidant inhibited lignin polymerization. However, the formation of low molecular weight reaction
products was prevented as well indicating that the antioxidant suppressed most of the reactions initiated
by enzymatic oxidation. Enzyme adsorption on lignin was observed impeding accurate analysis of
higher molecular weight reaction products. Enzyme immobilization might present a possible solution
for this issue. However, selection of a suitable carrier material allowing efficient biocatalyst separation
seems essential in this regard. As preliminary experiments indicated, separation of fsNP from insoluble
lignin might be rather laborious and necessitate separation by, e.g., filtration or density. However,
insoluble lignins in agueous suspension can form larger agglomerates that might further complicate such
separation procedures. Therefore, MPs seem to be a more suitable carrier material allowing facilitated

separation through application of a magnetic field.

Of the tested enzymes, laccases seem the most promising regarding application. MnP had no
considerable effect on the molecular weight distribution of lignin. LiP and HRP initiated partial lignin
depolymerization and polymerization. However, the differences of the observed effects on the molecular
weight distribution of lignin between the peroxidases and laccases were only minor. Furthermore, all
three enzymes produced mainly one monomeric product, i.e., DMBQ. Therefore, LiP and/or HRP use
had no clear benefit compared to laccase. However, laccases have considerable advantages compared to
peroxidases regarding application. Most importantly, they do not need the addition of H,O, which has
to be properly controlled in case of peroxidases to prevent enzyme inactivation by too high H,O,
concentrations. Furthermore, laccases are already produced on industrial levels (Hou et al. 2004) which

is not the case for many peroxidases like MnP, LiP, VP, or DyP (Singh et al. 2011) and some laccases
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have high specific activities which allows production of nanobiocatalysts with high enzyme loads as

shown in chapter 6.

7.2.  Preliminary tests with laccase mediator systems

Laccases are limited to react with phenolic lignin groups due to their relatively low redox potential (0.4-
0.8 mV) (ten Have and Teunissen 2001). However, their activity can be extended towards additional
functional groups common in lignin like benzyl and allyl alcohols or ethers by the application of small
redox mediators (Morozova et al. 2007). A good redox mediator has to be a good laccase substrate.
Furthermore, it needs to have stable oxidized and reduced forms that do not inactivate the enzyme while
its redox conversion has to be cyclic (Morozova et al. 2007, Figure 7.11).

0O, ) (Laccase v ( Mediator > < Substrate
H,O Laccase,, Mediator, Substrate,

Figure 7.11 Scheme depicting a LMS cycle.

Prominent laccase mediators are of the N-OH type operating along a hydrogen atom transfer (HAT)
route (Fabbrini et al. 2002, Figure 7.12). By testing different mediators of this type, HBT was identified
as the most efficient (Cantarella et al. 2003). Furthermore, phenolic low molecular weight compounds
like syringaldehyde or acetosyringone have been proposed as possible natural laccase mediators
(Camarero et al. 2007). A further interesting laccase mediator is TEMPO which mediates the oxidation
of alcohols to ketones or aldehydes along a two-electron, “ionic oxidation” type of reaction (Galli and
Gentili 2004, Figure 7.13).

OL was treated by employing several potential laccase mediators. Their effect on the molecular weight
of lignin was assessed in preliminary experiments in order to identify potentially promising mediators

for more detailed study.

Figure 7.12 Scheme depicting the HAT pathway of laccase mediators of the NOH type.
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Figure 7.13 Scheme depicting the TEMPO mediated oxidation of alcohols to ketones or aldehydes.

7.2.1. Preliminary mediator screening

The effect of different LMS on the molecular weight distribution of OL was investigated. Two artificial,
i.e., HBT and TEMPO and two natural, i.e., 4-hydroxybenzoic acid and p-coumaric acid laccase
mediators were tested in different combinations following a design of experiment approach. A D-
optimal design was developed testing five factors, i.e., the corresponding concentrations of the mediators
and the laccase activity. Batch experiments were conducted at pH 5 for 20 h and samples were analyzed
by SEC.

Figure 7.14 shows the SEC chromatograms of the different experiments in comparison to enzyme and
mediator free controls. All chromatograms show a considerable decrease in absorbance at 280 nm
between 13 and 17 mL elution volume (with the exception of experiment 30 in which only a slight
decrease was observed). This decrease might be due to a decrease in phenolic lignin groups due to
condensation or phenolic oxidative coupling reactions. Notable increases in the absorbance at 280 nm
after elution volumes at which low molecular weight compounds eluted, i.e., after ~18 mL (excluding
signals that were due to laccase mediators) did only occur in experiments 21, 25, 26, and 31. In all of
these experiments p-coumaric acid was present. However, the signal of p-coumaric acid was reduced

considerably indicating partial transformation of the mediator by laccase.

In summary, while the results of the above described screening experiment suggest that treatment with
LMS led to changes in the lignin structure, there was no clear evidence for depolymerization. If new
low molecular weight compounds were formed (other than the ones observed in experiments with p-
coumaric acid) they were either unstable, superimposed by the mediator signals, or could not be detected

by UV-Vis measurements between 240 and 472 nm.
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Figure 7.14 SEC chromatograms of OL treated with different LMS using GTL at pH 5 for 20 h (black)
and of enzyme and mediator free controls (grey). Graph number 32 shows SEC chromatograms of

applied mediators in the absence of lignin and laccase.
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7.2.2. Preliminary tests of natural laccase mediators

Natural laccase mediators, i.e., p-coumaric acid, acetosyringone, and syringaldehyde were tested. All
three of these mediators were described to induce paper pulp delignification (Camarero et al. 2007). OL
was treated in batch experiments with GTL at pH5 for 20 h. The mediators were applied at
concentrations of 1 mM and 10 mM. Furthermore, control experiments in the absence of lignin were
conducted applying mediators at a concentration of 10 mM. SEC chromatograms of the different
experiments are shown in Figure 7.15. Applying mediators at a concentration of 1 mM only led to little
changes in the molecular weight distribution of OL. Using mediators at a concentration of 10 mM led
to the formation of several low molecular weight compounds. However, formation of compounds of
similar size was observed in control experiments in the absence of lignin as well, indicating that
polymerization reactions of the laccase mediators occurred in all three cases. Therefore, it is unclear to
what extent the newly formed low molecular weight compounds derived from OL and to what extent

they originated from polymerization of the mediators.

In conclusion application of natural laccase mediators led to no clear depolymerization of OL. While it
cannot be ruled out that new low molecular weight compounds originating from lignin were formed
during treatment, results suggest that natural mediators have to be applied at rather high concentrations
(>1 mM) to have a considerable effect. Furthermore, results of lignin free controls showed that the
mediators were polymerized, i.e., consumed during the reaction. Therefore, they do not fulfill the
requirements of a good mediator, i.e., their oxidized forms are unstable and their redox conversion is
not cyclic. Due to these reasons the application of natural laccase mediators was not studied more in
depth.

150 Acetosyringone: 1 mM 200 Syringaldehyde: 1 mM 200 p-coumaric acid: 1 mM

150 150
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Figure 7.15 SEC chromatograms of OL treated with different natural laccase mediators using 1 kU L

GTL at pH 5 for 20 h (black) and of natural mediators treated with GTL in the absence of lignin (grey).
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7.3.  Sequential lignin treatment: combining laccase mediator systems with

formic acid induced depolymerization

Based on the results obtained in the preliminary experiments of subchapter 7.1 and 7.2 most promising
biocatalytic treatments were identified to be with TVL-MP either in the presence of the co-solvent
MeOH or using an artificial redox mediator like HBT or TEMPO. In the present subchapter the
suitability of the combination of these biocatalytical lignin oxidation treatments with a chemical formic
acid induced lignin depolymerization step was investigated for the depolymerization of several technical
lignins. The goal was to first degrade lignin during the biocatalytic oxidation step and then in a second
step to cleave residual oxidized B-O-4 bonds using the chemical process step as demonstrated previously
(Rahimi et al. 2014) inducing further lignin depolymerization.

Figure 7.16 summarizes the proposed reactions initiated by the sequential treatment using the LMS with
HBT as example. The LMS oxidizes lignin leading to the formation of phenoxy radicals and to lignin
side-chain oxidation (Crestini et al. 2003, 2011). In the absence of a mediator only phenoxy radicals are
formed. Side-chain oxidation can initiate lignin depolymerization by promoting Ca-CpB breakdown
(Camarero et al. 2014) and leads to superoxide radical anion production (Crestini et al. 2003). The
superoxide radical anions react further with the phenoxy radicals leading to the formation of further
oxidation products like o-quinones, p-quinones, and ring-cleavage products (Crestini et al. 2003).
Furthermore, phenoxy radicals can react further by disproportionation leading either to side chain
oxidation in the Ca position or to the formation of p-quinones (Kawai et al. 1988). However, phenoxy
radicals can also react with other lignin macromolecules leading to phenolic oxidative coupling and,
thereby, to lignin polymerization (Crestini et al. 2003). In the second reaction step 3-O-4 ether bonds
are cleaved if they contain Ca ketones, i.€., if they have been oxidized during the first treatment step.
The cleavage proceeds along an overall redox-neutral sequence of reaction steps leading to further lignin

depolymerization (Rahimi et al. 2014).

7.3.1. Treatment of several different technical lignins

Several technical lignins were subjected to the sequential treatment. A scheme depicting the treatment
is given in Figure 7.17. After the biocatalytic treatment step biocatalysts were separated magnetically
before the suspension was acidified to pH 2 and insoluble lignin was separated from soluble products.
Subsequently, insoluble lignin was treated by formic acid/formate treatment. Five different lignins were
treated either in the presence of 30 % (v/v) MeOH, 5 mM HBT, or 5 mM TEMPO. 6 % (v/v) MeOH
was added in the experiments containing TEMPO since laccases are inactivated by this mediator in the
absence of simple alcohols as reported previously (Arends et al. 2006) and as observed in preliminary
experiments. Most likely the oxoammonium ion formed during TEMPO oxidation (Figure 7.13) reacts
with and inactivates the enzymes in the absence of a more readily available reaction partner like a simple
alcohol (Arends et al. 2006). The five treated lignins were; OL (used in all experiments of subchapters
7.1 and 7.2), three different soda lignins obtained after LPS® (from
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Figure 7.16 Scheme depicting the proposed reaction mechanisms induced by the sequential treatment. Proposed mechanisms are based on previous reports
(Crestini et al. 2003, 2011; Kawai et al. 1988; Rahimi et al. 2014). Adapted from Gasser et al. (2017).
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wheat straw (W-SL), sarkanda (S-SL), or soft wood (SW-SL)), and a lignin from wheat straw obtained
after steam-explosion pre-treatment and LPS® (W-SE). Mass balances are summarized in Figure 7.18,
results from SEC measurements are shown in Figure 7.19, and yields of identified low molecular weight
compounds after the different treatment steps are shown in Figure 7.20 and listed in Table A. 24. The
effects of the three different treatments on the lignins will be discussed in the following in separate

subchapters.
Enzymatic treatment VIAP - Acidification & precipitation Soluble products
weight & P HCl
« Lignin weight e * Monomers
LIt 4 (HPLC/MS)
+ TVI-MP M it Mw distribution
e Magnetic .  dis
weight & activity separation (SEC)
Centrifugation
followed by
freeze drying
. . . Formic acid/formate
Dried extract Dried residue Insoluble products
treatment
« Weight * Mw distribution
+ Mw distribution (SEC) * Monomers « Weight

(SEC) .

(HPLC/MS) + Mw distribution
(SEC)
P — <
EtAc extraction % - Drying e :
followed by drying : b :

Figure 7.17 Scheme of sequential treatment and measurements conducted (adapted from Gasser et al.
(2017))

7.3.1.1. Treatment in presence of organic co-solvent

Treatment of lignins with TVL-MP in 30 % (v/v) MeOH led to a reduction of soluble compounds in
aqueous solution after acidification after the first treatment in case of all tested lignins (Figure 7.18).
The decrease varied between the different lignins and was highest for S-SL with 18.2 wt% and lowest
for W-SE with 9.8 wt%. This decrease went along with a considerable increase in Mw of the insoluble
lignins after the first treatment (Figure 7.19). These results indicate that lignin treatment with TVL-MP
using MeOH as co-solvent predominantly initiated polymerization reactions leading to the formation of
less soluble higher molecular weight lignin macromolecules. However, the decrease in solubility might
also be partly explained by lignin adsorption to the TVL-MP since between 10.4 and 15.7 wt% of lignin

could not be separated magnetically from the biocatalysts.
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Figure 7.18 Mass balances of different lignins sequentially treated in presence of mediators as well as
in presence of 30 % (v/v) MeOH. Mass balances of enzyme free controls (C) and enzyme free controls
with 30 % (v/v) MeOH (C (MeOH)) are shown as well. Values are given in wt%. Light grey; aqueous
soluble compounds (pH=2), dark grey; EtAc soluble compounds after formic acid/formate treatment (or
in case of untreated controls after separation of water soluble (pH=2) compounds), black; residual

material after treatment, white; material adsorbed on magnetite particles.
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Figure 7.19 Mw of lignin starting material (light grey), insoluble residues after the first treatment step
(dark grey), and after formic acid/formate treatment (black). Error bars show standard deviations (n=3).
Lignins were sequentially treated with TVL-MP in presence of mediators as well as in presence of 30 %
(v/v) MeOH. Results for enzyme free controls (C) and enzyme free controls with 30 % (v/v) MeOH (C

(MeOH)) are shown as well. Samples not completely soluble in DMSO are designated with a *.

Regarding monomeric reaction products one main reaction product, i.e., DMBQ was formed during the
first treatment step in case of all lignins with one exception, i.e., SW-SL (Figure 7.20; Table A. 24).
Since, softwood lignins only contain traces of S (Higuchi 2006) it seems consequential that no DMBQ
(which most likely derives from S within the lignin structure) was formed from lignin originating from
softwood. DMBQ yields were similar for soda lignins derived from grasses (i.e., 0.34 and 0.31 wt% for
W-SL and S-SL, respectively) and slightly lower for the lignin derived after steam explosion (i.e.,
0.12 wt%). Highest yields were obtained from OL originating from hardwood lignin (1.10 wt%). This
seems consequential since hardwood lignin has a higher S content compared to lignins from grasses
(Brunow 2001; Fukushima 2001; Higuchi 2006). A decrease in the concentration of monomeric phenolic
compounds which were present in the lignins before treatment like e.g., vanillin or syringaldehyde was
observed during biocatalytic treatment of lignins irrespective of the origin indicating transformation and

most likely polymerization of these compounds due to enzymatic oxidation.
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Figure 7.20 Yield of identified monomeric compounds after the different treatment steps and after the
whole treatment. Lignins were sequentially treated with TVL-MP in presence of mediators as well as in
presence of 30 % (v/v) MeOH. Results for enzyme free controls (C) and enzyme free controls with 30 %
(v/v) MeOH (C (MeOH)) are shown as well.
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Effects of the formic acid/formate reaction on Mw of lignin differed depending on the lignin. For lignins
from grasses, i.e., W-SL, S-SL, and W-SE Mw decreased while for lignins from wood, i.e., OL and SW-
SL Mw increased. The increase in MW for wood lignins indicates that next to the proposed cleavage of
oxidized B-O-4 bonds also polymerization and condensation reactions occur. It has been proposed that
in acidic media lignin carbocations are formed (Lundquist and Lundgren 1972). These carbocations
react further either forming enol ether after B-proton elimination (Lundquist and Lundgren 1972) or re-
polymerize with other lignin macromolecules (Sarkanen and Ludwig 1971). It might be that such
polymerization reactions outweighed the depolymerization reactions in case of the lignins derived from
wood. In order to test this hypothesis, OL was subjected to formic acid/formate treatment in the presence
and absence of a carbocation scavenger, i.e., 2-naphtol which reacts with lignin carbocations by
nucleophilic attack preventing subsequent re-polymerization reactions with other lignin macromolecules
(Pielhop et al. 2015). The proposed reactions are summarized in Figure 7.21. Mw of OL increased to
6,590+110 and 12,910+600 Da in the presence and absence of 2-naphtol, respectively showing that the
carbocation scavenger suppressed polymerization reactions during the formic acid/formate treatment
indicating that the proposed pathway for lignin re-polymerization might indeed cause the observed

increase in Mw of the wood derived lignins.

Several monomeric products were produced during the formic acid/formate reaction from all lignins
treated previously with TVL-MP in presence of MeOH (Figure 7.20, Table A. 24) showing that all
lignins were partially depolymerized during the second reaction step (even if the treatment led to an
overall increase in Mw for lignins derived from wood). However, there were only minor differences
between treated samples and controls showing that the enzymatic oxidation step had no substantial

beneficial effect for the production of monomeric compounds from lignin.
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Figure 7.21 Scheme depicting proposed reactions of lignin in acidic media and the effect of 2-naphtol
as carbocation scavenger (scheme is based on reaction mechanisms proposed previously by Lundquist
and Lundgren (1972), Sarkanen and Ludwig (1971), and Pielhop et al. (2015)).
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7.3.1.2. Treatment with redox mediator HBT

Treatment of lignins using the HBT LMS had different effects on the solubility of compounds after the
first treatment depending on the lignin (Figure 7.18). An increase in soluble compounds indicating
partial lignin depolymerization was observed for all lignins derived from grasses and was highest for
W-SL, i.e., 12.0+4.9 wt%. For lignin from softwood there was also a slight increase in solubility of
2.9+1.9 wt% compared to controls. However, this increase was not significant (p=0.098, students t-test,
two-tailed distribution, unequal variance). For OL there was even a slight decrease in solubility by
5.1+6.0 wt%. However, this decrease was also not significant (p=0.267, students t-test, two-tailed

distribution, unequal variance).

Mw of insoluble lignin after the first treatment step was higher than in controls for all lignins. However,
compared to insoluble lignin after treatment in 30 % (v/v) MeOH, Mw was considerably lower for all
lignins with one exception, i.e., SW-SL. These results indicate that polymerization of lignins during the
first treatment step was less substantial compared to treatments using MeOH. In case of W-SL and W-
SE the treatment might even have led to an overall lignin depolymerization. An increase in solubility
compared to controls of 12.0+4.9 and 9.7+3.7 wt% for W-SL and W-SE, respectively went along with
only a modest increase in Mw of 9,210+1,370 and 2,630+390 Da for W-SL and W-SE, respectively.
Therefore, the increases in Mw might be partly due to increased solubilization of lower molecular weight
lignin oligomers and partly due to polymerization. It has been reported previously that in the presence
of HBT, side-chain oxidation reactions predominate radical-coupling and condensation reactions
(Figure 7.16, Crestini et al. 2003). This is in agreement with the observed lower amount of lignin

polymerization occurring in the HBT treatments as opposed to the treatments in 30 % (v/v) MeOH.

Regarding monomeric compounds, DMBQ was obtained again as the main product after the first
reaction step in all lignins except SW-SL (Figure 7.20, Table A. 24). Generally, DMBQ vyields were
slightly lower compared to yields obtained after treatment in 30 % (v/v) MeOH. However, in case of
OL the decrease in DMBQ yield was quiet considerable and a DMBQ yield of only 0.18+0.01 wt% was
obtained as opposed to 1.10+0.02 wt% after treatment in 30 % (v/v) MeOH. The lower DMBQ vyields
in all cases correspond well to the proposed predominance of the side-chain oxidation pathway in
presence of HBT. DMBQ is most likely formed after phenoxy radical formation (Figure 7.16, Kawai et
al. 1988) which would be reduced if side-chain oxidations are favored (Crestini et al. 2003).
Furthermore, MeOH partly solubilizes lignin potentially increasing accessibility of phenolic groups for
direct enzymatic oxidation, therefore, facilitating phenoxy radical formation. Consequently, DMBQ
production as well as lignin polymerization and condensation reactions are facilitated if more lignin is
dissolved. Especially in case of OL addition of the co-solvent might have considerably increased
accessibility for the enzymes to phenolic groups on syringyl units which would explain the considerably
higher DMBQ vyield in treatments with MeOH.
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Formic acid/formate reaction led to a reduction of Mw of the treated lignin for all lignins from grasses
as observed after treatments with MeOH. Likewise, the Mw of OL increased. However, opposed to what
was observed after treatment in MeOH, the Mw of SW-SL decreased during the formic acid/formate
reaction step if the lignin was treated with the HBT LMS. It might be that lignin side-chain oxidation
increased the amount of oxidized p-O-4 side-chains in this lignin, thereby, enabling subsequent cleavage
during the formic acid/formate reaction (Figure 7.16). There was no significant change in solubility after
the first reaction step for SW-SL while Mw increased. This indicates that no or only little Ca-Cp
cleavage after oxidation by HBT occurred in case of this lignin. Therefore, oxidized side-chains were
potentially still intact prior to formic acid/format treatment which would explain the observed decrease
in Mw during the second treatment step. The observed increase in Mw of controls during the formic
acid/formate treatment gives further indication that the amount of cleavable bonds might have increased
during treatment. However, Mw was still higher in treated samples compared to controls after the
sequential treatment, i.e., Mw was 29,100+£600 and 42,500£2,800 Da for controls and treated samples,

respectively.

Several monomeric compounds were produced during the second treatment step from all lignins
previously treated with the HBT LMS (Figure 7.20, Table A. 24). However, as in the experiments
conducted in 30 % MeOH, there were only minor differences between controls and treated samples
showing that the HBT LMS treatment step had no substantial beneficial effect for the production of

monomeric compounds from lignin.

7.3.1.3. Treatment with redox mediator TEMPO

Treatment of lignins using the TEMPO LMS had different effects on the solubility of compounds after
the first treatment depending on the lignin (Figure 7.18). No considerable change in solubility compared
to controls was observed for all soda lignins. However, solubility increased by 12.6+5.2 and
5.3+2.8 wt% for OL and W-SE, respectively. No considerable difference in Mw was observed between
insoluble lignins after the first treatment step between controls and treated samples for OL. Mw was
4,560+480 and 4,620+112 Da for controls and treated samples, respectively. Therefore, indicating that
no considerable lignin polymerization occurred during treatment while some lignin was solubilized and
therefore, potentially depolymerization reactions occurred. For the other lignins the TEMPO LMS
treatment step led to an increase in Mw of insoluble lignin. In case of SW-SL and W-SE lignin even
became partly insoluble in DMSO impeding correct determination of Mw by SEC. Therefore, results

indicate that all lignins with the exception of OL were polymerized during the TEMPO LMS treatment.

