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ABSTRACT

Immobilization has the potential to make enzyme utilization more cost
efficient, but reduced enzymatic activity makes it unfeasible. The purpose of this
study was to develop immobilized cellulase systems on silica supports that retain
high enzymatic activity. Two of the four systems created resulted in better-than-
expected productivity during hydrolysis and make good candidates for further

research.

The immobilized systems on fumed non-porous silica retained enzyme
activity equivalent to free cellulases when hydrolyzing crystalline cellulose.
However, sugar composition analysis indicated that immobilization decreased
cellobiose conversion to glucose, resulting in substantial cellobiose production.
More research is required to understand the mechanism at work. The immobilized
cellulases obtained wider pH stability, but displayed decreased thermal and ionic
stability. Storage stability was unchanged. One major finding was increased

enzyme reusability, with activity remaining at 30% after nine uses.

When lignocellulose biomass was used for hydrolysis, production was
substantially lower than when using free cellulases. It is hypothesized that the
immobilized cellulases had difficulty hydrolyzing the amorphous regions of the
lignocellulose. Although further optimization is necessary, the immobilized
cellulase systems developed in this study contribute greatly to increasing the

commercial viability of hydrolysis and lignocellulose pretreatment.
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1. Introduction

1.1. Lignocellulose

Lignocellulose is an attractive resource for biotechnology, bioenergy, and
chemical industries because it can be degraded into sugar solutions and used as a
building block for the production of value-added materials including platform
chemicals and bioethanol (Menon and Rao, 2012). In this research, various forms
of lignocellulose were used as substrates for hydrolysis. Therefore, it is important
to understand the structure and components of the lignocellulose, specifically

cellulose, hemicellulose and lignin, to fully understand its hydrolysis.

Lignocellulose is a mixture of polymers that comprise the structural elements
of the cell wall in plants. As shown in Figure 1.1, its main components are
cellulose, hemicellulose, and lignin. Cellulose is a targeted primary resource for
the production of sugar solutions, and it exists in microfibril form in a plant cell
walls. Hemicellulose is a heteropolysaccharide, intermixed with cellulose fibers.
The cellulose-hemicellulose complex is embedded in the lignin fraction, which is
a complex aromatic polymer that acts as a binder with cross-linking. Each of these

three polymers will be discussed in the following sections.



Hemicellolose

Cellulose

Figure 1.1. The structure of lignocellulose.
(Reproduced with permission, Doherty, Mousavioun, and Fellows, 2011)

1.1.1. Cellulose

Cellulose is the most abundant polymer in nature (Agbor ef al., 2011). It is
the main constituent of plant cell walls that provides structural support. It is a
linear polysaccharide, consisting of D-anhydroglucopyranose linked together by

B -1,4,-glycoside bonds. It is comprised of 45% carbon, 6.5% hydrogen, and

48.5% oxygen (Zugenmaier, 2010). Cellulose does not have a fixed molecular
weight, but the degree of polymerization (DP) is generally from 100 to 20,000
DP (Zhang and Lynd, 2004). A cellulose chain, which is usually 20-300 DP,
groups together and forms a microfibril through hydrogen bonds and van der
Waals forces (Agbor et al., 2011). Cellulose contains two regions: crystalline and
amorphous. In a crystalline region, cellulose chains and sheets are tightly packed

and form straight and stable supra-molecular fibers with great tensile strength and



low accessibility (Zugenmaier, 2010). This cohesive structure limits access of
water-soluble compounds and enzymes. Cellulose chains in an amorphous region
are loosely packed and less ordered, allowing enzymes and other water-soluble
compounds easy access to the region (Park et al., 2010). In addition, amorphous
cellulose can be artificially prepared by converting the crystalline fraction of
cellulose to the amorphous form by mechanical or chemical methods (Zhang et
al., 2006). Mechanically made amorphous cellulose is often prepared by ball
milling or severe blending. Phosphoric acid-swollen cellulose and regenerated
cellulose (e.g. viscose rayon and cellophane paper) are commonly used as
examples of chemically converted amorphous cellulose. The former is made by
swelling dry cellulose powder using a high concentration of phosphoric acid. The
latter is made by converting insoluble cellulose to a soluble form using solvents,
then restoring it to a physically insoluble form (Zugenmaier, 2010; Zhang ef al.,

2006).