As for the other treatments DMBQ was the main monomeric reaction product during the first treatment
except for softwood lignin (Figure 7.20, Table A. 24). DMBQ yields were between yields obtained after
treatments with the HBT LMS and treatments conducted in 30 % (v/v) MeOH for W-SL and S-SL.
DMBQ vyields were 0.85+£0.20 wt% lower and 0.28+0.05 wt% higher in samples treated with TEMPO
LMS compared to samples treated with HBT LMS for OL and W-SE, respectively.
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Formic acid/formate reaction after TEMPO LMS treatment led to formation of black solid residues
insoluble in DMSO for W-SL, SW-SL, and W-SE indicating char formation during treatment and
impeding correct determination of Mw. For the other two lignins, i.e., OL and S-SL Mw increased
during the second treatment step pointing towards lignin polymerization reactions. Regarding
monomeric compounds the second treatment again led to the production of several compounds (Figure
7.20, Table A. 24) showing that depolymerization reactions occurred as well. Overall yields of
monomeric products obtained after the second treatment were slightly higher for treatments with
TEMPO compared to yields of the other treatments investigated. Compared to controls increases varied
between 0.02+0.01 and 0.26+0.09 wt% for SW-SL and OL, respectively.

7.3.2. Optimization of lignin treatment for W-SL

W-SL was selected as feedstock and HBT as redox mediator for further optimization of the process.
This selection was done based on the results of subchapter 7.3.1 which were promising for this setup
since lignin was solubilized during the first reaction and Mw of residual lignin was reduced during the
second reaction. The influences of six factors on the resulting lignin products were investigated using
RSM. The factors were enzymatic activity, HBT concentration, enzymatic reaction time, pH during the
enzymatic treatment, formic acid/formate treatment reaction time, and sodium formate concentration.
Factors were varied from 1.5 to 15.0 kU L™ (enzymatic activity), 1 to 10 mM (HBT concentration), 4 to
48 h (enzymatic reaction time), 5 to 8 (initial pH of enzymatic treatments), 4 to 48 h (formic acid/formate
treatment reaction time), and 1 to 10 g L™ (sodium formate concentration). The influence of these factors
on several results, i.e., lignin solubility in aqueous solution at pH 2 after enzymatic treatment, Mw of
water insoluble lignin after enzymatic treatment and acidification, EtAc solubility after formic
acid/formate treatment, yield of identified monomers, Mw after formic acid/formate treatment, and total
lignin solubility (the sum of the lignin solubilized in aqueous solution after acidification after enzymatic
treatment and in EtAc after formic acid/formate treatment) were studied. Model results are given in the
appendix (Table A. 25-Table A. 33). Precision of the model predictions was calculated based on the
95 % confidence intervals by means of error propagation and the obtained ranges are given in brackets

after the estimated values.
7.3.2.1. Results of optimization experiments

7.3.2.1.1. Enzymatic treatment

Enzymatic treatment influenced the lignin solubility in aqueous solution after the acidification step.
While 20.2+2.1 wt% of untreated lignin was solubilized, up to 29.1 wt% was solubilized during
enzymatic treatments. The predicted effects of the corresponding model are depicted in Figure 7.22.
Enzymatic activity was predicted to positively affect solubility. Increasing enzymatic activity from 1.5
to 15.0 kU L™ was predicted to increase lignin solubility by 10.8 (6.8-14.8) wt%. The enzymatic reaction
time was predicted to only have small effects on lignin solubility in the range of 3.9 (0.0-7.8) wt%. The

effects of pH and HBT concentration were predicted to depend on each other. At pH 5 increasing HBT
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concentration positively influenced lignin solubility (6.8 (2.5-11.1) wt%) before reaching a plateau
around 6.8 mM. At pH 8 increasing HBT concentration from 1.0 to 4.0 mM led to an unsubstantial
increase in solubility by 1.8 (-2.5-6.1) wt%. Further increasing HBT concentration to 10 mM leads to a
more considerable decrease in solubility of 7.3 (2.8-11.7) wt%.
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Figure 7.22 Effects of the different factors predicted by the response surface reduced second-degree
polynomial model for lignin solubility after enzymatic treatment in aqueous solution (pH 2). Factors
that are not shown were held constant at predicted optimal conditions concerning total lignin solubility
(see text). Bands displayed show 95 % prediction intervals (adapted from Gasser et al. (2017)).

The Mw of the insoluble lignin material after enzymatic treatment was considerably affected by reaction
conditions. While untreated insoluble lignin had Mw of 15,550+580 Da the Mw of insoluble lignin of
different experiments ranged from 17,490 to 82,950 Da. The model predictions for the influence of the
different factors are depicted in Figure 7.23. A transformation of the results was conducted prior to
model fitting. Therefore, the influence of the different factors on Mw cannot be given in the same
straightforward quantitative manner as for the models for which no transformation of results was
necessary since the quantitative influence of changing one factor on Mw is influenced by the values of
all the other factors. However, in order to still give some quantitative measures, factors that were not
investigated were held constant at their center point. Increasing enzymatic activity from 1.5 to
15.0 kU L was predicted to increase Mw by 10,990 (7,600-14,500) Da. In contrast to enzymatic
activity increasing HBT concentrations were predicted to reduce Mw of insoluble materials. Increasing
HBT from 1.0 to 10.0 mM was predicted to lead to a decrease of 3,950 (600-7,420) Da.
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Figure 7.23 Effects of the different factors predicted by the response surface reduced second-degree
polynomial model for Mw of insoluble material after enzymatic treatment. Factors that are not shown
were held constant at predicted optimal conditions concerning total lignin solubility (see text). Effects
for pH 5 (black lines) and pH 8 (red lines) are shown for the single factors. Bands displayed show 95 %
prediction intervals (adapted from Gasser et al. (2017)).

The effects of pH and enzymatic reaction time on Mw of insoluble lignin were predicted to depend on
each other. At pH 5 increasing reaction time from 4 to 48 h had only a small effect on Mw, i.e., it
increases by 4,400 (350-8,740) Da. However, at pH 8 increasing reaction time from 4 to 48 h led to a
considerable increase of Mw by 53,310 (45,650-61,330) Da.

Regarding monomeric compounds, the enzymatic treatment yielded one main reaction product, i.e., 2,6-
dimethoxy benzoquinone (DMBQ). The yield varied between 0.00 and 0.27 wt%. No model satisfyingly
describing DMBQ production could be derived (i.e., all models tested had significant lack of fit).
However, it was notable that in general higher yields were obtained for longer treatment times and lower
pH values. All treatments leading to yields of 0.20 wt% and more lasted at least 21 h and were conducted
at pH 6.5 or lower. This indicates that DMBQ formation was rather a slow process and was facilitated

by lower pH.

7.3.2.1.2.  Formic acid/formate treatment

After the enzymatic treatment the insoluble lignin products were separated and subjected to formic
acid/formate treatment. The Mw of lignin after this second treatment step heavily depended on the
conditions applied during the first treatment step. The predicted effects of the corresponding model are
depicted in Figure 7.24. Results were transformed before model fitting. As for the model discussion
above, factors that are not discussed were set constant at the center point in order to give some
guantitative measures. The influence of enzymatic reaction time and enzymatic activity is predicted to
heavily depend on pH. While only little differences in Mw are predicted for lignin treated at pH 5 during
the first reaction step, the influences of enzymatic reaction time and enzymatic activity became more
substantial at higher pH. At pH 8 Mw increased by 21,400 (11,090-33,840) Da and 18,920 (9,470-

33,290) Da by increasing enzymatic activity from 1.5 to 15.0 kU L and enzymatic reaction time from
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4 to 48 h, respectively. Sodium formate and HBT concentration changes only had little effects on Mw.
Increasing sodium formate concentration from 1.0 to 10.0 g L* Mw increases by 5,570 (-710-
13,570) Da for lignin treated with 1.5 kU L™and decreases by 9,240 (-1,490-17,800) Da for lignin
treated with 15.0 kU L. Changing HBT concentration during the enzymatic treatment had a lower
effect on Mw after formic acid/formate treatment. Increasing HBT concentration from 1.0 mM to
55mM led to a decrease of 5,470 (-1,270-11,209) Da. Further increasing HBT concentration to
10.0 mM led again to an increase of 5,560 (-140-12,250) Da. Effects of changes in formic acid/formate
reaction times were more considerable. Increasing formic acid/formate reaction time from 4 to 37 h led
to an increase of 11,610 (7,110-16,930) Da before reaching a plateau.
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Figure 7.24 Effects of the different factors predicted by the response surface reduced second-degree
polynomial model for Mw after formic acid/formate treatment. Factors that are not shown were held
constant at predicted optimal conditions concerning total lignin solubility (see text). Effects for pH 5
(black lines) and pH 8 (red lines) are shown for the single factors. Bands displayed show 95 % prediction

intervals (adapted from Gasser et al. (2017)).

Low molecular weight reaction products after formic acid/formate treatment were extracted in EtAc and
their weight was determined after drying. The predicted effects of the corresponding model are depicted
in Figure 7.25. Reaction time of the formic acid/formate treatment positively affected the amount of
EtAc soluble compounds. This effect was more pronounced if the lignin was treated at lower enzymatic
activities in the prior reaction step. Increasing formic acid/formate treatment time from 4 to 48 h led to
an increase of 3.1 (1.6-4.6) and 0.5 (-1.1-2.0) wt% for lignin previously treated at 1.5 and 15.0 kU L™,

respectively.
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Increasing sodium formate concentration during the formic acid/formate treatment also positively
influenced the yield of EtAc soluble compounds. This effect was more pronounced if the lignin was
treated at lower pH prior to formic acid/formate treatment. Increasing sodium formate concentration
from 1.0 to 10.0 g L led to an increase of 6.7 (5.2-8.3) and 2.9 (1.4-4.4) wt% for lignin previously
treated at pH 5 and 8, respectively.
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Figure 7.25 Effects of the different factors predicted by the response surface reduced second-degree
polynomial model for EtAc solubility after formic acid/formate treatment in wt% (based on lignin
weight initially applied for the sequential treatment). Factors that are not shown were held constant at
predicted optimal conditions concerning total lignin solubility (see text; adapted from Gasser et al.
(2017))

The effects of the reaction conditions on the Mw of the EtAc soluble fraction predicted by the
corresponding model were also studied (Figure 7.26). Increasing sodium formate concentration and
reaction time of the formic acid/formate treatment led to lower Mw of the EtAc soluble fraction. The
lowest Mw was predicted for treatments lasting 48 h and using 3.9 g L** sodium formate. Further
increasing sodium formate concentration to 10.0 g L-*was predicted to yield EtAc fractions with slightly
higher Mw (an increase of 247 (88-412) Da was predicted). However, treatments with higher sodium
formate concentrations were also predicted to yield considerably higher overall amounts of EtAc soluble
products (an increase of 3.3 (2.1-4.4) wt% was predicted). Therefore, the predicted increase in Mw by
increasing sodium formate seems rather due to the solubilization of more oligomeric products than due
to less lignin degradation. Concerning the first treatment step, increasing HBT concentration and
enzymatic reaction time had a slightly negative influence on the Mw of the EtAc extractable fraction
after formic acid/formate treatment leading to a decrease of 219 (3-391) and 145 (6-260) Da by

increasing HBT from 1.0 mM to 10.0 mM and enzymatic reaction time from 4 to 48 h, respectively.
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The effect of pH during the enzymatic treatment on the Mw of the EtAc fraction was dependent on the
reaction time of the formic acid/formate treatment. At a formic acid/formate reaction time of 4 h there
was little effect of pH on the Mw (a negligible increase of 12 (-207-299) Da was predicted by increasing
pH from 5 to 8). However, at a formic acid/formate reaction time of 48 h a decrease of 264 (97-394) Da
in Mw was predicted by increasing pH from 5 to 8. However, this decrease in Mw went along with a
decrease of 1.6 (0.3-2.8) wt% in EtAc soluble products. Therefore, these results indicate that overall less
low molecular weight products were produced from the lignin that was more strongly polymerized
during treatment at higher pH.
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Figure 7.26 Effects of the different factors predicted by the response surface reduced second-degree
polynomial model for Mw of EtAc soluble material after formic acid/formate treatment. Factors that are
not shown were held constant at predicted optimal conditions concerning total lignin solubility (see

text). Bands displayed show 95 % prediction intervals (adapted from Gasser et al. (2017)).
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Several monomeric phenolic compounds were produced from lignin during the formic acid/formate
treatment. The obtained yields of identified monomers are summarized in the appendix (Table A. 34).
Total monomer yields based on the initially applied lignin weight, i.e., the lignin weight applied to the
biocatalytic treatment, varied between 3.03 and 9.77 wt%o. The predicted effects of reaction conditions
on the monomer yield after the second treatment step by the corresponding model are depicted in Figure
7.27. All six factors affected the monomer yields. As for the other model discussions, factors that are
not discussed were set constant at the center point for quantitative discussion of the predicted effects.
The effect of pH during the first treatment step depended on TVL-MP activity and the enzymatic
treatment time. Monomer yield increased by 1.2 (0.6-1.9) wt%o and decreased by 0.2 (-0.4-0.8) wt%o at
1.5 and 15 kU L7, respectively by increasing pH from 5 to 8 and was predicted to be highest at pH 8
and 1.5 kU L. Furthermore, monomer yield increased by 1.3 (0.7-2.0) wt%o and decreased by 0.3 (-
0.4-1.0) wt%o at 4 and 48 h of enzymatic reaction time, respectively by increasing pH from 5 to 8 and

was predicted to be highest at pH 8 and 4 h of enzymatic reaction time.

Changing sodium formate concentration during the formic acid/formate reaction was also predicted to
have a modest effect on the monomer yield after the formic acid/formate treatment. The effect depended
on the HBT concentration and the enzymatic reaction time. Monomer yield increased by 0.1 (-0.6-0.7)
and 1.2 (0.6-1.9) wt%o by increasing sodium formate from 1 to 10 g L' for samples treated with 1 and
10 mM HBT, respectively. Furthermore, monomer yield increased by 1.6 (0.9-2.3) wt%o and decreased
by 0.3 (-0.4-1.0) wt%o by increasing sodium formate concentration from 1to 10 g L™ for samples treated

enzymatically for 4 and 48 h, respectively.

Increasing formic acid/formate reaction time led to increasing yields of monomeric compounds
indicating that lignin was depolymerized over time. The degree of increase depended on the TVL-MP
activity and the HBT concentration applied during the first reaction step. Monomer yield increased by
3.9 (3.2-4.5) and 2.2 (1.5-2.9) wt%o by increasing reaction time from 4 to 48 h for 1.5 and 15.0 kU L7,
respectively, and was highest for samples treated with 1.5 kU L for 48 h. Furthermore, monomer yield
increased by 3.6 (3.0-4.3) and 2.4 (1.8-3.1) wt%o by increasing reaction time from 4 to 48 h for 1 and
10 mM HBT, respectively and was highest for samples treated at 10 mM HBT for 42.19 h.
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Figure 7.27 Effects of the different factors predicted by the response surface reduced second-degree
polynomial model for yield of identified monomers after formic acid/formate treatment in wt% (based
on lignin weight initially applied for the sequential treatment). Factors that are not shown were held
constant at predicted optimal conditions concerning total lignin solubility (see text; adapted from Gasser
et al. (2017)).

7.3.2.1.3. Combined biocatalytical and chemical processes

Evaluating the two-step process, most interesting process conditions for lignin treatment were selected
based on overall lignin solubilization (solubilization either in aqueous solution after acidification after
the enzymatic treatment or in EtAc after formic acid/formate treatment) since these conditions seemed
most promising for the production of considerable amounts of low molecular weight oligomers from
lignin. For this purpose, a model was fitted to the obtained results regarding overall lignin solubility.
The predicted effects of the corresponding model are depicted in Figure 7.28. The exact effect of pH on
the overall solubility is predicted to depend on several other factors, i.e., HBT concentration, enzymatic
reaction time, reaction time of the formic acid/formate treatment, and sodium formate concentration.
Lignin solubility decreases with increasing pH in all cases. This prediction corresponds well with the
observed higher degree of lignin polymerization during enzymatic treatment at higher pH values. Since
reaction conditions leading to high lignin solubilization were of interest the effects of all other factors
on total lignin solubilization predicted by the model will be discussed in more detail leaving pH constant
at 5. Furthermore, since results were transformed prior to fitting the model, factors that are not discussed
were set constant at the predicted optimal conditions concerning lignin solubilization in order to give
some quantitative measures. Increasing HBT concentration led to increasing lignin solubilization. The

effect is more pronounced at lower enzymatic activities. Increasing HBT from 1.0 mM to 7.38 mM led
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to an increase of 6.8 (3.8-9.6) and 3.3 (0.7-5.8) wt% at 1.5 kU L™ and 15.0 kU L™, respectively. Further
increasing HBT concentration did not lead to further substantial changes in lignin solubility. Increasing

enzymatic activity also led to increased lignin solubilization. The effect is more considerable at lower

HBT concentrations. Increasing enzymatic activity from 1.5 to 15.0 kU L led to a solubility increase
of 10.0 (7.0-12.8) and 5.8 (2.8-8.5) wt% at 1.0 and 10.0 mM HBT, respectively. Increasing reaction
times had a moderate positive effect on lignin solubility. Increasing enzymatic reaction time from 4 to

48 h led to a solubility increase of 2.3 (-0.2-4.7) wt%. The effect of formic acid/formate reaction time

depends on the enzymatic activity used during the first treatment step. By increasing reaction times from
4 t0 48 h, solubility increased by 1.9 (-1.1-4.7) and 4.1 (1.8-6.3) wt% at 1.5 and 15 kU L, respectively.
Furthermore, increasing sodium formate concentration from 1.0 to 10.0 g L led to increasing lignin

solubility by 3.5 (1.0-5.8) wt%.
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Figure 7.28 Interaction effects of the factors predicted by the response surface reduced second-degree

polynomial model for total lignin solubility. Factors that are not shown were held constant at predicted

optimal conditions (see text; adapted from Gasser et al. (2017)).
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Optimal conditions regarding lignin solubilization are predicted to be 15.0 kU L (enzymatic activity),
7.38 mM (HBT concentration), 47.75h (enzymatic reaction time), 5.01 (initial pH of enzymatic
reaction), 47.97 h (formic acid/formate reaction time), and 9.94 g L* (sodium formate concentration).
An overall lignin solubilization of 41.7 wt% was predicted by the model for these conditions. In order
to evaluate the validity of the different models, the experiments under these conditions were performed
in triplicates; the results are discussed in paragraph 7.3.2.2.

7.3.2.2. Optimized lignin treatment regarding solubility for W-SL

Lignin was treated at predicted optimal conditions regarding total lignin solubility (either in aqueous
solution at pH 2 after enzymatic treatment or in EtAc after formic acid/formate treatment). Experimental
results are summarized in Table 7.3 and compared to the predictions of the different models derived
from the RSM experiments. By and large the model predictions fit the experimental results well. With
one exception all experimental results were within the 95 % confidence interval or 95 % prediction
interval of the corresponding model. Only the total lignin solubility was slightly outside the prediction
interval. However, taking into account the standard deviation of the experimental results
(44.6x2.3 wt%), it was not considerably above the high value of the 95 % confidence interval
(43.2 wt%) of the model.

Table 7.3 Comparison between experimental results of experiments conducted at predicted optimal
conditions regarding total lignin solubility (errors show standard deviations, n=3) and model predictions

(CI; confidence intervals of models, PI: prediction intervals of models; adapted from Gasser et al. 2017)

Experimental  Model 95%CIl 95% Cl 95% Pl 95 % PI

Unit results prediction  low high low high

Solubility after enzymatic

wit% 36.7+2.2 32.8 29.5 36.1 25.7 39.9
treatment

Mw of insoluble material

. Da  31,199+1°283 28,328 24,680 32,228 20’129 37,925
after enzymatic treatment

EtAc solubility after formic

. wt% 79+0.2 9.8 8.2 11.3 6.8 12.7
acid/formate treatment

Mw after formic acid/formate

Da 22,763+1°943 22,473 16,663 30,307 13,593 37,153
treatment
Mw of EtAc soluble fraction Da 645+ 9 872 705 1,105 595 1,396

Monomer yield after formic

. Wt%o 6.87 £0.21 7.03 6.34 7.71 5.93 8.12
acid/formate treatment

Total lignin solubility wit% 446+23 41.7 40.0 43.2 39.1 44.1
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The mass balance of the treated samples is depicted in Figure 7.29 and compared to an untreated control
and a control in which the water insoluble lignin was treated by formic acid/formate treatment as well.
Representative GPC chromatograms of the soluble fractions of the treated samples and controls are
shown in Figure 7.30. Compared to the controls the enzymatic treatment led to increased lignin
solubilization in aqueous solution at pH 2 by 16.5+3.0 wt%. Comparison of the GPC chromatograms of
the aqueous soluble fractions of treated samples and controls (Fig. 4A) shows that mostly low molecular
weight oligomeric lignin was solubilized during treatment. Since the lignin signal is superimposed by
the HBT signal (HBT absorbance is high around 280 nm,
£280=3,650 Mt cm™), Mw of the soluble compounds was estimated based on the signal at 330 nm (HBT
absorbance is considerably lower, £33=1,310 Mt cm?). A Mw of 2,357+52 and 2,754+131 Da was
calculated including and excluding the mediator peak, respectively. Consequently, the actual Mw of the
soluble fraction lies between these two values. During the first treatment step DMBQ was again
produced from lignin at a yield of 0.25+£0.01 wt%, i.e., close to highest yields obtained during the first
set of experiments (0.27 wt%). The enzymatic activity after treatment of the TVL-MP was 62.0+£0.7 %
of the initially applied activity. Furthermore, virtually all particles could be separated from the reaction
suspension by application of a magnetic field, i.e., 100.1+2.8 % of the applied particle weight could be

recovered after treatment.

Untreated lignin 202+2.1 PBI63=10

Enzyme free control 202+21 [143x09

Sequentially treated lignin 36.7+22

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 7.29 Mass balances of lignin sequentially treated at optimal conditions, of an untreated control,
and a control only treated with formic acid/formate after separation of water (pH=2) soluble compounds.
Values are given in wt% plus minus standard deviation (n=3). Light grey; aqueous soluble compounds
(pH=2), dark grey; EtAc soluble compounds after formic acid/formate treatment (or in case of untreated
controls after separation of water soluble (pH=2) compounds), black; residual material after treatment,
white; material adsorbed on magnetite particles (adapted from Gasser et al. (2017)).
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Figure 7.30 GPC chromatograms of soluble lignin products in agqueous solution after enzymatic
treatment (A) and in EtAc after formic acid/formate treatment (B). Black lines: treated samples, dark
grey lines; untreated controls, light grey lines; only formic acid/formate treated controls. A)
Chromatograms are shown at 330 nm. B) Chromatograms are shown at 280 nm (solid lines) and 330 nm
(dashed lines). Samples were treated using reaction conditions determined to be optimal regarding total
lignin solubilization (see text; adapted from Gasser et al. (2017)).

Insoluble lignin residues after the first treatment were analyzed by FTIR and spectra were compared to
insoluble lignin in aqueous solution at pH 2. The peak at 1510 cm™ was used as lignin reference as
described previously (Panday and Pitman 2003). Consequently, peak areas are given relative to the
corresponding lignin peak area for quantitative comparison between samples. The different ratios are
summarized in Table 7.4 and representative FTIR spectra are shown in Figure 7.31. Typical bands
reported for lignin were observed and identified according to literature (Santos et al. 2015). Most
identified bond types are listed in Table 7.4. Additionally, broad bands at 3360 cm™* were observed
which are due to O-H stretching vibration in aromatic and aliphatic structures (Santos et al. 2015).
Furthermore, bands at 2937 and 2848 cm™ are associated with a C—H vibration sketch in the CH; and
CHs groups, respectively (Santos et al. 2015). There are little overall differences between treated
samples and controls. Only between 1810 and 1539 cm™ a clear increase in the bands due to the
treatment was observed. Calculation of the shoulder at 1714-1725 and 1647 cm™* which are associated
with C=0 bonds in lignin side-chains and on aromatic rings (Alriols et al. 2009), respectively and of the
peak at 1595 cm™ was difficult due to superposition of the peaks. Therefore, in contrast to the calculation
of the other peak areas, these bands were calculated by constructing the baseline by connecting the
lowest data points on either side of the whole peak (from 1810 to 1539 cm™). The results show a slight
increase in those bands indicating lignin side-chain oxidation and formation of quinones by the HBT

LMS corresponding well to the predicted reactions (Figure 7.16).
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Figure 7.31 FTIR spectra, 4000-600 cm* region, of insoluble lignin after the first treatment step (black)

and of water insoluble lignin (grey; adapted from Gasser et al. (2017)).

Table 7.4 Ratios of the intensities between different FTIR bands of water insoluble lignin after the first

treatment step and for water insoluble untreated lignin (both at pH 2) and the corresponding lignin

associated band. Errors show standard deviations (n=3; adapted from Gasser et al. 2017)

Wavenumber

Treated

Type of bond (cm) sample Control
Strgt(‘:hlng pf C:O_unconjugated to aromatic rings 1714 - 1725 1.99 +0.22 154+ 0.06
(oxidized side-chains)

Stretching of C=0 conjugated to aromatic rings 1647 250+0.11 2.03+0.13
Aromatic skeletal vibrations 1595 2.88+0.18 2.50+0.15
C—H asymmetric vibrations and deformation 1455 072+ 003 0.70 + 001
(asymmetric in methyl and methylene) T R
Aromatic skeleton vibrations 1422 0.48 +0.01 0.44 +0.02
Aromatic ring breathing, S and G condensed units 1330 0.19+0.01 0.16 + 0.01
Guaiacyl ring breathing with C=0 stretching 1268 0.18 +0.03 0.18 +0.01
Ring breathing with C—C, C-0O, and C=0 stretching 1215 1.18+0.04 1.32+0.01
Aromatic in plane C—H bending deformation for S

lignin 1120 1.92+0.16 2.07£0.05
Aromatic in plane C-H bending deformation for G

lignin 1029 1.08 £0.13 1.25+0.06
C—H out-of-plane bending in positions 2 and 6 of S 833 0.58 + 0.06 0.62 + 0.03

units and all positions of H units
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During formic acid/formate treatment further lignin depolymerization was observed. Low molecular
weight compounds were extracted with EtAc and weighed after drying. 7.9+0.2 wt% of lignin could be
extracted. This fraction consisted predominantly of low molecular weight lignin oligomers and of
monomeric compounds and had a Mw of 645+9 Da (Figure 7.30B). Higher lignin amounts, i.e.,
16.0+1.0 and 14.3 + 0.9 wt% could be extracted with EtAc from untreated controls and controls only
treated with formic acid/formate after separation of water soluble compounds, respectively. However,
Mw of these fractions were considerably higher than Mw of the fraction obtained after sequential
treatment, i.e., Mw was 1,872+39 and 1,047+44 Da for untreated controls and controls only treated with
formic acid/formate after separation of water soluble compounds, respectively.

Table 7.5 Identified monomer yields in wt%o of sequentially treated samples using reaction conditions
determined to be optimal regarding total lignin solubilization (see text) and of untreated controls and
controls only treated by formic acid/formate after removal of water soluble compounds. Errors are given
as standard deviations of triplicates (adapted from Gasser et al. 2017).

Sequentially treated  Untreated control Control treated by

sample formic acid/formate
DMBQ 2.49 £0.10 0.0+0.0 0.00 £ 0.00
Vanillic acid 1.15+£0.03 0.38 £0.02 1.64 £ 0.06
Syringic acid 2.16 £0.07 0.14 £0.01 2.52+£0.08
Vanillin 1.20 £ 0.04 0.19£0.03 1.14 £ 0.04
Syringaldehyde 1.26 +£0.03 0.12 £ 0.00 1.30 £ 0.04
Acetovanillone 0.15+£0.01 0.00 £ 0.00 0.22 £0.01
Acetosyringone 0.78 £0.03 0.26 £ 0.00 1.19 £ 0.05
Hydroxybenzoic acid 0.17 £0.00 0.00 £ 0.00 0.20£0.01

Obtained monomers during the sequential treatment are summarized in Table 7.5. DMBQ was formed
during the first treatment and was not observed in controls showing that DMBQ formation was due to
lignin oxidation by the biocatalytic treatment. Regarding identified low molecular weight phenolic
compounds obtained after formic acid/formate treatment, yields of treated samples based on total lignin
weight applied were slightly lower than yields of controls only treated by formic acid/formate treatment,
i.e., they were 6.87+0.21 and 8.22+0.28 wt%o for treated samples and controls, respectively. However,
based on actually treated lignin, monomer yields were higher for enzymatically treated lignin than for

controls, i.e., they were 11.23+£0.11 and 10.30+0.09 wt%o for treated samples and controls, respectively.
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7.3.2.3. Discussion of optimization experiments

7.3.2.3.1.  Enzymatic treatment

During the first treatment lignin was subjected to a LMS. Two different reaction processes occurred that
are in competition, one progressing along phenoxy radical formation which can lead to polymerization
through radical coupling, the other leading to lignin side-chain oxidation (Crestini et al. 2003). Side-
chain oxidation can support lignin depolymerization by promoting Ca-Cp breakdown (Camarero et al.
2014) which goes along with superoxide radical anion production (Crestini et al. 2003). The superoxide
radical anions react further leading to the formation of additional lignin oxidation products like o-
quinones, p-quinones, and ring-cleavage products (Crestini et al. 2003). While laccases in the absence
of HBT only catalyze phenoxy radical formation, HBT also initiates side-chain oxidation. Side-chain
oxidation even is suspected to be the main reaction pathway in presence of HBT (Crestini et al. 2003).
This is supported by the observed negative effect on Mw of insoluble lignin as well as the positive effect
on lignin solubility of higher HBT concentrations at lower pH values. The positive effect of higher
enzyme activity on Mw of insoluble lignin might be partly ascribed to lignin polymerization by phenolic
coupling reactions (Crestini et al. 2003). Furthermore, the increase in solubilization of lower molecular
weight lignin due to increasing enzymatic activity also partly contributed to this increase in Mw.

Mw of insoluble lignin increased drastically at higher pH while solubility decreased. This indicated that
lignin was polymerized considerably at high pH. Potentially more phenolic groups were accessible for
oxidation by enzymes and/or mediators since lignin solubility increases with increasing pH.
Additionally, increasing pH decreases the redox potential of phenolic substrates due to proton release
(Xu et al. 2007). Therefore, the redox potential difference with the enzymes increases facilitating
oxidation and, consequently, phenoxy radical formation (Xu et al. 2007). Furthermore, the oxidized
lignin macromolecules might also more easily interact with each other if they are dissolved facilitating

polymerization by phenolic oxidative coupling reactions.

Next to phenolic oxidative coupling reactions, phenoxy radical formation can also promote dis-
proportionation leading either to side chain oxidation in the Ca position or to the formation of p-
quinones (Kawai et al. 1988). This is supported by the observed production of DMBQ during the
enzymatic treatment. The formation of DMBQ from dimeric phenolic -1 lignin model compounds by
laccase oxidation has been described previously (Kawai et al. 1988). Lignin degradation is initiated by
oxidation of phenolic groups on lignin syringyl moieties leading to the formation of phenoxy radicals.
Subsequently, a cation intermediate is formed before spontaneous reactions lead to alkyl-aryl cleavage
and the formation of DMBQ (Kawai et al. 1988).

7.3.2.3.2.  Formic acid/formate treatment
After the enzymatic treatment TVL-MPs were separated prior to acidification. Application of a magnetic

field allowed separation and recovery of virtually all biocatalysts indicating their potential reusability.
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Lignin precipitates formed after acidification. Subsequently, soluble compounds were separated from
insoluble lignin which was treated further by formic acid/formate treatment. The reaction targets 3-O-4
ether bonds within the lignin macromolecules. They are cleaved if they contain Ca ketones, i.e., if they
have been oxidized during the first treatment step. The cleavage proceeds along an overall redox-neutral
sequence of reaction steps leading to lignin depolymerization (Rahimi et al. 2014). However, with
increasing reaction times Mw of lignin increased indicating that next to depolymerization reactions also
some polymerization reactions occurred. It has been proposed that in acidic media, lignin carbocations
are formed (Lundquist and Lundgren 1972). These carbocations undergo further reactions potentially
forming enol ethers after B-proton elimination which subsequently leads to acid hydrolysis and lignin
depolymerization (Lundquist and Lundgren 1972). However, re-polymerization of carbocations with
other lignin macromolecules was also described (Sarkanen and Ludwig 1971). Occurrence of such lignin
re-polymerization reactions might explain the increase in Mw with increasing formic acid/formate

reaction time.

Mw after formic acid/formate treatment was also highly dependent on treatment conditions during the
enzymatic treatment. Conditions leading to high Mw of insoluble residues after enzymatic treatment,
i.e., high enzymatic activities, long reaction time, and high pH also induced higher Mw of lignin after
the second treatment showing that more strongly polymerized lignin was more difficult to depolymerize
during the second treatment step. This finding is also supported by the negative effect of increasing pH
during enzymatic treatment on yields of EtAc soluble compounds after formic acid/formate treatment.
Increasing sodium formate concentration on the other hand positively affected yields of EtAc soluble
products indicating that formate promoted depolymerization reactions. This is in agreement with the
proposed involvement of both an acid (to promote the loss of formate as leaving group) and a base (to
take away a proton) during the rate limiting step of the cleavage reaction (Rahimi et al. 2014).
Additionally, higher HBT concentrations and longer enzymatic reaction times seemed to promote
depolymerization during formic acid/formate treatment as well since both led to a decrease of Mw of
EtAc soluble products while increasing their yield. This could be due to increased side chain oxidation
during the enzymatic reaction leading to the formation of more Ca ketones which were subsequently

cleaved by the formic acid/formate reaction.

Highest monomer yields after formic acid/formate reaction were obtained if lignin was treated initially
at pH 8 at low enzymatic activities, short enzymatic reaction times, and high HBT concentrations. This
is reasonable since lower pH led to higher lignin solubilization during the first reaction step, thereby
reducing lignin material for the formic acid/formate reaction. Furthermore, higher enzymatic activity
and higher enzymatic reaction times led to higher lignin polymerization at high pH impeding subsequent
lignin depolymerization to monomeric compounds. Additionally, higher HBT concentrations might

have reduced phenoxy radical formation and therefore, decreased polymerization reactions facilitating
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depolymerization during the second reaction. Increasing formic acid/formate reaction time positively

affected monomer yields showing that lignin was depolymerized during the second treatment over time.

7.3.2.3.3.  Optimized sequential treatment

Based on the RSM results, optimal treatment conditions regarding production of low molecular weight
compounds were determined and proposed experiments conducted. Results corresponded well to model
predictions and 44.6+2.3 wt% of lignin could be either solubilized in aqueous solution after the first
treatment or EtAc after the second treatment. This constituted a considerable increase in comparison to
untreated controls and controls only treated by formic acid/formate treatment (Figure 7.29). However,
partial depolymerization of lignin only subjected to formic acid/formate treatment was observed as well
indicating that some Ca ketones might already be present in lignin which is not uncommon (Rahimi et
al. 2014) or that lignin depolymerization also occurred through other reactions like, e.g., acidic
hydrolysis (Lundquist and Lundgren 1972).

Optimal reaction conditions during the enzymatic treatment were predicted to be at high enzymatic
activity, medium HBT concentration, long enzymatic reaction times, and low pH. At these conditions
high lignin solubilization was achieved during the first treatment while insoluble lignin was not
polymerized strongly. Therefore, depolymerization to EtAc soluble compounds during the second
treatment was not impaired as much as during treatments at higher pH and/or lower HBT concentrations.
Optimal reaction conditions during formic acid/formate treatment were predicted to be at long treatment
times and high sodium formate concentrations showing that the treatment led to lignin depolymerization

over time and that sodium formate promoted depolymerization as discussed above.
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7.3.3. Lignin treatment over several reaction cycles

Reuse of biocatalysts was investigated by applying TVL-MPs over five consecutive cycles for treatment
of W-SL. HBT was applied as redox mediator at the beginning of each cycle. After each cycle
biocatalysts were separated magnetically from the insoluble lignin products and reused in the next cycle.
Insoluble lignin of each cycle was subjected to formic acid/formate treatment. Treatment conditions
were the same as the conditions applied in subchapter 7.3.2.2.

_ 120 Changes in the residual enzymatic activities
i 100 | o during the treatment are shown in Figure 7.32.
-% %0 - ‘\\ Considering particle weight, 81.9+0.5 % of the
% 0 ’ initially applied particle weight was removed
g R magnetically after the last reaction cycle
§ 0 @-é‘\w, o showing that around 20% of the initially
% 20 1 et applied particles were lost during the different
= separation processes over all five cycles.

end‘start‘ end‘staﬂ‘ end
1 ‘ 2 3 ‘ 4 5
Cycle start of each cycle also indicated that only small

start‘end‘start‘ end‘start . . o
Comparing enzymatic activities at the end and

amounts of TVL-MP were lost between the

Figure 7.32 Residual enzymatic activity of the different cycles. TVL-MPs were considerably

TVL-MP during the five reaction cycles. Every less stable during treatment of lignin than in

cycle lasted 47.97 h. Error bars show standard stability tests conducted at pH 5 (see subchapter

deviations (n=3). 6.2.4.1)

Particles retained 19.5+0.8 % and 62.0+0.2 % of their initial activity during the five cycles of lignin
treatment (10 d of treatment in total) and after 10 d in stability tests at pH 5, respectively. Measuring pH
after the reaction cycles showed that pH during the reactions decreased from 5.0 to ~4.5. Therefore, it
might be that the stronger decrease in enzymatic activity during lignin treatment was due to a decrease
in pH during the reaction. The decrease in pH might be due to the production of carboxylic acids through
aromatic ring cleavage. Therefore, to decrease TVL-MP inactivation during treatment it might be
necessary to control and adjust pH during the reaction, to start the treatment at higher pH, or to increase

buffer capacity in order to prevent a pH decrease considerably below 5.

Mass balances during the consecutive cycles are summarized in Figure 7.33 A. Shown values are based
on the overall lignin weight applied up to the corresponding cycle and consequently, give an overall
mass balance up to the corresponding cycle. To prevent unnecessary particle losses and losses in
enzymatic activity, particles were only washed repeatedly after the last reaction cycle but not between
the different reaction cycles. Therefore, it is likely that considerable amounts of lignin were still
associated with the TVL-MPs after lignin separation and transferred from one reaction cycle to the next.

Consequently, the amounts of soluble compounds shown in Figure 7.33 A for cycles 1 to 4 also include
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lignin not separated from TVL-MP. The effect can be expected to be highest after the first reaction cycle
explaining the high amount of unseparated lignin after the first cycle, i.e., 64.8 wt%. Subsequently, the
effect should reduce from one reaction cycle to the next since it can be assumed that similar total
amounts of lignin could not be separated between the reaction cycles from the TVL-MP. Over all five
cycles 40.9+£0.6 wt% could be solubilized either in aqueous solution after enzymatic treatment or in
EtAc after formic acid/formate treatment. Therefore, obtained low molecular weight product yields were
only slightly below obtained yields after one cycle (see subchapter 7.3.2.2) in which 44.6+2.3 wt% of
soluble products were obtained.
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Figure 7.33 Summary of results of W-SL treatment over five consecutive reaction cycles with TVL-
MP and subsequent formic acid/formate reaction step; A) mass balance after the different reaction cycles
in wt% based on the total lignin weight subjected to treatment up to the corresponding cycle (soluble
material or adsorbed on particles after first treatment (grey), EtAc soluble after second treatment (dark
grey), insoluble residues (black)); B) Mw of starting material (grey), insoluble lignin after first treatment
(dark grey), and of reaction products after second treatment (black); C) Mw (grey bars) and wt% (based
on treated lignin, black diamonds) of EtAc soluble fractions after the second treatment; D) sum of yields
of identified monomeric compounds over the different reaction cycles in wt% based on the total lignin
weight subjected to treatment up to the corresponding cycle. Error bars show standard deviations (n=3).
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No considerable differences between the different cycles could be observed concerning Mw after the
different treatment steps (Figure 7.33 B). Mw of insoluble lignin after the biocatalytic treatment step
was between 26.2+2.7 and 33.6+1.3 kDa. After formic acid/formate treatment the Mw decreased after
all cycles and was between 20.5+2.1 and 25.0+1.8 kDa. Highest Mw was observed in both cases after
the last treatment cycle. It can be speculated that lignin of highest molecular weight was only separated
from the TVL-MP at the end of the experiment after extensive washing which might explain the slightly
higher Mw after the last cycle.

Yields of EtAc soluble compounds based on the formic acid/formate treated lignin weight were similar
during the first three cycles, i.e., they varied between 13.8+1.3 and 15.8+2.9 wt% (Figure 7.33 C).
Subsequently, they slightly decreased during cycles four and five to 12.0+0.4 and 8.2+0.5 wit%,
respectively. No considerable differences during the first three cycles were observed concerning Mw of
the EtAc soluble fraction. Mw varied between 595+22 and 618+84 Da (Figure 7.33 C). Subsequently,
Mw of EtAc soluble fractions increased to 658+30 and 696+43 Da after cycle four and five, respectively.
The reduction in yield and increase in Mw of the EtAc soluble fraction in later reaction cycles might be
due to less lignin oxidation by the biocatalytic treatment because of the considerably lower enzymatic
activity in those later reaction cycles (Figure 7.32). Furthermore, results of the last reaction cycle might
also be explained by the higher Mw of the insoluble lignin residues after the fifth reaction cycle which

might have been more difficult to depolymerize.

Several monomeric reaction products could be identified during the lignin treatment. Product yields
based on the total lignin weight applied up to the corresponding cycle are summarized in Figure 7.33 D.
As in previous experiments DMBQ was the main monomeric product during the first reaction. ADMBQ
yield of 2.62+0.02 wt%o was obtained over the whole experiment. Hence, the yield was close to the yield
obtained using TVL-MP only once (see subchapter 7.3.2.2), which yielded 2.49+0.10 wt%, DMBQ.
During the formic acid/formate treatment step several phenolic monomeric compounds were formed.
Based on the total applied lignin weight yields of these compounds were stable during reaction cycle
two to five and slightly lower during the first reaction cycle. The lower yields after the first cycle are
due to the lower percentage of lignin that was treated by the formic acid/formate treatment after the first
cycle (Figure 7.33 A). Yields of monomeric phenolic compounds after five cycles were generally

slightly higher than yields obtained in the experiment using the TVL-MP only once (Table 7.5).

Overall results show that TVL-MP could be successfully reused over 10 days of lignin treatment.
Monomer yields were slightly above and oligomer yields were slightly below yields obtained in the
experiment using the TVL-MP only once. Furthermore, most particles could be successfully separated
and only little losses in enzymatic activity between cycles were observed. However, enzymatic activities
decreased more strongly compared to activity decreases in stability experiments indicating that

controlling pH during the reaction might be necessary to prolong the utilization time of the biocatalysts.
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7.3.4. Concluding remarks

In this subchapter a sequential treatment for partial lignin depolymerization was developed. The
treatment allowed the production of considerable amounts of lignin oligomers as well as some phenolic
monomeric compounds. Yields depended on the lignin material used and most promising results were
obtained for lignins derived from wheat straw. Optimization of the process for the treatment of one
selected lignin, i.e., W-SL allowed the production of up to 45 wt% of low molecular weight lignin mono-
, and oligomers. While the process does not lead to the production of considerable amounts of directly
marketable compounds (with the exception of DMBQ in case of OL), it might be used for the production
of a stream of low molecular weight soluble aromatic products that can be upgraded further. They might
be used in processes employing heterogeneous catalysts like hydrogenation, hydrogenolysis,
decarbonylation, and decarboxylation since application of low molecular weight soluble compounds
should reduce coking and char formation, while enhancing conversion, and facilitating product
separation in such processes (Rahimi et al. 2014). Furthermore, they might be used as substitutes for

aromatics in the production of resins, lacquer, or adhesives.
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8. Conceptual process designs

Based on the results obtained in chapter 7 two strategies for lignin valorization applying the
superparamagnetic biocatalysts seem promising. One strategy comprises a rather simple approach
focusing on the production of DMBQ using immobilized laccases. For this approach OL would be the
most promising feedstock of the tested lignins since obtained DMBQ yields were considerably higher
than for other lignins. The other strategy would follow the sequential lignin treatment developed in
subchapter 7.3 for the production of a mixture of low molecular weight aromatic mono-, and oligomers
that could serve as feedstock for further upgrading. In the following conceptual process designs for both
approaches are presented and different aspects of the processes are discussed. Furthermore, some

preliminary cost estimates for the two processes were conducted.

8.1. Process focusing on DMBQ production

Simple treatment of lignin with laccases allows the production of DMBQ without necessitating the
addition of redox mediators or co-factors as results of subchapter 7.1 have shown. Especially, treatment
of OL seems interesting in this regard since yields of up to 2.20+0.05 wt% were achieved using this
lignin. However, results also showed that producing DMBQ at such high yields necessitates application
of a co-solvent like MeOH and that lignin has to be treated for several days. Still, DMBQ yields of close
to 1 wt% were achieved after 15 min and 2 h using TVL and TVL-MP, respectively. Consequently,
treatment times in the range of 1 to 2 h for the production of 1 wt% DMBQ from OL seem feasible if

enough enzymatic activity is applied.