The ratio of amorphous to crystalline regions varies depending on the
plant source and is measured by the crystallinity index (CrlI), which shows the
ratio of crystalline to total cellulose. The crystalline index can be calculated by
comparing the intensity of the crystalline fraction to the noncrystalline fraction
using X-ray scattered reflections (Thygesen et al. 2005). Cotton, bacterial

cellulose and algal cellulose are examples of highly crystalline cellulose with a



crystallinity index of approximately 80, 65-79, and 56-65%, respectively
(Zugenmaier, 2010). A Whatman No.1 filter is an example of relatively low
crystalline cellulose with a crystallinity index of approximately 45% (Dong et al.,
1998). By contrast, the crystallinity index of regenerated cellulose is very close to

zero (Zugenmaier, 2010).

Crystalline cellulose is categorized into 7 types, depending on its packing

arrangements: [ o, [ 8, I, III; III,, IV}, and IV, (Zugenmaier, 2010). Native
cellulose is referred to cellulose I. Cellulose I o is dominant in bacterial and algal
cellulose, whereas I 8 is dominant in higher plants such as cotton, wood, and
agricultural grains. Cellulose II is made from Cellulose I 8 by regeneration; their

chain arrangement is in antiparallel fashion in a two-chain unit. This paper deals

with types Cellulose I 5 and cellulose II only, so the rest will not be described

here.

1.1.2. Hemicellulose

Hemicellulose is the second most abundant polymer in lignocellulosic
material. It is a non-crystalline heteropolysaccharide existing in the primary and
secondary cell walls of plants (Agbor ef al., 2011). It is defined as an alkali
soluble fraction in cell wall components after the removal of pectin (Aspinall,

1959). It forms hydrogen bonds with cellulose, covalent bonds with lignin, and



ester linkages with acetyl units and hydroxycinnamic acids. Hemicellulose does
not have a characteristic molecular weight, has wide polydispersity, and its degree
of polymerization ranges from approximately 80 to 200 molecules (Sun et al.,

2004).

In general, hemicellulose consists of a main polysaccharide chain
backbone, with a substitution of the sugar monomers and branching at specific
positions. Monosaccharides present in hemicelluloses are mainly xylose, glucose,
mannose, arabinose, galactose, and fructose. Also, glucuronic acid is sometimes
contained in a side chain (Timell, 1965; Timell, 1964). The composition of
hemicellulose depends on the original source. Hemicelluloses in agricultural
biomass including straw and grasses are mainly composed of xylan; while

softwood hemicellulose mainly contains glucomannan (Agbor et al. 2011).

Depending on the main chain and substitution types, hemicelluloses are
categorized into five major types: xylans, glucomannans, arabinans, galactans,
and glucans. The most abundant hemicellulose in nature is xylan, which is present
in all terrestrial plants and comprises up to 30% of the cell wall materials of

annual plants, 15-30% of hardwood, and 5-10% of softwood (Wilkie, 1979).



Figure 1.2. A simple representative chemical structure of wheat straw hemicellulose.
1.1.3. Lignin

Lignin is the third most abundant natural polymer in nature. It is present in
plant cell walls and forms a rigid and impermeable matrix (Agbor et al., 2011).
The main function of lignin in plant cell walls is to create a barrier to prevent
evaporation and to help send water to critical cells. Several studies have suggested
that lignin may possess antimicrobial and antifungal activities, antioxidant
properties, UV radiation absorption characteristics, and flame-retardant properties
(Ugartondo, Mitjans, & Vinardell, 2008; Cruz et al., 2001). The lignin content of
plant material varies depending on the original source. For instance, lignin content
can range from 20% (w/w) for hard woods to 28% (w/w total dry solid) for

softwoods (Dimmel, 2010). Higher lignin content may contribute to plants being



more resistant to environmental stresses such as direct sunlight and frost (Doherty

etal.,2011).

Lignin is a complex polymer that is composed of cross-linked amorphous
heteropolymers, made up of many different phenylpropanoid monomer units
(Hendricks and Zeeman, 2009). It also has wide polydispersity so that it does not
have a characteristic molecular weight (Figure 1.3). The main building blocks of

lignin are p -coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (Dimmel,

2010; Figure 1.3).