A possible process scheme for the production of DMBQ from lignin is shown in Figure 8.1. After
treatment with TVL-MP the biocatalysts have to be separated magnetically from the reaction suspension.
A possible strategy for efficient separation and recycling of the MPs is shown in Figure 8.2. The scheme
is based on a reactor design that was used for the treatment of micropollutants with Titania-laccase
biocatalysts (Hochstrat et al. 2015). Particles retained at magnet 1 placed at the outflow of the reactor
can be washed back by flow reversal. The setup in principal allows continuous lignin treatment

interrupted only by short time intervals necessary to return MPs to the reactor.

After separation of the biocatalysts MeOH has to be removed by e.g., evaporation (Werhan 2013) from
the reaction suspension since it is completely miscible with many solvents, therefore, impeding
subsequent extraction steps. MeOH obtained this way can be reused during the biocatalytic oxidation
step. Subsequently, lower molecular weight compounds can be extracted by liquid-liquid extraction
(LLE) using solvents like EtAc, diethyl ether, dichloromethane, 4-methyl furan, or toluene (Vigneault
et al. 2007). Vigneault et al. (2007) tested the suitability of the above listed solvents for the extraction
of monomers from a monomer rich fraction obtained from steam exploded aspen lignin. They found that
only diethyl ether and EtAc totally extracted the monomers. However, both solvents have drawbacks.

Diethyl ether forms unstable peroxides (Vigneault et al. 2007). Therefore, its use is associated with
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considerable risks and costs in industrial processes. EtAc has rather high water solubility (up to
8.08 wt%, Riddick et al. 1986) and degrades to acetic acid and ethanol in aqueous solutions when it is
heated making its recovery difficult (Vigneault et al. 2007). Therefore, Vigneault et al. (2007) suggests
considering additional solvents like vinyl acetate, n-butyl acetate, or methyl isobutyl ketone which are
less water soluble while potentially being good extracting agents for lignin monomers. After separation
of the organic phase solid lignin reaction products can be separated from the aqueous phase by filtration.
The liquid phase can potentially be recycled. However, if salts were added and/or the agqueous phase
was acidified during LLE to increase separation effectiveness this might not be feasible or might
necessitate an additional step of dilution and pH adjustment. Especially salts like NaCl or acids like HCI
should be avoided if the aqueous phase is recycled since halides are known laccase inhibitors (Enaud et
al. 2011). Therefore, other acids like HsPO4 should be used.

Biocatalytic lignin Solvent
treatment MeOH recovery
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Figure 8.1 Conceptual flow diagram for the proposed lignin treatment for DMBQ production

During the next step monomers have to be separated from higher molecular weight oligomers. This
might be achieved through organic solvent nanofiltration. Effective separation of monomers was
achieved this way as demonstrated by the filtration of a lignin product mixture with an Mw of 1,150 Da
testing different membranes with cut-offs between 250 and 900 Da (Werhan et al. 2012).
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8. Conceptual process design

Subsequently, DMBQ has to be purified. As results from subchapter 7.1 suggests several low molecular
weight compounds like vanillin and syringaldehyde are transformed during biocatalytic lignin treatment
leaving a rather pure DMBQ fraction. Nevertheless, further purification after nanofiltration will be
necessary. One possible approach might be crystallization. Most monomers usually found in lignins
have melting points between 2 and 134 °C and boiling points between 180 and 330 °C (Vigneault et al.
2007). In comparison DMBQ has a rather high melting point between 253 and 257 °C. Therefore,
crystallization should allow separation of most impurities. In general, a minimum difference in melting
points of 10 °C seems necessary for effective separation by crystallization (Vigneault et al. 2007). For
example, p-cresol was successfully separated by crystallization from 2,6-xylenol with tert-butyl alcohol
as solvent (Jadhav et al. 1991). Furthermore, crystallization allowed separating phenol from o-cresol
with 2-methyl-2-propanol as solvent (Jadhav et al. 1992). Melting points of the corresponding

compounds differed by 16 °C and 10 °C in the first and second example, respectively.

Overall the process would yield four separate product fractions, i.e., DMBQ as purified monomeric
compound which could be sold directly, a mixture of additional monomeric compounds (results indicate
that this fraction would be obtained at very low yields), a fraction of oligomeric compounds which could
be either upgraded further or used as substitute for aromatics in the production of resins, lacquer, or
adhesives, and a fraction of higher molecular weight lignin which could be either treated further (e.g.,

by a chemical depolymerization step) or used for the production of heat and power.

A B

Qutlet Inlet Qutlet Inlet

4
% %

A J
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A
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Figure 8.2 Scheme of possible reactor setup for separation of MPs from reaction suspension during
lignin treatment. A) Valve is set to position 1 and MPs are retained at magnet 1. B) Valve is set to
position 2. MPs previously retained at magnet 1 are washed back to the reactor while MPs are retained
at magnet 2 (based on Hochstrat et al. 2015).
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8.2.  Sequential lignin treatment

Sequential treatment of lignin by LMS followed by a formic acid/formate treatment allows the
production of low molecular weight aromatic oligomers at considerable yields as results of subchapter
7.3 have shown. A possible process scheme is shown in Figure 8.3. TVL-MP separation and reuse after
the biocatalytic treatment step could be achieved as described in subchapter 8.1. Subsequently, reaction
suspensions should be acidified to allow removal of high molecular weight products by filtration. As
mentioned in subchapter 8.1 acids like HCI should be avoided if the aqueous phase is to be recycled
since halides are laccase inhibitors. Thereafter, aromatic compounds and HBT are separated from the
aqueous solution by LLE. The residual aqueous solution can potentially be reused during the biocatalytic
treatment step. Monomers and HBT are subsequently separated from higher molecular weight
compounds by organic solvent nanofiltration. After solvent recovery two fractions are obtained. One
fraction consisting of aromatic oligomers and one fraction consisting mainly of HBT while also
containing some monomeric compounds. The HBT containing monomeric fraction can either be directly
reused in the biocatalytic treatment step or an additional purification step can be included separating
monomers from HBT. As described in subchapter 8.1 separation might be achieved by crystallization
since the melting point of HBT (155-158 °C) differs from the melting point of the main monomeric
product, i.e., DMBQ (253-257 °C) and the potential other monomeric compounds present (2-134 °C).
However, further study of such a process would be necessary and it would potentially require several
stages in order to obtain high purity HBT and DMBQ. It might also be worth considering to only separate
monomers from HBT after certain DMBQ concentrations are reached and to recycle HBT together with
DMBQ and the other monomers as long as only small amounts of DMBQ could be obtained by

purification.

After the first filtration step the separated solid material is subjected to the formic acid/formate
treatment. Following treatment, formic acid can be removed by evaporation and recycled. Subsequently,
LLE allows the separation in a mono- and oligomer containing fraction and a fraction of higher
molecular weight lignin which could be either treated further (e.g., by a further depolymerization step)
or used for the production of heat and power. Monomers can potentially be separated from the oligomers
by organic solvent nanofiltration and further separation and purification might be considered. However,
it seems questionable if product yields are high enough to justify the potentially laborious process. For
example, Vigneault et al. (2007) investigated the separation of 12 monomers generated by lignin
depolymerization. The proposed process consisted of a series of four vacuum distillation columns which
produced five monomer streams. Three of these streams would have to be purified even further either
by chromatography or crystallization. Consequently, this study highlights the challenging task of

downstream processing of lignin products.
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Figure 8.3 Conceptual flow diagram of the sequential lignin treatment process using the TVL-MP HBT LMS
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8.3.

Cost estimates

For further evaluation of the processes presented in subchapters 8.1 and 8.2 some preliminary cost

estimates were performed. The cost-effectiveness of the treatments was evaluated by calculation of the

benefit-cost ratio (BCR). In the present cases this gives the ratio between the total revenue and the total

acquisition costs of chemicals, feedstock, consumables for TVL-MP production, and enzymes.

Obviously cases yielding a BCR below one are of no further interest since consumable costs already

outweigh revenues of products. In the present case a BCR of at least 2 should be achieved for a treatment

option to be considered further, since no detailed data were available on all process steps and conditions

and consequently not all costs could be included in the BCR calculation. Cost estimations were based

on several assumptions. Assumptions that were made for all cases are listed below

160

Only material streams that enter or exit the main process steps were considered.

Costs for the production of TVL-MP only considered costs of consumables and enzymes. The
cost estimate is presented in Table 8.1.

Lignin revenue was assumed to be obtained from production of heat and power. The price of
lignin was calculated based on the high heating value of lignin (21.5-23.5 MJ kg%, Blunk and
Jenkins 2000) and it was assumed that lignin is used to replace crude oil. Crude oil price was
based on the one-year projection of an online database and assumed to be 56 $ barrel™* (Qil-
Price 2016).

High molecular weight products were assumed to be applicable in the same processes as lignin.
Therefore, their revenue was assumed to be the same.

Prices for consumables and monomeric products were based on market prices of online
databases and are listed in Table 8.2.

Recovery of monomeric products after separation and purification was assumed to be possible
at a yield of 80 %.

The price of lignin oligomers was set at the average price of phenol formaldehyde resins (1,670-
2,000 $ t* according to VVan den Bosch et al. 2015), i.e., 1,800 $ t™.

Utility, equipment, labor, and energy costs were not considered.

Costs for organic solvents for extraction were not considered, i.e., it was assumed that these
solvents can be completely recycled.

TVL-MP activity losses were calculated based on the results of the TVL-MP stability

experiments.
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Table 8.1 Costs for consumables used for production of TVL-MP. Consumable and enzyme costs were
collected from an online database (Alibaba Group 2016). Costs for water were based on water tariffs
from IWB (Industrielle Werke Basel 2016).

Consumable Amount needed Consumable cost Specific consumable
(ttT MP) ($thH cost (3 t* MP)

TVL 0.0945 5,000 473
APTES 3.98 5,000 19,923
Glutaraldehyde (50 %) 1.04 2,000 2,086
FeCl, 5.00 600 3,001
FeCls 12.81 400 5,122
NaOH 1.52 350 530
NaNOs 3.35 350 1,174
H.O 39.47 1.47 58
Total cost of 32,369

consumables

Table 8.2 Prices of monomeric products and consumables used for calculations of cost and revenue of

the different treatments

Product Price ($t1) Reference
DMBQ 800,000 Molbase 2016
Vanillin 11,694 Molbase 2016
Syringaldehyde 111,000 Molbase 2016
Syringic acid 12,903 Molbase 2016
Vanillic acid 80,000 Alibaba Group 2016
Acetovanillone 235,000 Alibaba Group 2016
Acetosyringone 50,000 Alibaba Group 2016
4-hydroxybenzoic acid 5,040 Molbase 2016
HBT 12,500 Alibaba Group 2016
H-O 1.47 Industrielle Werke Basel 2016
NaOH 350 Alibaba Group 2016
HsPO4 500 Alibaba Group 2016
MeOH 300 Alibaba Group 2016
Formic acid (85 %) 400 Alibaba Group 2016
Sodium formate 300 Alibaba Group 2016

8.3.1. Cost estimates for DMBQ production from OL

The first two cases investigated were based on the production of DMBQ from OL described in
subchapter 8.1. In both cases it was assumed that lignin will be treated for 2 h allowing the production
of 1 wt% DMBQ. The first and second case differed regarding recycling of consumables. It was assumed
that in the first and second case 0 and 90 % of consumables are reused, respectively. Results of the cost
estimates are summarized in Table 8.3. In both cases MeOH costs clearly outweigh all other costs. Case
1 gave a BCR clearly below unity and is, therefore, not considered further. However, case 2 assuming
reuse of 90 % of consumables gives a BCR of 2.27 indicating that this treatment option might be of
economic interest. Results show that MeOH costs are of major importance and that, therefore, MeOH

reuse is crucial to achieve an economical process.
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Table 8.3 Cost estimate for the five discussed cases based on the conversion of one ton of lignin.

Case 1 Case 2 Case 3 Case 4 Case 5

Cost/Revenue ($) Cost/Revenue ($) Cost/Revenue ($) Cost/Revenue ($) Cost/Revenue ($)
Lignin 1 -211 1 -211 1 -211 1 -210 1 -210
Water 233 -344 23 -34 333 -491 33 -49 33 -49
H3PO, 2.3 -1,143 0.23 -114 3.3 -1,633 0.3 -163 0.3 -163
NaOH 0.67 -234 0.07 -23 0.95 -334 0.10 -33 0.10 -33
MeOH 79 -23,730 7.9 -2373
Formic acid 90 -36,057 9 -3,605 1.26 -505
Sodium formate 0.9 -270 0.09 -27 0.01 -3.8
TVL-MP 0.007 -223 0.007 -223 0.083 -2,674 0.083 -2,674 0.083 -2,674
HBT 0.332 -4,155 0.033 -415 0.033 -415
High Mw 0.867 183 0.867 183 0.55 116 0.55 116 0.55 116
nroduct
Oligomers 0.098 177 0.098 177 0.43 783 0.43 783 0.43 783
DMBQ 0.008 6,400 0.008 6,400 0.002 1,676 0.002 1,676 0.002 1,676
Rmmmmw% 0.006 344 0.006 344 0.006 344
Balance -19,124 3,781 -42,904 -4,258 -1,133
BCR 0.26 2.27 0.06 0.41 0.72
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DMBQ production is the main revenue stream of the process. Therefore, the DMBQ price is critical for
the whole process economics. In contrast to other monomeric products like vanillin no reliable market
for bulk amounts of DMBQ exists. Consequently, the estimated price of 800 $ kg (Molbase 2016)
might not be very reliable. For the process to yield a BCR of at least 2, DMBQ price should not be below
700 $ kg™.

DMBQ is an anticancer agent (Rizzello et al. 2013) and a precursor for the production of several
interesting chemicals. For example, DMBQ can be used for the production of pharmaceuticals like
triaziquone or ladanein (Molbase 2016). Triaziquone is used in chemotherapy while ladanein has
antiviral activity against the human immunodeficiency virus (HIV) and hepatitis C virus (HCV) and
antileukemic activity (Alkhatib et al. 2010; Huang et al. 2009; Martin-Benlloch et al. 2014).
Furthermore, several chemicals that can be used as precursors or building blocks can be produced from
DMBQ (Molbase 2016). For example, DMBQ can be used to synthesize 3,4,5-trimethoxyphenol
(Molbase 2016), a compound that can be used as precursor for the production of over 50 products
including flavonoids, e.g., Wogonin used in cancer treatment (Li-Weber 2009). Consequently,
especially pharmaceutical companies might be interested in the purchase of DMBQ.

8.3.2. Cost estimates for sequential treatment of W-SL

Cost estimates for the sequential treatment process described in subchapter 8.2 were made based on
experimental results from subchapters 7.3.2, and 7.3.3. W-SL was chosen as feedstock for calculation
of product amounts. Three different cases were considered initially based on the optimal treatment
conditions regarding production of soluble compounds described in subchapter 7.3.2.2. In case three no
recycling of consumables was assumed while in cases four and five 90 % recycling of consumable was
assumed. Furthermore, in case five the lignin concentration during the formic acid/formate treatment

was assumed to be 50 g L instead of 7 g L. Results of the cost estimates are summarized in Table 8.3.

All three cases gave a BCR below unity showing that they are of no economic interest. Main costs in
case three arose from formic acid clearly outweighing all other costs showing that formic acid reuse is
of major importance concerning process economics. In case four formic acid costs were still most
considerable. However, also costs for TVL-MP amounted to 37 % of total costs. Further cost reductions
for formic acid were achieved in case five by assuming an increase in lignin concentration during formic
acid/formate treatment to 50 g L™X. While this concentration might appear rather high, lignin treatments
with such high loadings are described in literature (Van den Bosch et al. 2015). However, further
experiments would be necessary to verify if effective lignin depolymerization is still achieved at such
high loadings. In case five TVL-MP expenses became the main cost-factor showing that either an
increase in TVL-MP stability or a decrease in the applied amount of TVL-MP might be crucial to achieve
a BCR above one. TVL-MP stability might be increased by increasing and controlling pH during the

biocatalytic treatment step. DMBQ was again the main source of revenue indicating that DMBQ
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separation and purification might be worthwhile. However, also oligomers amounted to 27 % of the

total revenue.

To see whether treatment conditions yielding BCR above unity might be established, BCR values were
calculated for all experiments conducted for the optimization of the treatment of W-SL described in
subchapter 7.3.2. For these calculations assumptions were the same as for case five, i.e., consumables
were assumed to be recycled at 90 % and lignin concentration during the formic acid/formate treatment
was assumed to be 50 g L. RSM was used in order to study the effect of six influencing factors, i.e.,
enzymatic activity, HBT concentration, enzymatic treatment time, pH during enzymatic treatment,
formic acid/formate reaction time, and sodium formate concentration on the lignin reaction products. A
second-degree polynomial model was fitted to the BCR results using Design Expert 8.0.7.1 software.
The model was subsequently reduced to only contain significant factors (p<0.05) and factors necessary
to maintain model hierarchy using the step-wise automatic model regression of the software. The
ANOVA analysis and the resulting model are shown in the appendix (

Table A. 35). All six factors were predicted to have a significant effect on BCR. The predicted effects
are shown in Figure 8.4. The effect of enzymatic treatment time on BCR was predicted to be dependent
on enzymatic activity as well as HBT concentration. At low enzymatic activity BCR increased with
increasing enzymatic treatment time. This might be explained by the increase in DMBQ and oligomer
yields during longer enzymatic treatment times, outweighing the costs of TVL-MP inactivation.
However, at higher enzymatic activities BCR clearly decreased with increasing enzymatic treatment
times indicating that increasing costs due to TVL-MP inactivation with increasing reaction time
outweighed the increasing revenues of DMBQ and oligomer production at higher enzymatic activities.
BCR decreased with increasing HBT concentrations from 1 to 10 mM. This decrease was more
substantial at lower enzymatic reaction times than at higher enzymatic reaction times, i.e., 0.52 and 0.35
at 4 and 48 h, respectively. This indicates that the added cost by applying higher HBT amounts were not
outweighed by the higher revenues due to increased oligomer production. However, the smaller negative
effect on BCR at longer enzymatic reaction times is explained by the increase in oligomer yields at
higher enzymatic reaction times and HBT concentrations. The effect of pH on BCR is mostly explained
by TVL-MP stability. TVL-MP were not very stable at pH 5 and 8 leading to increased costs for the
biocatalysts at these more extreme pH values that could not be outweighed by higher product yields at
pH 5. Finally, formic acid/formate treatment time and sodium formate concentration only have small
effects on BCR. BCR increases by 0.31 and decreases by 0.18 by increasing sodium formate

concentration from 1 to 10 g L™ at 4 and 48 h of formic acid treatment time, respectively.

Optimal conditions for maximal BCR were determined to be 1.5 kU L (enzymatic activity), 1.13 mM
(HBT concentration), 40.9 h (enzymatic treatment time), 6.34 (pH during enzymatic treatment), 4 h
(formic acid/formate reaction time), and 9.92 g L (sodium formate concentration). BCR for these

conditions was predicted to be 2.31. Consequently, next to minimizing formic acid amounts used, low
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TVL-MP and HBT concentrations as well as a favorable pH regarding stability of the biocatalysts seem

crucial to establish an economic process.
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Figure 8.4 Effects of the different factors on the BCR predicted by the response surface second-degree
polynomial model. Factors that are not shown were held constant at predicted optimal conditions (see

text). Bands displayed show 95 % prediction intervals.

8.4. Concluding remarks

Conceptual process designs for two potential lignin valorization processes using biocatalytic nano-
composites have been established. One process focuses on the production of a high value monomeric
product, i.e., DMBQ by a single biocatalytic treatment step, the other on the production of DMBQ and
oligomeric products from lignin by sequential treatment. A preliminary economic evaluation of the
processes has been conducted and indicates that they might be operated profitable. However, several
cost factors have not been included and some optimistic assumptions were made. Moreover, the

profitability is highly dependent on the price of DMBQ in both cases. Therefore, more detailed study
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especially including operation costs for down-stream processing as well as costs for utility, equipment,
labor, and energy would be necessary for a more comprehensive assessment. Nevertheless, economic
evaluation revealed that solvent reuse is of paramount importance in both cases to restrict consumable
costs. Furthermore, treatment conditions should rather be established at conditions that allow prolonged
use of the biocatalysts, i.e., conditions in which TVL-MP have high enzymatic stability. Moreover,
rather low enzymatic activities and mediator concentrations should be applied in case of the sequential
treatment even if this leads to lower product yields.
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9. Conclusions

A valorization strategy for lignin employing oxidative enzymes immobilized on nanomaterials was
developed in this thesis. The process focused on the production of value added mono- and oligomeric
compounds from the heterogeneous biopolymer. Purification of the monomeric compounds allows their
sale as fine chemicals while the oligomers can potentially be either further upgraded or used in the

production of lacquers, adhesives, or resins.

Several commercially available enzymes were identified and used for lignin oxidation in the presence
and absence of organic co-solvents. Organic solvents were employed in order to increase lignin
solubility and, thereby, accessibility for the enzymes. Considerable oxidation of lignin by several of the
tested enzymes was observed leading to lignin depolymerization as well as polymerization. Lignin
polymerization most likely occurred through phenolic oxidative coupling reactions. Results also
indicated that enzymes readily adsorbed on polymerized lignin. One main monomeric reaction product,
i.e., DMBQ was identified after enzymatic lignin oxidation and could be produced at yields of up to
2.20£0.05 wt%. Results between the tested enzymes that induced DMBQ production did not differ
considerably. Therefore, laccases were identified as the most promising biocatalysts for lignin treatment
since they only need O, as co-factor and are produced at industrial scale making them much more

affordable then some of the tested peroxidases.

Several redox-mediators were tested in combination with laccases to extend the reactivity of the
enzymes beyond phenolic groups on lignin. Preliminary experiments indicated that artificial mediators
like HBT or TEMPO might be more effective than natural phenolic mediators like p-coumaric acid,
syringaldehyde, or acetosyringone since the natural mediators were partially polymerized during

treatment, i.e., their oxidized forms were unstable and their redox conversion was not cyclic.

Enzymes were immobilized on solid carrier materials employing a sorption assisted immobilization
method to facilitate separation from lignin, increase enzymatic stability, and allow their reuse. Two
support materials were used, i.e., fSNP and MP. In a first step the particle surfaces were modified with
an organosilane leading to particles displaying amino-groups on their surface. In a second steps enzymes
were adsorbed on the particle surface before amino-groups of particles and enzymes were covalently
connected by a cross-linking agent. Furthermore, internal cross-linking of enzymes and cross-linking
between enzymes potentially occurred as well resulting in the formation of CLEAs on the particle
surface. The immobilization process was optimized for fSNP regarding consumable consumption.
Furthermore, up to five different enzymes were successfully immobilized on the same particles by
successive immobilization. The versatility of the immobilization process was further demonstrated by
successfully immobilizing several LMEs and LME combinations. Subsequently, the process was
adapted for larger scale production of nanobiocatalysts and laccase-fsNP conjugates were produced at

kilogram-scale. Increasing particle concentration to a degree at which mixing of the suspension was still
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feasible represented the most crucial advancement allowing more efficient production of the

biocatalysts.

Preliminary lignin treatment experiments applying fsNP-laccase conjugates showed that effective
separation of the biocatalysts from the insoluble lignin material is not easily achieved. Therefore, a
superparamagnetic nanomaterial, i.e., MP was evaluated as carrier material. The enzyme immobilization
protocol was adapted and optimized for MP using RSM regarding enzymatic activity and stability of the
biocatalysts. Subsequently, stability of the particles was evaluated at different pH values and in the
presence of several chemical denaturants. Immobilized enzymes were considerably more stable than
dissolved enzymes in all tested conditions and retained activity in all but one case (i.e., at pH 3) after
nine weeks of incubation. Immobilization of DyP on MP revealed that one potential limitation of the
immobilization procedure is the possible inactivation of certain enzymes through internal enzyme cross-
linking by glutaraldehyde. However, pH adjustments during the cross-linking step can reduce or even
prevent such unwanted effects as demonstrated for DyP indicating that process optimizations should be
considered for each enzyme individually.

Preliminary lignin treatment experiments with laccase-MP conjugates showed that lignin was oxidized
and partially depolymerized by the immobilized enzymes and that the particles could be effectively
separated from the insoluble lignin material by application of a magnetic field demonstrating the
reusability of the produced nanobiocatalytsts in the envisioned lignin treatment. Consequently, lignin
treatments in presence of organic co-solvents or redox mediators with laccase-MP conjugates were
conducted. Five different lignins were tested. Experimental results depended on the type of treatment
and the used lignin. In treatments using MeOH, DMBQ was produced from all lignins with the exception
of SW-SL. This was expected since softwood only contains traces of S. DMBQ most likely derives from
those units since DMBQ and S both have methoxy groups on the aromatic ring in positions 3 and 5.
DMBQ vyields were similar for lignins derived from grasses, i.e., between 0.12 and 0.34 wt% and
considerably higher for lignin from hardwood, i.e., 1.10 wt%. However, next to DMBQ production the
treatment led to a decrease in soluble compounds and to an increase in Mw of insoluble compounds for
all lignins indicating considerable lignin polymerization during treatment. This polymerization is most
likely due to phenolic oxidative coupling reactions by phenoxy radicals produced by enzymatic lignin
oxidation. Lignin polymerization was limited by employing a radical scavenger, i.e., Trolox. However,
this also prevented the formation of DMBQ, i.e., depolymerization reactions were suppressed as well.
Consequently, application of a radical scavenger seems unfit for application. Nonetheless, this
experiment gave further evidence that the enzymatically catalyzed reactions involve radical formation.
Application of laccase mediators HBT and TEMPO decreased Mw of insoluble lignin residues
compared to treatments with MeOH. Furthermore, in case of lignins derived from grasses more lignin
material was solubilized during treatment with HBT indicating lignin depolymerization. Lignin

treatment using LMS enables lignin side-chain oxidation next to formation of phenoxy radicals. This
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can lead to Ca-Cp breakdown and, therefore, lignin depolymerization. Consequently, results indicate
that such depolymerization reactions occurred to some extent and that phenoxy radical formation was
reduced in presence of mediators.

Insoluble lignin obtained after the biocatalytic lignin treatment was subjected to a formic acid induced
depolymerization step. This treatment was shown previously to cleave oxidized lignin 3-O-4 side-chains
in an overall redox-neutral sequence of reaction steps. The process led to further lignin depolymerization
and the production of mono- and oligomers. Depending on the lignin and the type of biocatalytic
treatment the Mw of the treated lignin either decreased or increased. Most notably Mw of lignins derived
from wheat straw treated with HBT or MeOH decreased considerably during the formic acid/formate
treatment. Therefore, one lignin from wheat straw, i.e., W-SL was selected for further optimization of
the process. The HBT-LMS was used during the first reaction and the different reaction parameters were
studied more in depth. The optimized process allowed production of 45 wt% mono- or oligomeric
products. Yield of identified monomers was 0.94 wt%.

Subsequently, reusability of TVL-MP was shown in lignin treatment experiments using the HBT-LMS
over five consecutive cycles lasting 10 d overall. Yields of low molecular weight products were only
slightly below obtained yields at optimal conditions showing that TVL-MP could be successfully reused.
However, TVL-MP only retained 19.5+0.8 % of their initial activity after the 10d of treatment.
Adjusting reaction conditions, e.g., increasing or controlling reaction pH might be expedient in order to

increase TVL-MP stability and allow longer operating times of the biocatalysts.

Based on the obtained results from the lignin treatment experiments two approaches seem interesting
for lignin valorization, one targeting DMBQ production from OL with TVL-MP using MeOH as co-
solvent, the other comprising of the sequential treatment of lignins using TVL-MP and HBT targeting
production of DMBQ as well as aromatic oligomers. The oligomers could either be further upgraded by
other processes like hydrogenation, hydrogenolysis, decarbonylation, and decarboxylation or they might
be used as substitutes for aromatics in the production of resins, lacquer, or adhesives. Preliminary
evaluations of the benefits and costs of the different treatments showed that the main revenue in both
processes is obtained from selling DMBQ. Therefore, results of the economic evaluation depended
heavily on the DMBQ price. Since there is no reliable market for bulk amounts of DMBQ the results of
the economic evaluation have to be interpreted with caution. Nonetheless, the evaluation has shown that
recycling of solvents, HBT, and formic acid is essential to achieve a profitable process. Furthermore,
results indicated that reaction conditions during the biocatalytic treatment should rather be optimized
regarding higher stability of the biocatalysts even if this results in slightly lower product yields.
Additionally, lignin concentrations during the formic acid/formate treatment step should be increased

considerably.
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10. Qutlook

The presented process constitutes a promising first step towards a possible lignin valorization strategy.
However, further improvements of the process as well as more detailed study of downstream processing
and possible applications of reaction products are necessary before realization can be considered.
Furthermore, the process yields different results depending on the lignin starting material. In this regard
it can be expected to yield better results for lignins containing high contents of $-O-4 bonds. Lignins
containing up to 93 % of substructures involved in B-O-4 bonds have been described (Martinez et al.
2008). Therefore, selecting suitable feedstocks and employing pretreatment methods preserving the
native lignin structure might allow improving product yields. Processes to effectively separate the
different components of lignocellulose into high purity sugars and native lignin streams like the vy-
valerolactone-based process have been developed recently (Luterbacher et al. 2014) and might deliver

lignins more suitable for depolymerization in the future.

One way to improve the biocatalytic process step would be to further reduce polymerization reactions.
This might be achieved by limiting phenoxy radical formation. Therefore, preventing direct oxidation
of lignin by the enzymes should be considered. One possibility might be shielding of the immobilized
enzymes with a soft organosilica layer as described recently (Correro et al. 2016). This would prevent
direct contact of the enzymes with lignin and only lower molecular weight compounds and redox-
mediators would be oxidized by the biocatalysts. Moreover, shielding of the enzymes might further
improve enzyme stability and thereby, potentially decrease process costs. However, applying such an
approach most likely reduces or prevents DMBQ production and would rather be suitable if the

production of lignin oligomers is targeted.

Regarding the chemical process for cleavage of oxidized B-O-4 side chains, alternatives to the formic
acid/formate treatment should be considered as well. For example, in a recent study C-O cleavage of
oxidized B-O-4 ether bonds was achieved by a zinc mediated depolymerization reaction in a 2-
methoxyethanol water mixture (Lancefield et al. 2015). Replacement of formic acid would be desirable
regarding consumable costs and corrosion caused by the acid which potentially increases equipment and
maintenance costs. Furthermore, higher lignin loadings should be targeted in order to reduce consumable

costs per lignin weight.

Separation and purification of low molecular weight products is a further topic needing additional
research. LLE extraction followed by organic solvent nanofiltration seems a promising approach to
obtain an oligomer and monomer fraction after lignin processing. In this regard suitable solvents should
be identified. At present most studies use EtAc. However, as pointed out by Vigneault et al. (2007),
EtAc might not be the ideal solvent since it has relatively high water solubility and degrades to acetic
acid and ethanol in aqueous solutions when it is heated making its recovery difficult. Therefore, other

solvents like vinyl acetate, n-butyl acetate, or methyl isobutyl ketone which allow easier separation and

171



10. Outlook

reuse of the organic phase should be considered as well. Further purification of single monomers might
be quite challenging and require several distillation, crystallization, and chromatography steps as shown
for the separation of 12 monomeric compounds (Vigneault et al. 2007). Therefore, purification of single
compounds might only be worthwhile if they have high added value and/or are produced at sufficiently
high yields.

Oligomeric fractions obtained after lignin processing might be used directly as additives in the
production of resins, adhesives, or lacquer. One potential application is the production of phenol
formaldehyde like resins in which phenol is partly replaced by the oligomeric compounds. Furthermore,
oligomers might be further upgraded by additional process steps like, e.g., hydrogenation,
hydrogenolysis, decarbonylation, and decarboxylation. Applying low molecular weight compounds in
such processes can be expected to lead to a reduction of coking and char formation and an increase in
conversion yields compared to directly using lignin (Rahimi et al. 2014). Additionally, separation of
products from heterogeneous catalysts should be facilitated as well (Rahimi et al. 2014).
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Al. Experimental matrices, response surface models, and results for the

optimization of enzyme immobilization on superparamagnetic particles

Al.l. Optimization regarding specific enzymatic activity

A 1V optimal design was chosen initially. 1V optimal designs minimize the integral of the prediction
variance across the design space, i.e., they are suitable for RSM where prediction is important. The
levels chosen initially for the different factors were 10 and 90 mg protein g* MP, 0.5 and 4 mmol
glutaraldehyde g* MP, 0.5 and 4 h protein adsorption time, 0.5 and 24 h glutaraldehyde reaction time,
and pH 5and 9 (Id 1-30 in Table A. 1). First results indicated that optimal conditions regarding specific
enzymatic activity of the biocatalysts were outside the chosen design space regarding protein and
glutaraldehyde amounts. Therefore, the design was augmented using Design Expert 8.0.7.1 software
(again choosing IV optimality) to extend the design space to include protein amounts up to 200 mg
protein g MP and glutaraldehyde amounts up to 8 mmol glutaraldehyde g* MP (Id 31-54 in Table A.
1). To include all available information on the design space in the model fitting, experiments conducted
between the augmentation of the design were included as well (Id 55-66 in Table A. 1). Protein amounts
given in Table A. 1 correspond to the actually applied protein amounts (calculated based on activity
measurements) and, therefore, deviate slightly from protein amounts suggested to be tested by the

design.

Table A. 1 Experimental results used for development of the response surface reduced cubic model
(adapted from Gasser et al. 2016)

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Response
A:Protein B:Glutaraldehyde C:Protein D:Glutaraldehyde Specific
Id amount amount adsorption time reaction time E:pH activity
mg g* MP mmol g* MP h h kU g! MP
1 72 0.50 2.50 24.0 5.90 2.27
2 71 2.40 0.50 15.5 7.30 3.56
3 21 0.50 1.00 0.5 9.00 0.51
4 25 0.50 0.50 222 5.00 1.81
5 49 2.18 2.50 225 9.00 2.82
6 75 3.25 0.50 22.1 5.00 4.27
7 9 4.00 0.50 24.0 9.00 0.84
8 76 4.00 1.20 24.0 8.90 3.67
9 86 4.00 3.30 0.5 5.00 4.10
10 11 0.50 4.00 24.0 7.70 0.61
11 10 4.00 3.10 24.0 5.00 1.15
12 10 4.00 4.00 7.6 9.00 0.87
13 64 1.88 4.00 14.1 5.00 3.67
14 97 4.00 4.00 24.0 7.80 5.17
15 58 2.39 4.00 0.5 7.10 2.43
16 52 4.00 1.70 12.5 7.00 3.68
17 73 0.50 0.50 19.2 8.80 1.58
18 45 4.00 1.70 12.5 7.00 321
19 67 1.88 4.00 14.1 5.00 3.76
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Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Response
A:Protein B:Glutaraldehyde C:Protein D:Glutaraldehyde Specific
Id amount amount adsorption time reaction time E:pH activity
mg g MP mmol g* MP h h kU g MP
20 87 0.89 0.80 2.0 5.80 2.40
21 57 2.18 2.50 225 9.00 2.69
22 13 2.09 1.70 12.7 7.00 0.78
23 10 3.96 0.50 239 5.80 1.15
24 90 0.50 3.80 7.8 9.00 1.16
25 55 2.39 4.00 0.5 7.10 2.45
26 10 0.76 2.80 11.7 9.00 0.42
27 86 1.36 2.80 7.9 6.70 2.82
28 87 3.35 1.00 0.5 9.00 3.19
29 13 0.50 3.20 0.5 5.00 0.48
30 13 2.09 1.70 12.7 7.00 1.19
31 132 0.50 2.58 17.1 5.00 0.40
32 120 3.77 0.50 13.7 9.00 3.57
33 121 7.92 4.00 15.1 7.00 2.39
34 121 7.92 4.00 15.1 7.00 2.57
35 97 6.99 0.50 24.0 9.00 241
36 114 6.99 0.50 24.0 8.00 3.14
37 157 6.99 0.50 24.0 9.00 331
38 179 8.00 0.50 24.0 8.00 2.79
39 210 4.44 2.30 10.3 6.97 3.19
40 198 0.50 4.00 24.0 9.00 1.99
41 203 0.50 4.00 0.5 5.00 0.64
42 191 0.50 0.50 0.5 8.22 1.20
43 209 8.00 3.13 0.5 9.00 3.81
44 44 8.00 1.68 18.6 5.00 2.21
45 213 4.44 2.30 10.3 6.97 2.71
46 16 8.00 4.00 0.5 5.00 1.38
47 98 8.00 2.15 0.6 6.70 2.62
48 13 8.00 4.00 24.0 9.00 0.90
49 12 8.00 0.50 0.5 8.60 1.02
50 181 2.00 1.38 24.0 5.48 2.22
51 189 8.00 0.50 0.5 5.00 2.86
52 196 8.00 4.00 24.0 5.00 3.36
53 179 3.70 0.50 22.7 7.29 3.59
54 37 8.00 1.68 18.6 5.00 2.16
55 129 6.21 4.00 24.0 9.00 4.78
56 136 6.21 4.00 24.0 9.00 4.52
57 141 6.21 4.00 24.0 9.00 4.45
58 77 5.51 4.00 24.0 5.00 3.16
59 71 5.51 4.00 24.0 5.00 3.24
60 75 5.51 4.00 24.0 5.00 3.01
61 97 4.71 0.50 24.0 9.00 4.22
62 102 4.71 0.50 24.0 9.00 4.00
63 102 4.71 0.50 24.0 9.00 4.00
64 103 4.90 0.50 24.0 9.00 4.44
65 107 4.90 0.50 24.0 9.00 4.33
66 105 4.90 0.50 24.0 9.00 4.63
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Table A. 2 ANOVA for response surface reduced cubic model (adapted from Gasser et al. 2016)

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 97.57 17 5.74 24,59 <0.0001
A-Protein amount 1.28 1 1.28 5.5 0.0232
B-Glutaraldehyde amount 0.71 1 0.71 3.03 0.088
C-Protein adsorption time 0.13 1 0.13 0.54 0.4662
D-Glutaraldehyde reaction time 0.94 1 0.94 4.02 0.0505
E-pH 3.7810° 1 3.7810° 0.016 0.8992
AB 6.83 1 6.83 29.28 <0.0001
BD 0.83 1 0.83 3.54 0.0661
BE 0.09 1 0.09 0.39 0.5367
CD 0.13 1 0.13 0.58 0.4513
CE 0.23 1 0.23 0.97 0.3294
DE 0.66 1 0.66 2.84 0.0986
A2 6.45 1 6.45 27.65 <0.0001
B2 15.33 1 15.33 65.69 < 0.0001
E2 0.68 1 0.68 2.93 0.0937
CDE 4.18 1 4.18 17.91 0.0001
BE?2 1.56 1 1.56 6.67 0.0129
A3 4.33 1 4.33 18.55 <0.0001
Residual 11.2 48 0.23
Cor Total 108.77 65
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Table A. 3 Final equation in terms of actual factors (units for the different factors are mg g-* MP, mmol
g! MP, h, and h for protein amount, glutaraldehyde amount, protein adsorption time, and glutaraldehyde
reaction time, respectively; adapted from Gasser et al. 2016)

Specific activity (kU g1 MP) =
-8.66272 (kU gt MP)
+0.081542 (kU g MP mg! protein g MP) * Protein amount
+2.62092 (kU gt MP mmol* g MP) * Glutaraldehyde amount
+1.38662 (kU g* MP hY) * Protein adsorption time
+0.20448 (kU g* MP h'!) * Glutaraldehyde reaction time
+1.84673 (kU g* MP) * pH
+2.15423 102 (kU g** MP mg™ protein g MP) * Protein amount * Glutaraldehyde amount
-4.69*10° (kU g* MP mmol* g MP h) * Glutaraldehyde amount
* Glutaraldehyde reaction time
-0.5561 (kU g* MP mmol* g MP) * Glutaraldehyde amount * pH
-0.09799(kU g* MP h?) * Protein adsorption time
* Glutaraldehyde reaction time
-0.21007 (kU g* MP h) * Protein adsorption time * pH
-0.025393 (kU g* MP h) * Glutaraldehyde reaction time * pH
-7.46114 10 (kU g MP mg protein g2 MP) * (Protein amount)?
-0.094961 (kU g* MP mmol2 g2 MP) * (Glutaraldehyde amount)?
-0.10783 (kU gt MP) * pH?
0.01455 (kU g* MP h2) * Protein adsorption time * Glutaraldehyde
reaction time * pH
0.040394 (kU g’ MP mmol* g MP) * Glutaraldehyde amount * pH?
+1.82968 10 (kU g* MP mg protein g* MP) * (Protein amount)®
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Al.2. Optimization regarding enzymatic stability

A second-degree polynomial model was fitted to each time point for every condition tested in the
stability experiments shown in Table A. 4. The influence of five factors on the residual enzymatic
stability was tested, i.e., protein amount, glutaraldehyde amount, protein adsorption time, glutaraldehyde
reaction time, and pH. Transformation of the results was conducted prior to fitting whenever
recommended by the software. Subsequently, all models were reduced to only contain significant
(p<0.05) factors and factors necessary to maintain model hierarchy using the step-wise automatic model

regression of the software.

For every condition tested, i.e., for every pH value, every solvent, NaNs, and H,O; the F values of the
models for the three time points tested, i.e., 1 day, 7 days, and 14 days were compared and the one with
the highest F value, i.e., the model for which the effect of the five factors on the residual stability was
predicted to be most relevant was selected for every condition. Selected time points were 1 day for pH
3, 7 days for MeOH and H2O,, and 14 days for pH 5, pH 7, pH 9 and NaNs. ANOVA tables for all the
selected models are shown in Table A. 5- Table A. 12 and the coefficients of the final equations in terms
of actual factors are shown in Table A. 14.

Based on the selected time points, desirability (D) was calculated for every condition tested according
to Eq. 3. For further explanation the reader is referred to 4.3.3.4.2. A second-degree polynomial model
was fitted and the same five factors were tested. Subsequently, the model was reduced to only contain
significant (p<0.05) factors and factors necessary to maintain model hierarchy using the step-wise
automatic model regression of the software. The ANOVA table is shown in Table A. 13 and the

coefficients of the final equation in terms of the actual factors are shown in Table A. 14,
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Table A. 4 Results of stability experiments conducted with biocatalysts produced using different formulations. The Id given in the first column corresponds to
the 1d given in Table A. 1, i.e., particles produced according to the formulation given in Table A. 1 were tested under the given conditions. Values are given as
apparent residual enzymatic activity of starting activities in %. Samples were taken after 1, 7, and 14 days. Experiments with acetone, MeOH, NaNs, and H,O,
were conducted at pH 7 (adapted from Gasser et al. 2016).

Id pH3 pH5 pH7 pH9 Acetone (30% MeOH (30% (v/v)) NaNs (100 pM) H202 (1 mM)
1d 7d 14d | 1d 7d 14d | 1d 7d 14d | 1d 7d 14d | 1d 7d 14d | 1d 7d 14d | 1d 7d 14d | 1d 7d 14d
1 29 1 0 82 75 51 95 90 76 29 10 4 40 14 22 60 31 6 68 60 51 73 54 54
2 49 7 0 102 76 69 98 92 89 60 35 14 64 29 35 85 53 21 93 64 89 82 70 50
3 30 4 1 86 54 61 69 67 56 33 11 7 39 13 18 56 23 5 83 52 51 72 53 47
4 25 1 0 86 68 43 81 69 59 34 10 4 49 15 21 66 30 6 74 52 50 65 37 42
5 71 7 1 86 71 56 102 85 88 74 32 17 55 21 22 73 39 15 96 71 92 78 66 59
6 72 7 0 104 87 69 108 107 103 52 - - 53 28 36 77 54 20 79 87 86 80 66 60
7 55 9 3 92 76 71 76 67 68 70 46 25 48 30 28 67 34 14 78 82 80 73 76 74
8 50 9 1 75 78 52 94 103 103 91 51 38 84 44 33 77 45 33 84 76 84 106 79 65
9 57 5 1 101 83 59 95 95 91 65 37 26 72 33 38 77 53 27 91 84 100 78 64 59
10 24 1 0 90 72 42 104 69 72 33 10 5 36 11 14 56 24 4 61 44 49 71 36 31
11 50 6 2 82 65 48 87 85 74 70 23 13 54 25 20 65 28 13 85 90 65 66 70 45
12 56 9 2 83 68 66 96 78 70 55 29 17 47 23 18 63 29 13 82 82 71 77 69 59
13 45 4 0 98 73 59 89 82 78 59 21 14 57 22 25 57 34 11 76 65 60 75 61 63
14 48 7 0 106 90 81 109 104 99 92 54 37 71 43 42 81 55 30 81 77 81 85 79 74
15 41 4 0 96 73 57 95 94 84 51 26 11 55 23 23 63 34 12 78 66 67 65 45 58
16 67 6 1 87 68 62 94 99 93 80 28 22 66 31 26 73 44 22 81 70 73 89 75 66
17 31 2 0 114 85 54 74 69 63 50 16 6 41 16 19 55 36 6 78 80 62 58 55 48
18 43 5 1 105 80 66 97 90 82 65 33 25 55 32 34 78 42 22 83 95 75 83 70 67
19 41 4 0 97 77 68 96 92 78 52 22 13 50 23 28 65 45 13 77 69 65 66 60 68
20 30 2 0 91 75 55 91 95 85 44 15 7 47 20 24 53 34 8 64 57 60 75 63 55
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Id pH3 pH5 pH7 pH9 Acetone (30% MeOH (30% (v/v)) NaNs (100 pM) H202 (1 mM)
1d 7d 14d 1d 7d 14d | 1d 7d 14d | 1d 7d 14d | 1d 7d 14d | 1d 7d 14d | 1d 7d 14d | 1d 7d 14d
21 53 8 1 85 72 55 90 93 88 71 33 22 57 35 27 60 40 17 98 95 77 85 68 65
22 47 4 1 74 63 53 90 78 64 71 28 11 49 26 21 58 35 12 69 78 67 83 54 59
23 54 5 1 84 62 48 92 98 80 47 28 17 48 20 23 64 33 12 71 65 76 66 47 57
24 34 3 0 78 75 44 73 73 62 38 11 5 42 14 19 68 35 6 69 66 50 86 69 51
25 42 4 0 109 60 65 93 81 77 45 24 13 53 29 22 62 34 14 84 78 63 77 66 50
26 42 5 0 84 78 46 97 67 68 32 10 6 40 17 13 61 25 6 69 62 38 58 38 42
27 39 2 0 97 67 52 95 94 78 42 17 10 49 22 23 66 39 9 67 63 69 73 64 34
28 90 12 3 80 70 68 103 99 95 82 41 30 87 49 27 77 44 35 75 89 80 99 99 90
29 24 1 0 81 62 39 113 69 58 21 7 3 55 19 17 53 29 6 51 30 32 61 35 28
30 40 6 1 94 78 74 99 84 76 49 24 13 56 23 24 72 41 13 52 48 72 86 44 50
31 13 0 0 65 25 15 73 55 48 23 8 5 29 8 14 46 20 5 28 21 15 71 52 38
32 43 4 1 95 62 45 104 103 94 73 50 44 78 45 51 81 54 39 94 92 77 94 82 77
33 33 3 1 87 50 35 103 91 88 55 31 25 61 30 35 64 38 25 88 79 60 93 77 64
34 30 3 1 86 53 33 104 95 85 54 32 23 55 31 35 64 38 26 100 90 66 92 72 61
35 42 4 1 95 62 42 107 98 87 76 53 46 85 52 44 78 46 44 107 96 69 97 88 76
36 34 3 1 88 54 37 97 92 85 62 42 32 71 41 39 71 42 33 88 83 65 94 74 61
37 40 4 1 96 64 45 108 100 99 70 47 41 75 48 43 84 47 37 86 81 62 89 87 82
38 34 3 1 89 52 38 101 93 88 62 41 30 69 41 38 72 43 31 90 78 61 93 82 67
39 31 2 1 86 46 33 88 76 76 39 21 16 54 22 27 55 25 23 88 79 58 86 81 64
40 15 1 0 80 40 25 80 69 62 33 18 12 43 14 25 53 23 14 76 70 56 84 80 70
41 9 0 0 64 26 15 79 71 66 22 11 8 30 9 19 37 19 6 81 67 48 78 70 53
42 13 1 0 85 38 20 90 72 69 34 13 9 35 11 23 52 22 7 74 59 44 82 71 64
43 36 3 1 84 45 31 93 81 79 63 42 31 66 31 31 67 40 31 73 73 62 86 86 80
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Id pH3 pH5 pH7 pH9 Acetone (30% MeOH (30% (v/v)) NaNs (100 pM) H202 (1 mM)
1d 7d 14d | 1d 7d 14d | 1d 7d 14d | 1d 7d 14d | 1d 7d 14d | 1d 7d 14d | 1d 7d 14d | 1d 7d 14d

44 31 2 1 95 50 29 96 79 7 45 25 20 47 19 26 55 26 16 86 75 59 91 80 66
45 25 2 0 88 46 32 88 72 72 45 21 21 50 21 24 59 24 17 80 63 49 83 68 58
46 24 1 1 85 43 28 109 79 74 36 20 14 38 15 15 45 19 12 83 70 58 86 72 59
47 37 2 1 86 54 31 88 75 77 43 24 18 55 23 25 60 27 20 77 66 57 92 82 73
48 26 2 1 80 49 30 100 75 72 54 35 35 54 24 26 62 28 23 76 74 74 69 49 42
49 26 2 0 91 55 38 98 78 77 55 24 22 47 20 31 61 24 22 79 71 60 86 68 65
50 22 1 0 77 42 29 94 82 71 37 17 16 45 16 23 53 24 16 72 64 55 76 69 55
51 35 2 1 88 49 35 103 79 82 40 21 17 48 21 29 64 29 21 73 63 53 80 68 53
52 25 2 1 78 43 28 88 71 70 39 20 21 46 19 24 55 24 18 68 63 47 78 76 66
53 34 2 1 77 45 30 96 79 74 49 27 23 55 28 40 66 39 26 71 66 50 84 88 73
54 30 2 0 84 45 28 95 80 78 45 25 23 46 19 23 53 23 17 75 67 56 90 76 66
67* | 43 6 1 94 80 60 86 83 82 53 24 13 50 23 25 64 39 11 73 73 64 72 52 55

*) particles were produced with 9 mg g* protein, 4 mmol g* glutaraldehyde at pH 5 with 0.5 h protein adsorption time and 0.5 h glutaraldehyde reaction time.
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Table A. 5 ANOVA for response surface reduced quadratic model for residual activities of biocatalysts
after incubation at pH 3 for 1 d (adapted from Gasser et al. 2016).

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 1.65 8 0.21 40.24 <0.0001
A-Protein amount 0.3 1 0.3 57.54 <0.0001
B-Glutaraldehyde amount 0.22 1 0.22 42.75 <0.0001
E-pH 0.031 1 0.031 5.99 0.0182
AB 0.25 1 0.25 48.63 <0.0001
BE 0.023 1 0.023 4.46 0.0402
A? 0.17 1 0.17 32.57 <0.0001
B? 0.74 1 0.74 143.9 < 0.0001
E2 0.024 1 0.024 4.69 0.0355
Residual 0.24 46 5.14 10°®
Cor Total 1.89 54

Table A. 6 ANOVA for response surface reduced quadratic model for residual activities of biocatalysts
after incubation at pH 5 for 14 d (adapted from Gasser et al. 2016).

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 63.26 5 12.65 32.45 < 0.0001
A-Protein amount 18.85 1 18.85 48.36 < 0.0001
B-Glutaraldehyde amount 0.074 1 0.074 0.19 0.6645
AB 9.37 1 9.37 24.03 < 0.0001
A? 5.21 1 521 13.37 0.0006
B? 21.05 1 21.05 53.98 < 0.0001
Residual 19.1 49 0.39
Cor Total 82.36 54
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Table A. 7 ANOVA for response surface reduced quadratic model for residual activities of biocatalysts
after incubation at pH 7 for 14 d (adapted from Gasser et al. 2016).

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 4902.4 4 1225.6 22.28 < 0.0001
A-Protein amount 42.59 1 42.59 0.77 0.3831
B-Glutaraldehyde amount 1438.9 1 1438.9 26.16 <0.0001
A? 1578.62 1 1578.62 28.7 < 0.0001
B? 1920.84 1 1920.84 34.92 < 0.0001
Residual 2750.15 50 55
Cor Total 7652.54 54

Table A. 8 ANOVA for response surface reduced quadratic model for residual activities of biocatalysts
after incubation at pH 9 for 14 d (adapted from Gasser et al. 2016)

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 78.52 8 9.82 59.62 < 0.0001
A-Protein amount 0.95 1 0.95 5.78 0.0204
B-Glutaraldehyde amount 42.99 1 42.99 261.13 < 0.0001
D-Glutaraldehyde reaction 1.03 1 1.03 6.27 0.0159
time
E-pH 8.01 1 8.01 48.67 < 0.0001
BE 1.34 1 1.34 8.13 0.0066
A? 2.89 1 2.89 17.55 0.0001
B2 15.57 1 15.57 94.57 <0.0001
E2 1.89 1 1.89 11.49 0.0015
Residual 7.41 45 0.16
Cor Total 85.93 53
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Table A. 9 ANOVA for response surface reduced quadratic model for residual activities of biocatalysts

after incubation in 30 % (v/v) acetone for 14 d (adapted from Gasser et al. 2016).

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 3.45 6 0.58 71.57 < 0.0001
A-Protein amount 0.094 1 0.094 11.69 0.0013
B-Glutaraldehyde amount 1.96 1 1.96 244.1 < 0.0001
E-pH 0.19 1 0.19 23.92 < 0.0001
BE 0.036 1 0.036 4.48 0.0395
A2 0.19 1 0.19 23.89 < 0.0001
B? 0.81 1 0.81 100.66 < 0.0001
Residual 0.39 48 8.04 10°®
Cor Total 3.84 54

Table A. 10 ANOVA for response surface reduced quadratic model for residual activities of biocatalysts
after incubation in 30 % (v/v) MeOH for 7 d (adapted from Gasser et al. 2016).

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 0.03 10 2.99 103 22.52 < 0.0001
A-Protein amount 1.35103 1 1.35103 10.18 0.0026
B-Glutaraldehyde amount 1.4310°3 1 1.4310°3 10.78 0.002
C-Protein adsorption time 1.4510* 1 1.4510* 1.09 0.3016
E-pH 2.20 10 1 2.2010°® 16.58 0.0002
AB 4.46 103 1 4.46 103 33.61 < 0.0001
AE 1.37 103 1 1.37 103 10.29 0.0025
BE 6.83 10* 1 6.83 10* 5.15 0.0282
A? 9.02 103 1 9.02 10° 67.95 < 0.0001
B2 7.66 107 1 7.66 10 57.68 < 0.0001
c? 7.01 10* 1 7.01 10* 5.28 0.0264
Residual 5.8410° 44 1.3310*
Cor Total 0.036 54
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Table A. 11 ANOVA for response surface reduced quadratic model for residual activities of biocatalysts
after incubation in 1 mM H,O, for 7 d (adapted from Gasser et al. 2016).

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 8492.1 6 1415.35 22.46 < 0.0001
A-Protein amount 1705.85 1 1705.85 27.07 <0.0001
B-Glutaraldehyde amount 1799.07 1 1799.07 28.55 <0.0001
E-pH 682.91 1 682.91 10.84 0.0019
AB 520.72 1 520.72 8.26 0.006
A2 632.21 1 632.21 10.03 0.0027
B? 802.7 1 802.7 12.74 0.0008
Residual 3024.36 48 63.01
Cor Total 11516.5 54

Table A. 12 ANOVA for response surface reduced quadratic model for residual activities of biocatalysts
after incubation in 100 uM NaNs for 7 d (adapted from Gasser et al. 2016).

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 7835.45 7 1119.35 11.86 < 0.0001
A-Protein amount 995.20 1 995.20 10.55 0.0022
B-Glutaraldehyde amount 1006.08 1 1006.08 10.66 0.002
D-Glutaraldehyde reaction time 33.97 1 33.97 0.36 0.5514
E-pH 483.19 1 483.19 5.12 0.0283
AD 445.05 1 445.05 4.72 0.035
A? 1000.46 1 1000.46 10.60 0.0021
B? 4048.65 1 4048.65 42.91 < 0.0001
Residual 4434.88 47 94.36
Cor Total 12270.32 54
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Table A. 13 ANOVA for response surface reduced quadratic model for overall stability of the
biocatalysts taking into account all the tested conditions (adapted from Gasser et al. 2016).

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 0.54 7 0.077 51.69 < 0.0001
A-Protein amount 3.36 103 1 3.36 103 2.27 0.1388
B-Glutaraldehyde amount 0.16 1 0.16 109.3 < 0.0001
E-pH 0.048 1 0.048 32.34 < 0.0001
AB 7.20 103 1 7.20 103 4.86 0.0326
A? 0.086 1 0.086 58.36 < 0.0001
B? 0.23 1 0.23 156.53 < 0.0001
E2 8.19 103 1 8.19 10°° 5.53 0.0231
Residual 0.068 46 1.48 103
Cor Total 0.6 53
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Table A. 14 Summary of the coefficients of the final equations in terms of actual factors of the different response surface reduced quadratic models for residual
activities of biocatalysts. The factors are A- protein amount (mg g* MP), B- glutaraldehyde amount (mmol g* MP), C- protein adsorption time (h), D-
glutaraldehyde reaction time (h), and E- pH (adapted from Gasser et al. 2016).

Log(pH31d) <pHS514d)= pH714d= (pPH914d)= Log(Acetone  1/N(MeOH7d)  NaN;14d = H,0,7d = Overall
= 14d )= = stability
1.72727 6.80922 50.46417 5.4266 0.40883 0.16186 20.07045 13.85614 0.34549
A 6.111310% -3.08426 10" 0.30836 0.016266 4.2359810-3  -1.51605 10 0.24558 0.36467 2.04409 107
B 0.18668 0.62897 10.42592 0.89197 0.20648 -8.44388 10 14.0763 9.58631 0.11156
C 0.013988
D 0.015174 0.41033
E -0.13892 -1.44887 0.014054 4.22322 107 1.89765 2.24507 -0.83305
AB  3.60098 10 2.19323 107 -4.81497 10 -0.01637 6.11286 10
A -4.40691 1073
D
AE -4.82237 10"
BE  -4.52310 10° 0.034626 566690 10°  -7.87129 10
A2 -14677310°  -8.13977105  -1.416110°  -6.1929810°  -1.5636310°  3.3998210°  -1.1446110°  -8.9700910%  -1.06736 10
B2 -0.02021 -0.10505 -1.00349 -0.094778 -0.02072 2.05458 1073 -1.46869 -0.65013 -0.011492
c? -2.84114 10 7.32145 107
E? 0.012387 0.11107
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Table A. 15 Predicted optimal biocatalyst formulation and predicted specific activities and residual enzymatic activities by the different models to obtain
biocatalysts with highest residual activity in corresponding conditions and prediction for biocatalyst formulation to obtain biocatalysts with overall optimal
stability in all tested conditions (adapted from Gasser et al. 2016).

Glutara Protein Glutara

Protein Specific pH5 pH7 pH?9 Aceton  MeOH NaNs3 H,0,
adsorpt Idehyde
Model mount dehyde adsorp Y PH  aetiviy PH31d Tiuq 14d 14d  e1ad  7d 14d 7d
amount 1on reactio
time n time
mgg®  mmol kU g* 0 9 9 9 9 9 9 0
MP gl MP h h MP % % % % % % % %
pH 3 73 4.26 0.5* 24.0* 9 3.73 65.1 61 91.6 36.2 30.4 52.8 84.4 79.9
pH5 45 3.46 0.5* 24.0* 9* 2.99 62.7 62.3 85.5 28.9 21.7 44.3 82.1 71.4
pH7 109 5.19 0.5* 24.0* 9= 3.87 61.6 56 94.3 42 38.9 59 82.1 86.1
pH 9 131 6.35 0.5* 24 9 3.66 52.5 48.4 92.3 44 41.8 57.4 75.8 87.5
Acetone 135 6.21 0.5* 24.0* 9 3.66 52.9 48.6 92.3 44 41.9 57.8 75.7 87.7
MeOH 123 5.22 0.5 24.0* 9 3.78 59.7 54.3 94 42.4 39.8 59.6 80.3 87.2
NaN3 61 4.79 0.5* 24 9 3.57 63.7 59.8 90.9 37.2 31.1 49.8 85 79.2
H20> 154 5.44 0.5* 24.0* 9 3.55 53.1 48.8 91.4 42.6 40.2 56.9 74.6 88.1
Overall =4, 515  05%  24.0* 9 386 616 56 943 419 388  50.1 82 86.2
stability

*) Insignificant factors for the corresponding model; these factors were set to the specified value to predict the other residual activities and the specific
activity.
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A2. Experimental matrices, response surface models, and results for lignin

experiments in organic solvent buffer mixtures

Table A. 16 ANOVA results of the two factor interaction model fitted to the results of the experiment
testing the influence of different organic co-solvents and different enzyme mixtures on the AMF.

Sum of

Source Squares df Mean Square F value p-value

Model 1.209 108 30 4.030 10° 2.50 0.0879
A-Solvent 3.533 107 4 8.832 10° 5.49 0.0200
B-MnP 1.537 10° 1 1.537 10° 0.096 0.7651
C-LiP 6.281 10° 1 6.281 10° 3.90 0.0836
D-HRP 1.465 10° 1 1.465 10° 0.91 0.3680
E-Laccase 2.820 107 1 2.820 107 17.53 0.0031
AB 5.582 10° 4 1.396 10° 0.87 0.5230
AC 4.678 10° 4 1.170 10° 0.73 0.5979
AD 5.338 10° 4 1.334 10° 0.83 0.5424
AE 1.393 107 4 3.481 10° 2.16 0.1639
BC 2338.20 1 2338.20 1.453 10° 0.9705
BD 1.684 10° 1 1.684 10° 0.10 0.7546
BE 1.649 10° 1 1.649 10° 0.10 0.7570
CD 3.965 10° 1 3.965 10° 0.25 0.6329
CE 5.682 10° 1 5.682 10° 0.35 0.5687
DE 6.577 10° 1 6.577 10° 0.41 0.5404

Residual 1.287 107 8 1.609 10°
Lack of Fit 8.132 10° 5 1.626 10° 1.03 0.1196
Pure Error 4,738 10° 3 1.579 10°

Table A. 17 ANOVA results of the reduced model fitted to the results of the experiment testing the

influence of different organic co-solvents and different enzyme mixtures on the AMF.

Sum of

Source Squares df Mean Square F value p-value
Model 9.102 107 10 9.102 10° 5.96 < 0.0001
A-Solvent 4.478 10’ 4 1.120 10’ 7.33 0.0004
C-LiP 1.040 107 1 1.040 107 6.81 0.0144
E-Laccase 2.235 107 1 2.235 107 14.64 0.0007
AE 2.026 10’ 4 5.065 10° 3.32 0.0241
Residual 4.275 107 28 1.527 10°

Lack of Fit 3.801 10’ 25 1.520 10° 0.96 0.6075
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Table A. 18 Design matrix and results of experiments conducted to test the influence of different organic

co-solvents and enzyme mixtures on the AMF after treatment of OL.

Sum of areas of
Factors monomer fraction
(AMF)
(284 -308 nm) [mAU]
Co-solvent LiP HRP MnP TvL | Observed  Predicted
Experiments of D-optimal design
- - - - 2,089 1,802
+ - + - 3,254 2,873
No organic co-solvent - + + - 2,857 1,802
+ + - - 1,149 2,873
- + - + 4,191 4,192
- - - - 2,712 4,764
- - - - 3,382 4,764
+ - + - 5,498 5,835
DMSO 30% (v/v) - + + - 4,871 4,764
+ + - - 6,215 5,835
+ + + - 9,117 5,835
- - - + 10,346 10,346
- - - - 5,628 4,772
- - - - 2,797 4,772
- - + - 3,798 4,772
+ - - - 6,347 5,843
+ - + - 5,911 5,843
2-Propanol 30% (v/v) - + - - 7,181 4,772
- + + - 5,875 4,772
+ + - - 5,420 5,843
+ + + - 6,681 5,843
- - + + 6,098 5,200
+ + - + 5,372 6,271
- - - - 5,114 4,106
- - + - 4,315 4,106
+ - + - 4,383 5177
?\;}\\il)ethoxyethanol 30% i + + i 3.185 4106
+ + - - 5,675 5177
+ - + + 5,444 5,347
- + + + 4,178 4,276
- - - - 4,782 4,880
. - - - 3,775 4,880
- - + - 4,655 4,880
+ - - - 6,411 5,950
+ - + - 5,018 5,950
MeOH 30% (v/v) X + ) i 7,090 4.880
- + + - 5,233 4,880
+ + + - 5,282 5,950
- - - + 8,336 7,597
+ + + + 7,927 8,667
Validation experiments
- - - - 5,021 4,764
DMSO 30% (viv) ] + ] + 9,711 10,346

(+) The corresponding enzyme is applied to the reaction mixture. Enzymes were applied at a concentration of,
50.0, 8.3, 16.7, and 16.7 mg protein per L for LiP, HRP, MnP, and laccase respectively in the enzyme feed
solution.

(-) The corresponding enzyme is not applied to the reaction mixture
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Table A. 19 Design matrix and results of experiments conducted to test the influence of pH and enzyme

mixtures on the AMF after treatment of OL.

Factors Sum of areas of monomer fraction (AMF)
(276 -308 nm) [mAU]
LiP HRP TVL Cubic model  Reduced model
pH [U per well] [U perwell]  [U per well] Observed prediction prediction
Experiments conducted for model fitting
3 0.21 6.00 0.75 5,627 4,874 4,664
3 0.00 6.00 0.00 3,563 4,092 4,154
3 0.11 3.00 0.38 5,957 5,724 5,731
3 0.00 2.55 0.75 7,143 6,144 5,969
3 0.21 0.00 0.75 5,877 6,687 7,086
3 0.21 2.52 0.00 5,911 6,313 5,903
3 0.00 6.00 0.00 4,358 4,092 4,154
3 0.00 0.00 6.00 6,950 7,280 6,851
3 0.50 3.00 0.00 6,697 6,512 5,791
3 0.25 0.00 0.00 6,633 6,381 7,122
3 0.00 3.00 0.00 3,355 5,262 5,587
3 0.50 0.00 6.00 6,519 6,280 7,056
3 0.50 6.00 6.00 6,788 6,772 7,745
3 0.00 6.00 6.00 8,038 8,001 7,540
3 0.50 6.00 3.00 6,810 7,171 6,052
3.32 0.00 1.90 0.33 7,592 5,805 6,309
4 0.13 1.50 3.00 6,597 7,222 6,533
4 0.00 0.80 0.50 7,770 7,004 7,396
4 0.00 3.00 0.15 7,662 7,000 6,956
4 0.00 0.80 0.15 7,234 6,960 7,430
4 0.00 3.00 0.50 6,100 7,131 6,960
4.1 0.00 3.87 6.00 7,477 7,400 7,174
4.1 0.00 0.00 6.00 7,484 7,124 6,908
4.5 0.00 0.00 0.45 8,145 8,130 8,142
45 0.21 2.59 0.52 8,012 7,387 6,737
5 0.21 6.00 0.28 5,476 5,756 7,493
5 0.08 6.00 0.75 6,632 6,615 8,244
5 0.25 6.00 3.00 6,441 6,261 7,055
5 0.50 0.00 0.00 6,327 6,480 5,627
5 0.25 3.00 6.00 6,938 7,166 6,720
5 0.25 3.00 0.00 8,139 8,339 7,202
5 0.13 1.50 1.50 6,909 7,284 7,744
5 0.00 3.75 0.33 8,960 9,079 8,678
5 0.00 1.90 0.33 8,390 8,718 8,619
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Factors Sum of areas of monomer fraction (AMF)
(276 -308 nm) [mAU]

LiP HRP TVL Cubic model  Reduced model
pH [U per well] [U perwell]  [U per well] Observed prediction prediction
5 0.00 1.90 0.33 7,475 8,718 8,619
5 0.00 1.90 0.33 8,731 8,718 8,619
5 0.00 1.90 0.03 9,146 8,848 8,643
5 0.00 0.05 0.33 7,906 8,787 8,560
5 0.00 1.90 0.33 8,623 8,718 8,619
5 0.00 1.90 0.33 8,364 8,718 8,619
5.5 0.13 0.00 0.75 8,313 7,069 7,804
6 0.00 2.61 0.00 10,516 9,072 8,406
6 0.00 2.61 0.00 9,837 9,072 8,406
6 0.10 3.69 0.37 7,940 7,995 8,255
6 0.13 1.50 1.50 6,284 6,646 7,637
6 0.13 3.00 1.50 8,122 7,384 7,955
6 0.00 0.80 0.15 7,775 8,244 7,902
6 0.00 3.00 0.15 8,200 9,131 8,517
6 0.00 0.80 0.50 7,790 7,976 7,939
6 0.00 3.00 0.50 9,622 8,887 8,515

6.68 0.00 1.90 0.33 5,294 5,926 5,751
7 0.21 0.00 0.00 2,247 2,661 2,722
7 0.21 3.42 0.75 4,418 4,988 4,719
7 0.07 0.00 0.28 1,808 1,789 2,782
7 0.14 6.00 0.00 4,330 4,900 5,929
7 0.00 0.00 0.75 2,456 2,404 2,992
7 0.00 6.00 0.50 4,864 6,109 5,810
7 0.21 3.42 0.75 4,716 4,988 4,719
7 0.21 0.00 0.00 3,227 2,661 2,722
7 0.00 0.00 6.00 5,871 5,818 5,785
7 0.50 0.00 6.00 5,745 5,960 6,089
7 0.25 3.00 3.00 6,033 5,391 5,073
7 0.50 6.00 6.00 5,799 5,715 5,770
7 0.00 6.00 0.00 8,283 6,616 5,841
7 0.50 6.00 0.00 6,606 6,486 6,145
7 0.50 0.00 3.00 4,748 4,681 4,492
7 0.00 6.00 6.00 5,544 5,627 5,466
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Factors Sum of areas of monomer fraction (AMF)
(276 -308 nm) [mAU]
LiP HRP TVL Cubic model  Reduced model
pH [U per well] [U per well] [U per well] Observed prediction prediction
Experiments conducted for verification
3 0.39 3.48 4.28 8,073 12,314 6,867
3 0.39 3.48 4.28 7,415 12,314 6,867
3 0.39 3.48 4.28 7,542 12,314 6,867
3 0.39 0 4.28 8,091 9,605 7,059
3 0.39 0 4.28 8,824 9,605 7,059
3 0.39 0 4.28 8,685 9,605 7,059
3 0.37 0 3.88 9,314 9,702 7,062
3 0.37 0 3.88 8,911 9,702 7,062
3 0.37 0 3.88 9,017 9,702 7,062
3 0.5 0 6 7,217 6,280 7,056
3 0.5 0 6 8,442 6,280 7,056
3 0.5 0 6 9,002 6,280 7,056
5.62 0 0 6 8,369 8,776 8,610
5.62 0 0 6 8,441 8,776 8,610
5.62 0 0 6 7,785 8,776 8,610
571 0 6 0 9,648 9,418 9,530
571 0 6 0 9,107 9,418 9,530
571 0 6 0 9,853 9,418 9,530
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Table A. 20 ANOVA results of the cubic model fitted to the results of the experiment testing the
influence of pH and different enzyme mixtures on the AMF.

Source Sum of Squares df Mean Square F value p-value
Model 1.896 108 34 5.578 106 6.13 <0.0001
A-LiP 7.469 10° 1 7.469 10° 0.82 0.3718
B-HRP 1.093 10° 1 1.093 10° 0.12 0.7313
C-Laccase 4514 10* 1 4,514 10* 0.050 0.8252
D-pH 2.772 10° 1 2.772 10° 0.30 0.5849
AB 8.353 10° 1 8.353 10° 0.92 0.3453
AC 8.590 10* 1 8.590 10* 0.094 0.7607
AD 1.221 108 1 1.221 108 1.34 0.2555
BC 3.792 10* 1 3.792 10* 0.042 0.8396
BD 4.447 108 1 4.447 108 4.88 0.0344
CD 2.236 106 1 2.236 106 2.46 0.1269
A2 1.785 10* 1 1.785 10* 0.020 0.8895
B? 2.621 106 1 2.621 106 2.88 0.0994
C? 1.040 10° 1 1.040 10° 1.14 0.2933
D? 3.857 10° 1 3.857 10° 0.42 0.5198
ABC 5.482 10° 1 5.482 10° 0.60 0.4435
ABD 4,329 1 4,329 4,755 10 0.9455
ACD 1.005 10° 1 1.005 10° 0.11 0.7419
BCD 7.871 106 1 7.871 106 8.65 0.0060
AB 6,522 1 6,522 7.164 103 0.9331
A2C 1,762 1 1,762 1.93510° 0.9652
AD 2.024 106 1 2.024 106 2.22 0.1458
AB? 1.187 108 1 1.187 108 1.30 0.2620
AC? 8.392 10* 1 8.392 10* 0.092 0.7634
AD? 4.634 108 1 4.634 108 5.09 0.0310
B2C 2.878 10* 1 2.878 10* 0.032 0.8600
B?D 1.741 10* 1 1.741 10* 0.019 0.8909
BC? 2.073 10° 1 2.073 10° 0.23 0.6365
BD? 2.243 106 1 2.243 106 2.46 0.1263
CD 2.448 106 1 2.448 106 2.69 0.1108
CD? 3.817 106 1 3.817 106 4.19 0.0489
A3 1.644 108 1 1.644 108 181 0.1885
B? 6.171 10° 1 6.171 10° 0.68 0.4164
cs 3.02110° 1 3.02110° 0.33 0.5686
D3 9.274 106 1 9.274 106 10.19 0.0032

Residual 2.913 107 32 9.104 10°
Lack of Fit 2.708 107 24 1.128 106 4.40 0.0179
Pure Error 2.052 106 8 2.565 10°
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Table A. 21 ANOVA results of the reduced model fitted to the results of the experiment testing the
influence of pH and different enzyme mixtures on the AMF.

Source Sum of Squares df Mean Square F value p-value
Model 1.672 108 13 1.286 107 13.21 <0.0001
A-LiP 1.358 107 1 1.358 107 13.95 0.0005
B-HRP 2.545 10° 1 2.545 105 0.26 0.6113
C-Laccase 4.038 10° 1 4.038 10° 0.41 0.5223
D-pH 9.640 106 1 9.640 106 9.90 0.0027
AD 1.109 10* 1 1.109 10* 0.011 0.9154
BC 58.29 1 58.29 5.988 10°° 0.9939
BD 9.051 106 1 9.051 106 9.30 0.0036
CD 5.203 10* 1 5.203 10* 0.053 0.8181
D? 7.374 108 1 7.374 10° 7.57 0.0081
BCD 1.461 107 1 1.461 107 15.00 0.0003
AD? 1.138 107 1 1.138 107 11.69 0.0012
CD? 4.846 108 1 4.846 10° 4.98 0.0299
D3 1.575 107 1 1.575 107 16.18 0.0002

Residual 5.159 107 53 9.735 10°
Lack of Fit 4,954 107 45 1.101 108 4.29 0.0174
Pure Error 2.052 106 8 2.565 10°
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Table A. 22 Coefficients of the final equations in terms of the actual factors for the cubic and the reduced

model
Coefficient estimate

Factor Cubic model Reduced model
Intercept 23,895 36,839
A-LiP 35,566 38,778
B-HRP 484 -1,042
C-Laccase 4,790 -418
D-pH -16,814 -23,018
AB 2,290 -
AC 548 -490
AD -20,963 -17,284
BC 307 213
BD -548 250
CD -1,730 160
A? 71,128 -
B? 228 -
o -124 -
D? 4,746 5,555
ABC 129 -
ABD 14 -
ACD -89 -
BCD -41 -49
A’B 275 -
A2C 239 -
AD 7,495 -
AB? -553 -
AC? -124 -
AD? 1,832 1,732
B?C ) -
BD 5 -
BC? -16 -
BD? 73 -
CD 85 -
CD? 126 -
A3 -143,611 -
B® -33 -
c? -34 -
D3 -396 -426
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Table A. 23 Experimental setups conducted with LME immobilized on fsNP in 30 % (v/v) DMSO and
70 % PB buffer of the corresponding pH at an initial OL concentration of 0.263 g L™ lasting 20 h.

pH TVL-fsNP HRP-fsNP AMF (276 -308 nm)
uLt uL? [mAU]
Central composite design
5.00 0.33 1.90 9,745
5.00 0.62 1.90 9,400
5.00 0.33 3.75 9,135
4.00 0.50 0.80 9,185
5.00 0.33 1.90 10,582
6.00 0.15 0.80 10,109
6.00 0.15 3.00 9,717
6.00 0.50 0.80 9,262
5.00 0.33 1.90 10,518
4.00 0.15 3.00 9,816
4.00 0.15 0.80 10,288
3.32 0.33 1.90 10,073
5.00 0.33 1.90 10,282
5.00 0.03 1.90 9,663
4.00 0.50 3.00 9,064
5.00 0.33 0.05 9,885
6.68 0.33 1.90 7,071
5.00 0.33 1.90 9,625
6.00 0.50 3.00 9,833
5.00 0.33 1.90 9,959
Control experiments
4.00 0.00 0.00 5,534
5.00 0.00 0.00 5,497
6.00 0.00 0.00 5,426
6.68 0.00 0.00 4,200
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A3. Supplementary results for lignin treatments

Table A. 24 Yields of major low molecular weight compounds in wt%o of initially applied lignin after
different treatment steps of sequential treatments (+ standard deviation, n=3). For details of different

treatments see paragraph 7.3.1.

Lignin  Treatment Compound Yield (wt%o)
After 1ststep  After 2" step Total

oL Control Vanillic acid 0.90+0.06 0.90+0.06
Syringic acid 0.15+0.01 2.33+0.09 2.47+0.09
Vanillin 0.47+0.06 1.56+0.15 2.03+0.16
Syringaldehyde 1.40+0.02 5.73+0.51 7.13+£0.54
Acetovanillone 0.47+0.03 0.47+0.03
Acetosyringone 0.17+0.01 0.17+£0.01
TVL-MP Vanillic acid 0.90+0.06 0.90+0.06
HBT Syringic acid 2.31+0.09 2.31+0.09
Vanillin 1.6440.15 1.64+0.15
Syringaldehyde 5.78+0.51 5.78+0.51
Acetovanillone 0.44+0.03 0.44+0.03
Acetosyringone 0.17+0.01 0.17+0.01
DMBQ 1.84+0.06 1.84+0.06
TVL-MP Vanillic acid 1.06+0.06 1.06+0.06
TEMPO Syringic acid 2.76x0.09 2.76x0.09
Vanillin 0.07+0.00 2.07+0.15 2.15+0.22
Syringaldehyde 0.18+0.00 7.20£0.51 7.38+0.61
Acetovanillone 0.47+0.03 0.47+0.03
Acetosyringone 0.20+0.01 0.20£0.01
DMBQ 1.00£0.19 1.00+0.19
Control Vanillic acid 0.69+0.02 0.69+0.02
(30% (v/v)  Syringic acid 0.41+0.01 1.7340.05 2.13+0.03
MeOH) Vanillin 1.2940.03 0.67+0.00 1.96+0.03
Syringaldehyde 4.64+0.10 2.55+0.06 7.19+0.11
Acetosyringone 0.07+0.00 0.07+0.00
TVL-MP Vanillic acid 0.56+0.02 0.56+0.02
(30% (v/v)  Syringic acid 2.11+0.05 2.11+0.05
MeOH) Vanillin 0.03+0.00 0.84+0.01 0.88+0.01
Syringaldehyde 0.08+0.00 3.08+0.05 3.16+0.05
DMBQ 10.9940.18 10.99+0.18
W-SL Control Vanillic acid 0.19+0.01 1.05+0.04 1.24+0.04
Syringic acid 0.07+0.00 1.45+0.05 1.52+0.05
Vanillin 0.29+0.00 0.75+0.03 1.04+0.03
Syringaldehyde 0.09+0.00 1.13+0.02 1.22+0.02
Acetovanillone 0.26+0.01 0.26+0.01
Acetosyringone 0.10+0.00 0.66+0.01 0.77+0.01
4-hydroxybenzaldehyde 0.02+0.00 0.15+0.01 0.17+0.01
Ferulic acid 0.09+0.01 0.09+0.01
Guaiacol 0.61+0.02 0.61+0.02
Hydroxybenzoic acid 0.13+0.01 0.13+0.01
TVL-MP Vanillic acid 1.00£0.08 1.00£0.08
HBT Syringic acid 1.48+0.11 1.48+0.11
Vanillin 1.02+0.10 1.02+0.10
Syringaldehyde 1.37+0.11 1.37+0.11
Acetovanillone 0.14+0.01 0.14+0.01
Acetosyringone 0.64+0.04 0.64+0.04
4-hydroxybenzaldehyde 0.16+0.01 0.16+0.01
Guaiacol 0.24+0.01 0.24+0.01
Hydroxybenzoic acid 0.14+0.01 0.14+0.01
Hydroxyacetophenone 0.08+0.00 0.08+0.00
DMBQ 2.41+0.04 2.41+0.04
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Lignin  Treatment Compound Yield (wt%o)
After 15tstep  After 2™ step Total

TVL-MP Vanillic acid 1.3940.06 1.39+0.06
TEMPO Syringic acid 1.84+0.09 1.84+0.09
Vanillin 0.07+0.03 1.44+0.09 1.52+0.09
Syringaldehyde 1.58+0.12 1.58+0.12
Acetovanillone 0.14+0.01 0.14+0.01
Acetosyringone 0.76x0.03 0.76+0.03
4-hydroxybenzaldehyde 0.05+0.00 0.28+0.01 0.33+0.01

Guaiacol 0.16+0.01 0.16+0.01
Hydroxybenzoic acid 0.21+0.01 0.21+0.01
Hydroxyacetophenone 0.09+0.00 0.09+0.00

DMBQ 3.08+0.08 3.08+0.08

Control Vanillic acid 0.16+0.01 1.03+0.10 1.19+0.10
(30% (v/v)  Syringic acid 0.06+0.01 1.38+0.09 1.45+0.09
MeOH) Vanillin 0.44+0.00 0.78+0.06 1.21+0.06
Syringaldehyde 0.14+0.01 1.06+0.03 1.20+0.03
Acetovanillone 0.14+0.01 0.14+0.01
Acetosyringone 0.14+0.00 0.66+0.02 0.80+0.02
4-hydroxybenzaldehyde 0.04+0.00 0.10+0.02 0.15+0.02

Ferulic acid 0.16+0.01 0.16+0.01

Guaiacol 0.39+0.05 0.39+0.05
Hydroxybenzoic acid 0.11+0.02 0.11+0.02

TVL-MP Vanillic acid 1.05+0.04 1.05+0.04
(30% (v/v)  Syringic acid 1.52+0.06 1.52+0.06
MeOH) Vanillin 0.84+0.06 0.84+0.06
Syringaldehyde 1.05£0.04 1.05+0.04
Acetovanillone 0.12+0.01 0.12+0.01
Acetosyringone 0.64+0.02 0.64+0.02
4-hydroxybenzaldehyde 0.09+0.00 0.11+0.01 0.20+0.01
Hydroxybenzoic acid 0.13+0.00 0.13+0.00

DMBQ 3.40+0.01 3.4040.01

S-SL Control Vanillic acid 0.38+0.09 0.77+0.04 1.15+0.10
Syringic acid 0.17+0.03 1.01+0.05 1.18+0.06

Vanillin 0.47+0.10 0.56+0.03 1.03+0.10
Syringaldehyde 0.30+0.05 0.60+0.03 0.90+0.05
Acetovanillone 0.11+0.02 0.12+0.02 0.23+0.03
Acetosyringone 0.90+0.15 0.31+0.03 1.22+0.15
4-hydroxybenzaldehyde 0.04+0.01 0.12+0.02 0.16+0.02

Coumaric acid 1.04+0.18 1.04+0.18

Ferulic acid 0.39+0.06 0.39+0.06

Guaiacol 0.40+0.04 0.40+0.04
Hydroxybenzoic acid 0.14+0.00 0.14+0.00
Hydroxyacetophenone 0.07+0.01 0.06+0.00 0.12+0.01

TVL-MP Vanillic acid 0.69+0.07 0.69+0.07
HBT Syringic acid 1.03+0.12 1.03+0.12
Vanillin 0.71+0.03 0.71+0.03
Syringaldehyde 0.82+0.04 0.82+0.04
Acetovanillone 0.10+0.00 0.10+0.00
Acetosyringone 0.32+0.01 0.32+0.01
4-hydroxybenzaldehyde 0.14+0.03 0.14+0.03

Guaiacol 0.18+0.02 0.18+0.02
Hydroxybenzoic acid 0.32+0.01 0.19+0.01 0.51+0.01
Hydroxyacetophenone 0.17+0.00 0.05+0.01 0.22+0.01

DMBQ 1.95+0.03 1.95+0.03
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Lignin  Treatment Compound Yield (wt%o)
After 15tstep  After 2™ step Total

TVL-MP Vanillic acid 0.95+0.01 0.95+0.01
TEMPO Syringic acid 1.2140.01 1.21+0.01
Vanillin 0.11+0.10 0.88+0.07 0.99+0.12
Syringaldehyde 0.84+0.03 0.84+0.03
Acetovanillone 0.11+0.01 0.11+0.01
Acetosyringone 0.36+0.01 0.36+0.01
4-hydroxybenzaldehyde 0.16+0.03 0.24+0.03 0.40+0.04

Guaiacol 0.15+0.03 0.15+0.03
Hydroxybenzoic acid 0.04+0.08 0.25+0.01 0.30+0.08
Hydroxyacetophenone 0.20+0.01 0.06+0.01 0.25+0.01

DMBQ 2.55+0.06 2.55+0.06

Control Vanillic acid 0.17+0.00 0.91+0.03 1.07+0.03
(30% (v/v)  Syringic acid 0.17+0.00 1.16+0.08 1.3240.08
MeOH) Vanillin 0.76+0.02 0.70+0.02 1.45+0.03
Syringaldehyde 0.39+0.00 0.74+0.03 1.13+0.03
Acetovanillone 0.12+0.00 0.14+0.01 0.26x0.01
Acetosyringone 1.12+0.01 0.31+0.02 1.44+0.02
4-hydroxybenzaldehyde 0.13+0.00 0.15+0.01 0.28+0.01

Coumaric acid 1.36+0.00 1.36+0.00

Ferulic acid 0.56+0.01 0.56+0.01

Guaiacol 0.48+0.05 0.48+0.05
Hydroxybenzoic acid 0.16+0.01 0.16+0.01

TVL-MP Vanillic acid 1.02+0.06 1.02+0.06
(30% (v/v)  Syringic acid 1.2740.09 1.27+0.09
MeOH) Vanillin 0.77+0.05 0.77+0.05
Syringaldehyde 0.88+0.05 0.88+0.05
Acetovanillone 0.13+0.00 0.13+0.00
Acetosyringone 0.42+0.01 0.42+£0.01
4-hydroxybenzaldehyde 0.31+0.00 0.24+0.01 0.55+0.01
Hydroxybenzoic acid 0.25+0.02 0.25+0.02

DMBQ 3.06+0.01 3.0640.01

SW-SL  Control Vanillic acid 0.11+0.00 0.62+0.03 0.73+0.03
Vanillin 0.24+0.00 0.54+0.02 0.7840.02
Acetovanillone 0.24+0.01 0.56+0.00 0.80+0.01
4-hydroxybenzaldehyde 0.04+0.00 0.04+0.00

Guaiacol 0.46+0.01 0.46+0.01

TVL-MP Vanillic acid 0.96+0.08 0.96+0.08
HBT Vanillin 0.14+0.00 0.93+0.05 1.06+0.05
Acetovanillone 0.26+0.01 0.26+0.01
4-hydroxybenzaldehyde 0.08+0.00 0.08+0.00

TVL-MP Vanillic acid 0.77+0.02 0.77+0.02
TEMPO Vanillin 0.79+0.03 0.79+0.03
Acetovanillone 0.53+0.01 0.53+0.01
4-hydroxybenzaldehyde 0.08+0.00 0.08+0.00

Guaiacol 0.25+0.01 0.25+0.01

Control Vanillic acid 0.06+0.00 0.25+0.02 0.31+0.02
(30% (v/v)  Vanillin 0.26+0.01 0.23+0.03 0.49+0.03
MeOH) Acetovanillone 0.28+0.02 0.13+0.02 0.40+0.03
4-hydroxybenzaldehyde 0.02+0.01 0.02+0.01

Guaiacol 0.08+0.00 0.08+0.00

TVL-MP Vanillic acid 0.33+0.08 0.33+0.08
(30% (v/v)  Vanillin 0.32+0.01 0.30+0.07 0.62+0.07
MeOH) Acetovanillone 0.15+0.00 0.10+0.02 0.25+0.02
4-hydroxybenzaldehyde 0.04+0.00 0.02+0.01 0.06+0.01

Guaiacol 0.03+0.00 0.03+0.00
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Lignin  Treatment Compound Yield (wt%o)
After 15tstep  After 2™ step Total

W-SE Control Vanillic acid 0.19+0.01 1.0340.03 1.21+0.03
Syringic acid 0.11+0.00 1.2940.04 1.39+0.04

Vanillin 0.10+0.00 1.1940.02 1.29+0.02
Syringaldehyde 0.25+0.04 1.2040.04 1.45+0.05
Acetovanillone 0.06+0.02 0.17+0.01 0.23+0.02
Acetosyringone 0.38+0.02 0.38+0.02
4-hydroxybenzaldehyde 0.09+0.01 0.09+0.01

Coumaric acid 3.10+0.03 3.10+0.03

Ferulic acid 4.00£0.07 4.00£0.07
Hydroxybenzoic acid 0.12+0.00 0.12+0.00

TVL-MP Vanillic acid 0.95+0.08 0.95+0.08
HBT Syringic acid 1.4340.13 1.43+0.13
Vanillin 0.25+0.00 1.3740.14 1.62+0.14
Syringaldehyde 1.30£0.14 1.30£0.14
Acetovanillone 0.13+0.01 0.13+£0.01
Acetosyringone 0.31+0.01 0.31+£0.01
4-hydroxybenzaldehyde 0.16+0.00 0.11+0.01 0.27+0.01
Hydroxybenzoic acid 0.15+0.01 0.15+0.01

DMBQ 0.97+0.01 0.97+0.01

TVL-MP Vanillic acid 1.35+0.05 1.35+0.05
TEMPO Syringic acid 1.91+0.07 1.91+0.07
Vanillin 1.63+0.06 1.63+0.06
Syringaldehyde 1.48+0.05 1.48+0.05
Acetovanillone 0.14+0.00 0.14+0.00
Acetosyringone 0.33+£0.03 0.33+£0.03
4-hydroxybenzaldehyde 0.10+0.01 0.10+0.01
Hydroxybenzoic acid 0.22+0.06 0.22+0.06

DMBQ 1.43+0.05 1.43+0.05

Control Vanillic acid 0.94+0.01 0.94+0.01
(30% (v/v)  Syringic acid 0.13+0.01 1.16+0.04 1.28+0.04
MeOH) Vanillin 0.49+0.01 1.03+£0.01 1.52+0.02
Syringaldehyde 0.32+0.01 1.01+0.01 1.33+0.02
Acetovanillone 0.13+0.00 0.13+0.00
Acetosyringone 0.32+0.01 0.32+0.01
4-hydroxybenzaldehyde 0.06+0.00 0.06+0.01 0.12+0.01

Coumaric acid 4.10£0.10 4.10£0.10

Ferulic acid 5.66+0.14 5.66+0.14
Hydroxybenzoic acid 0.11+0.00 0.11+0.00

TVL-MP Vanillic acid 1.1740.13 1.1740.13
(30% (v/v)  Syringic acid 1.12+0.11 1.12+0.11
MeOH) Vanillin 0.41+0.01 1.3540.16 1.76+0.16
Syringaldehyde 1.27+0.20 1.27+0.20
Acetovanillone 0.10+0.00 0.10+0.00
Acetosyringone 0.19+0.01 0.19+0.01
4-hydroxybenzaldehyde 0.49+0.00 0.22+0.02 0.71+0.02

Coumaric acid 0.37+0.02 0.37+0.02

Guaiacol 0.11+0.02 0.11+0.02
Hydroxybenzoic acid 0.21+0.02 0.21+0.02

DMBQ 1.15+0.01 1.15+0.01
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A4,

Experimental matrices, response surface models, and results for sequential

lignin treatments

Table A. 25 Summary of the coefficients of the final equations in terms of actual factors of the different

response surface reduced quadratic models. The factors are A- enzymatic activity (U L?), B- HBT

concentration (mM), C- enzymatic reaction time (h), D- pH during enzymatic reaction, E- formic

acid/formate reaction time (h), and F- HCOONa concentration (g L). Yields and solubilities are given

in wt% of lignin initially added to the reaction. Molecular weights are given in Da (adapted from Gasser

etal. 2017).
Response
Solubility after ;rjw(slt)/llvuvb(:g EtAcsolubility ~ Monomer  Log(Mw after  Mw of EIAC ) jignin
enz. = material i\fter after FA = yle::d Aazfter FA treitment) extrg;:t :fter solubility)>®° =
enz.) =
+9.65244 +100.00754 +0.77737 -0.31232 +4.13639 +0.018778 -2506.05245
A +0.79651 +2.17860 -0.012634 +0.022040 -0.030939 +74.24300
B +4.62006 -1.17494 +0.011212 -0.047695 +4.59129 10 +515.72536
C -0.42106 -3.57265 +0.014412 -8.57478 10  +1.12677 10 +4.45027
D +0.74719 +5.54656 +0.25607 +0.077962 -0.015260 -3.24930 10 +474.22353
E +0.077642 +0.019748 +0.017261 -8.04278 10 +27.72506
F +1.45288 +0.012228 +0.016188 +2.50734 107 +188.06947
AB -3.82516
AC +4.53465 10
AD -3.51278 10°  +6.47272 1073
AE -4.47880 10°  -2.82821 10* +0.73591
AF -2.08920 103
BC
BD -0.37866 -48.04809
BE -2.99664 10
BF +1.41070 10°°
CD +0.78210 -1.2291010°  +1.36969 103 -6.63466
CE
CF -4.86266 10
DE +6.48922 10°° -4.48213
DF -0.14148 -24.02246
EF -2.83116 10
AZ
B? -0.20017 +4.34912 10 -15.03521
C?  +8.05835 107 -6.91463 10 +0.73458
D2
E? -1.70989 10
F2 -2.32899 104 -1.53939 10

201



Table A. 26 Experimental matrix and results used for fitting of the second-degree polynomial models (enz: enzymatic treatment; FA: formic acid/formate
treatment (adapted from Gasser et al. 2017).

Appendix

Factor 1 Factor 2 Factor3  Factor4  Factor5  Factor 6 Response 1 Response 2 Response 3 Response 4 Response 5 Response 6 Response 7
Id  Enz. activity HBT conc. wmwMHN_m: o:“O ﬂ_m._so amﬂwo: Ioo%:oo._/_m wﬂn_%_‘cm_u_u_w _:_,m\_%_,\ cwﬂ_m woﬂﬁ%mq V_\,_\_%mwﬂw jﬁwﬁ%”ﬂ» R%%%Mﬂmoﬂ ._.%%_mc_%@_w_\:
time enz. time : material after FA FA FA
after enz.

uL? mM h h gL? wt% Da wt% wt% Da Da wt%
1 15 1 4 5 42.1 55 27.1 21157 6.1 0.6 19475 994 33.2
2 10.3 10 48 8 48 8.4 15.3 80646 6.2 0.73 56709 542 215
3 8.7 5.05 26.9 5 212 1 26.8 24688 17 0.61 18632 1460 28.5
4 15 10 4 5 4 1 22.3 17491 25 0.3 10624 1542 24.8
5 6.4 5.32 4 8 15.9 4.6 26.6 22509 5 0.6 15334 1032 316
6 15 8.83 25.6 8 4 10 9.6 34936 4.8 0.68 17844 1341 14.4
7 15 1 48 5 4 53 26.2 31273 51 0.36 16875 940 31.2
8 5.8 1.45 4 5 4 10 174 18046 9.7 0.4 11578 1260 27.1
9 15 1 48 8 4 1 18.9 39 0.42 12746 1535 22.8
10 2.2 6.99 48 55 6.9 4.9 22.7 20164 7.4 0.48 14102 862 30.1
11 8.7 5.05 26.9 5 21.2 1 254 24861 33 0.61 23567 1380 28.7
12 10.5 10 33.7 75 4 25 15.2 64473 2.8 0.5 36615 1015 18
13 2.3 9.1 26.9 5 47.1 8.2 19.9 20074 12 0.83 22039 848 31.8
14 15 1.54 48 5 48 7.9 19.2 20966 10.3 0.79 18825 968 29.5
15 15 1.9 30.8 6.5 22.3 6.3 26.7 42817 5 0.57 32025 704 31.7
16 15 1 214 6.5 20.5 5 30584 6.2 0.58 22239 1483
17 15 1 225 8 7.1 10 25.2 62377 5.7 0.42 36211 932 30.9
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Factor1  Factor2  Factor3  Factor4  Factor5  Factor 6 Response 1 Response 2 Response 3 Response 4 Response 5 Response 6 Response 7
Id mo_w_@N_Q MVWH SMMHN&: a% q_w_:@ qmmﬂwos Im%_w_./_m wmﬂ_%wmsw _:7m\_ﬁu_< cﬂdm mo“mcﬁ%__o_q v_\/“_%mwﬂwﬂ _/\_%MMHMMM> m_,\_x%%oﬂ_wwmw .ﬂ%h_ﬂ_ L___@_w_\:
time enz. time material after FA FA FA
after anz

uL? mM h h gL? wt% Da wt% wt% Da Da wt%
18 5.4 154 48 6.5 30 10 19.8 52022 71 0.63 41655 782 26.8
19 15 1 4 7 4 1 28.7 31759 2.8 0.33 18538 2288 315
20 15 7.57 9.3 55 48 55 22.3 22543 79 0.46 13633 1039 30.2
21 15 5.15 48 8 27.8 2.1 27.4 82949 3 0.6 64602 507 30.4
22 15 1 4 8 48 10 12.2 20729 10.3 0.98 28186 771 22.5
23 15 10 36.6 7.5 37.2 1 7.7 45418 5.2 0.86 28483 592 12.9
24 15 5 29.3 6 48 10 25.5 32554 9.1 0.67 17034 899 34.6
25 7.8 10 30.8 6.5 29.7 53 20.2 32207 7.4 0.85 31116 508 27.6
26 15 1 48 5 48 1 15.9 21225 51 0.86 18017 710 20.9
27 13.4 10 48 5.5 48 14 29.1 30077 6 0.7 39469 561 35.1
28 15 1 21.4 6.5 20.5 5 7.1 32473 8.5 0.72 22874 862 15.6
29 15 10 48 5 11.7 10 28.6 30560 8.8 0.7 20078 672 374
30 41 5.77 4 6 48 1.7 20.2 20273 75 0.66 24464 759 27.8
31 9.6 10 4 6.5 29.5 9.6 21 24180 8.4 0.78 24321 828 29.5
32 6.4 5.32 4 8 15.9 4.6 21.9 28502 6.4 0.66 17226 872 28.3
33 15 9.96 39 75 15.9 10 18.6 62839 8.3 0.62 44359 771 27
34 9.5 1 28.4 75 48 3.3 19.7 61067 5.2 0.74 53806 686 25
35 13.3 10 4 6.5 19.4 1 26.8 25814 3 0.53 21679 897 29.8
36 15 10 4 8 48 1 27.1 33509 25 0.61 35537 570 29.6
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Table A. 27 ANOVA for response surface reduced quadratic model for lignin solubility in agueous

solution (pH 2) after enzymatic treatment (adapted from Gasser et al. 2017).

Sum of Mean F p-value

Source Squares df Square Value Prob > F

Model 959.99 7 137.14 14.38 <0.0001
A-TVL activity 646.22 1 646.22 67.76 < 0.0001
B-HBT concentration 0.9 1 0.9 0.095 0.7605
C-enz. reaction time 0.043 1 0.043 4.49 1073 0.9471
D-pH 87.3 1 87.3 9.15 0.0054
BD 97.26 1 97.26 10.2 0.0036
B2 91.79 1 91.79 9.63 0.0045
C? 103.92 1 103.92 10.9 0.0027

Residual 257.49 27 9.54

Lack of Fit 245.94 25 9.84 1.7 0.4366

Pure Error 11.55 2 5.78

Cor Total 1217.48 34

Table A. 28 ANOVA for response surface reduced quadratic model for MW of insoluble material after

enzymatic reaction (adapted from Gasser et al. 2017).

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 59952.04 5 11990.41 87.53 < 0.0001
A-TVL activity 4800.18 1 4800.18 35.04 < 0.0001
B-HBT concentration 654.27 1 654.27 4.78 0.0371
C-enz. reaction time 22535.67 1 22535.67 164.51 < 0.0001
D-pH 30692.41 1 30692.41 224.05 < 0.0001
CD 9122.57 1 9122.57 66.59 < 0.0001
Residual 3972.64 29 136.99
Lack of Fit 3781.72 26 145.45 2.29 0.272
Pure Error 190.92 3 63.64
Cor Total 63924.68 34

Table A. 29 ANOVA for response surface reduced quadratic model for EtAc solubility after formic

acid/formate treatment (adapted from Gasser et al. 2017).

Sum of Mean F p-value

Source Squares df Square Value Prob > F

Model 189.2 6 31.53 21.35 < 0.0001
A-TVL activity 17.53 1 17.53 11.87 0.0018
D-pH 13.35 1 13.35 9.04 0.0054
E-Fa treatment time 17.16 1 17.16 11.62 0.0019
F-Sodium formate conc. 122.11 1 122.11 82.66 <0.0001
AE 6.73 1 6.73 4,56 0.0414
DF 12.92 1 12.92 8.75 0.0061

Residual 42.84 29 1.48

Lack of Fit 38.17 26 1.47 0.94 0.6172

Pure Error 4.67 3 1.56

Cor Total 232.04 35

204



Appendix

Table A. 30 ANOVA for response surface reduced quadratic model for monomer yield after formic

acid/formate treatment (adapted from Gasser et al. 2017).

Sum of Mean F p-value

Source Squares df Square Value Prob > F

Model 0.87 14 0.062 36.30 <0.0001
A-TVL activity 0.062 1 0.062 36.25 <0.0001
B-HBT concentration 0.057 1 0.057 33.13 <0.0001
C-enz. reaction time 2.216 10* 1 2.216 10* 0.13 0.7227
D-pH 0.014 1 0.014 8.01 0.0100
E-Fa treatment time 0.45 1 0.45 265.18 <0.0001
F-Sodium formate conc. 0.022 1 0.022 12.92 0.0017
AD 0.017 1 0.017 9.90 0.0049
AE 0.023 1 0.023 13.16 0.0016
BE 0.013 1 0.013 7.64 0.0116
BF 0.012 1 0.012 7.02 0.0150
CD 0.021 1 0.021 12.33 0.0021
CF 0.027 1 0.027 15.59 0.0007
C? 7.497 10°° 1 7.497 10°° 4.38 0.0487
E? 0.041 1 0.041 23.96 <0.0001

Residual 0.036 21 1.713 103

Lack of Fit 0.025 18 1.376 10 0.37 0.9245

Pure Error 0.011 3 3.73210°°

Cor Total 0.91 35

Table A. 31 ANOVA for response surface reduced quadratic model for Mw after formic acid/formate

treatment (adapted from Gasser et al. 2017).

Sum of Mean F p-value

Source Squares df Square Value Prob > F

Model 1.2 12 0.1 13.84 < 0.0001
A-TVL activity 0.14 1 0.14 18.88 0.0002
B-HBT concentration 1.02 10° 1 1.02 10 1.42 10 0.9703
C-enz. reaction time 0.16 1 0.16 22.79 <0.0001
D-pH 0.26 1 0.26 36.33 < 0.0001
E-Fa treatment time 0.26 1 0.26 35.51 <0.0001
F-Sodium formate conc. 4.38 10" 1 4,38 10* 0.061 0.8073
AC 0.061 1 0.061 8.42 0.0081
AD 0.062 1 0.062 8.66 0.0073
AF 0.052 1 0.052 7.25 0.013
CD 0.029 1 0.029 4.05 0.0561
B? 0.042 1 0.042 5.85 0.0239
E? 0.077 1 0.077 10.73 0.0033

Residual 0.17 23 7.2010°

Lack of Fit 0.16 20 7.9510°% 3.64 0.1573

Pure Error 6.56 10 3 2.19 108

Cor Total 1.36 35
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Table A. 32 ANOVA for response surface reduced quadratic model for Mw of EtAc soluble fraction
after formic acid/formate treatment (adapted from Gasser et al. 2017).

Sum of Mean F p-value

Source Squares df Square Value Prob >F

Model 9.34 10* 8 1.17 10* 13.6 < 0.0001
B-HBT concentration 1.02 10 1 1.02 10 11.91 0.0019
C-enz. reaction time 1.32 10* 1 1.3210* 15.38 0.0005
D-pH 9.0810° 1 9.08 10° 10.58 0.0031
E-Fa treatment time 3.5310* 1 3.5310* 41.15 < 0.0001
F-Sodium formate conc. 2.62 106 1 2.62 10 0.31 0.5852
DE 6.86 10° 1 6.86 10° 7.99 0.0088
EF 1.08 10 1 1.08 10 12.6 0.0014
F2 6.14 10° 1 6.14 10° 7.15 0.0126

Residual 2.32 10% 27 8.5910°

Lack of Fit 1.9510% 24 8.12 10 0.66 0.7632

Pure Error 3.6910° 3 1.2310°

Cor Total 1.17 10 35

Table A. 33 ANOVA for response surface reduced quadratic model for overall lignin solubility, i.e., in
aqueous solution (pH 2) after enzymatic treatment and EtAc solubility after formic acid/formate
treatment (adapted from Gasser et al. 2017)

Sum of Mean F p-value

Source Squares df Square Value Prob > F

Model 1.12 107 14 8.01 10° 28.21 < 0.0001
A-TVL activity 5.00 108 1 5.00 108 176.07 < 0.0001
B-HBT concentration 18790.01 1 18790.01 0.66 0.4255
C-enz. reaction time 2221.05 1 2221.05 0.078 0.7826
D-pH 2.07 108 1 2.07 108 73.08 < 0.0001
E-Fa treatment time 2.06 10° 1 2.06 10° 7.25 0.014
F-Sodium formate conc. 4.24 10° 1 4.24 10° 14.95 0.001
AB 1.8310° 1 1.8310° 6.45 0.0195
AE 1.52 10° 1 1.52 10° 5.35 0.0314
BD 1.53 108 1 1.53 108 53.74 < 0.0001
CD 6.02 10° 1 6.02 10° 21.2 0.0002
DE 3.0710° 1 3.0710° 10.81 0.0037
DF 3.5210° 1 3.5210° 12.38 0.0022
B2 4.91 10° 1 4.91 10° 17.3 0.0005
C? 7.17 10° 1 7.17 10° 25.25 < 0.0001

Residual 5.68 10° 20 28385.96

Lack of Fit 4.83 10° 18 26830.89 0.63 0.7667

Pure Error 84763.19 2 42381.6

Cor Total 1.18 107 34
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Table A. 34 Monomer yields obtained after formic acid/formate treatment. The Id given in the first
column corresponds to the Id given in Table A. 26 to identify the different treatments. Values are given
as wt%o based on the applied lignin weight at the beginning of the first treatment step (adapted from
Gasser et al. 2017).

Id Vanillicacid Syringicacid  Vanillin a?()j/;]r;ge v:r::ﬁltgr;e syAr\iCr?g;ghe b;ﬁ%{g?& q
1 1.12 1.82 1.06 1.07 0.13 0.73 0.11
2 1.16 2.35 1.30 1.36 0.16 0.82 0.15
3 0.81 1.98 1.08 1.25 0.12 0.78 0.09
4 0.32 0.94 0.47 0.67 0.14 0.49 0.00
5 1.08 1.90 1.04 1.13 0.11 0.66 0.09
6 1.12 1.97 1.08 1.39 0.19 1.10 0.00
7 0.47 1.02 0.69 0.88 0.09 0.48 0.00
8 0.52 1.09 0.64 0.91 0.14 0.68 0.00
9 0.61 1.29 0.64 0.89 0.16 0.66 0.00
10 0.55 1.64 0.87 1.03 0.08 0.62 0.00
11 0.80 2.04 1.08 1.22 0.12 0.79 0.08
12 0.75 145 0.90 1.23 0.11 0.60 0.00
13 1.18 2.78 1.37 1.39 0.22 1.19 0.13
14 1.21 2.59 1.38 1.47 0.19 0.97 0.14
15 0.93 1.70 1.07 1.20 0.10 0.56 0.09
16 1.01 1.86 0.94 1.07 0.11 0.70 0.10
17 0.92 1.20 0.67 0.85 0.09 0.48 0.00
18 0.97 2.01 1.14 1.20 0.13 0.71 0.12
19 0.51 0.97 0.56 0.79 0.00 0.49 0.00
20 0.70 1.35 0.79 1.03 0.10 0.59 0.00
21 1.00 1.85 1.04 1.20 0.11 0.64 0.11
22 1.65 2.94 1.77 1.86 0.23 1.11 0.22
23 1.53 2.66 1.32 1.55 0.17 1.18 0.17
24 1.32 2.04 1.08 1.08 0.16 0.84 0.15
25 1.30 2.67 1.54 1.74 0.17 0.92 0.18
26 1.35 2.81 1.43 1.57 0.19 1.09 0.17
27 1.14 2.29 1.03 1.18 0.16 1.10 0.16
28 1.29 2.24 1.12 1.34 0.14 0.88 0.15
29 1.14 2.26 1.24 1.35 0.12 0.74 0.11
30 1.16 2.19 0.92 1.16 0.14 0.87 0.16
31 1.41 2.39 1.42 1.48 0.15 0.79 0.17
32 1.05 2.10 1.02 1.18 0.14 1.00 0.12
33 1.14 1.92 1.10 1.21 0.11 0.63 0.13
34 1.45 2.29 1.26 131 0.14 0.82 0.15
35 0.89 1.64 0.89 0.99 0.11 0.68 0.08
36 1.09 1.87 0.99 1.12 0.13 0.73 0.13
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Appendix

Table A. 35 Coefficients of the final equations in terms of actual factors and ANOVA results of the two

factor interaction model fitted to the results of the experiment testing the influence of different sequential

treatments on BCR.

Coefficients ~ Sum of Mean
Source Ln(BCR) = Squares df Square F value p-value
Model 3.09 12 0.26 30.99 < 0.0001
Intercept -5.91796
A-TVL activity +0.062541 0.27 1 0.27 32.98 < 0.0001
B-HBT concentration -0.04405 0.43 1 0.43 51.87 < 0.0001
C-enz. reaction time +0.022492 0.012 1 0.012 1.41 0.2479
D-pH +1.94477 0.18 1 0.18 21.64 0.0001
E-Fa treatment time +3.6110° 2.11410° 1 2.114 10 0.25 0.6189
F-Sodium formate 497310° 1 4973107 0.60 0.4472
conc. +0.018456
AC -1.56 10 0.68 1 0.68 82.00 < 0.0001
BC +5.30 10 0.038 1 0.038 4,61 0.0426
EF -5.7310* 0.044 1 0.044 5.24 0.0317
A? -2.3410° 0.066 1 0.066 7.91 0.0099
(o -2.62 10* 0.11 1 0.11 12.79 0.0016
D? -0.15425 0.68 1 0.68 81.93 < 0.0001
Residual 0.19 23 8.313 10
Lack of Fit 0.18 20 9.209 10 3.94 0.1423
Pure Error 7.01410° 3 2.338 10
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