Substituents Name Location
CH,OH -
o o - Compression
| R=R'=H
CH Coumarylalcohol wood, grasses
| _
CH R=H, and Coniferyl Hardwoods and
‘ R’ = OCH; alcohol softwoods
R=R’=O0CH; Sinapyl alcohol Hardwoods
R R'
OH

Figure 1.3. Lignin monomeric building blocks.
Natural lignin is formed through the polymerization of monomeric

alcohols via oxidative coupling with each other or with a growing polymer end,
which is generally initiated by oxidases or peroxidases (Doherty et al., 2011).
Although the precise mechanism is not yet determined, radical-radical

combination of free radicals generated by enzymatic dehydrogenation is the key



reaction (Davin ef al, 2008; Ralph ef al., 2004). Oxidation generally produces a
phenolic radical with unpaired electron density delocalized to the positions O-4,

C-1, C-3, C-5, and C- 8 . The phenoxyl B -O-4 linkage is the most abundant in

lignin polymerization. In fact, NMR studies showed that 30-40% of total cross-
linkings in a softwood lignin were this type and also accounted for 40-50% of
cross-linkings in hardwood lignin (Jiang and Argyropoulos, 1994; Argyropoulos,
1994). The second major type of bonding is biphenyl-linkage 19% of
polymeralization linkages in softwood lignin are this type. The third bonding type

is phenoxyl j -C5 linkage, accounting for 10% of the polymerization linkages in

spruce lignin.
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Figure 1.4. An example of lignin structure

1.2. Lignocellulose Decomposing Enzymes

As is mentioned in the previous section, lignocellulose is a complex substrate
that can degrade into sugar solutions in the presence of “lignocellulose-degrading
enzyme cocktails”. Such cocktails are composed of mainly cellulases and a
certain amount of hemicellulases, secreted by microorganisms. The former
hydrolyze cellulose fibers and the latter hydrolyze the hemicellulose fraction. In
this thesis, the cellulase cocktails were immobilized on silica to hydrolyze

lignocellulose substrates. Thus, it is important to know the general compositions



of the cocktails and how each enzyme component decomposes lignocellulose
materials in order to understand the immobilized enzyme systems. This section
will explore the structure and mechanisms of each enzyme and how they
synergistically and efficiently hydrolyze lignocellulose. Microorganisms that

produce enzyme cocktails will also be introduced.

1.2.1. Cellulases

Cellulases are a mixture of individual enzymes that can decompose
cellulose fibers, such as exoglucanases, cellobiohydrolases, endoglucanases, and

5 -glucosidase/cellobiose. Exoglucanases cleave the cellulose chain from the

chain-end to produce glucose; cellobiohydrolases cleave cellulose from the chain
end to produce cellobiose; endoglucanases intramolecularly cleave cellulose to

produce oligosaccharide or more chain ends for the former two cellulases; and -

glucosidases along with cellobiase, which acts on cellobiose, cleave
oligosaccharides to produce glucose. In addition, some Trichodermas ssp., a
major cellulase producing aerobic fungi, can produce non-specific glucanases.
They are not only able to hydrolyze cellulose, cellobiose, and cellooligomers, but
they are also able to attack the hemicellulose fraction (Lynd ef al., 2002). This
raises the question as to what produces cellulases, how cellulases cleave
lignocellulose, and what the structures of cellulases are like. The answers to these

questions will be discussed in the next sections which provide an overview of
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cellulase producing microorganisms, catalytic mechanisms of cellulases, and the

structure of cellulases.

1.2.1.1. Cellulases Producing Microorganisms

Cellulolytic fungi and aerobic and anaerobic microorganisms have been
isolated from various habitats (Tamaru et al., 2010; Wilson, 2009, Doi, 2008;
Beukens and Pletschke, 2006; Pothiraj, Balaji, & Eyini, 2006; Doi& Tamaru,
2001; Gielkens et al., 1999; Gal et al., 1997; Gerbi et al., 1996; Kuhls et al.,
1996; Schlochtermeier et al, 1992; Li and Calza, 1991; Kluepfel et al., 1986). In
particular, aerobic fungi play a major role in the degradation of plant material.
They are often found in decomposing wood and plants, in soil, and on agricultural
wastes. They secrete a set of cellulases from their cells that work together
synergistically to efficiently degrade lignocellulose. For example, Trichoderma
reesei is known to produce several endo-glucanases and cellobiohydrolases, and
their purified cellulases are commercialized worldwide (Liu, Glenn, & Buckley,

2008).

Both aerobic and anaerobic bacteria are also important producers of
lignocellulose-degrading enzymes. Aerobic bacteria are usually found in soil, in
water, on plant materials, in animal feces, and in sugar cane fields. Anaerobic
bacteria are found in natural habitats such as soil and decaying plant materials.

Additionally, some are enriched by human activities, such as in compost piles, in
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sewage plants and in wood processing plants. Like anaerobic fungi, they are
found in the rumen, where bacteria process plant materials for the host’s nutrition.
Unlike aerobic fungi, both aerobic and anaerobic bacteria produce large

multienzyme complexes called cellulosome on their outer surface.

1.2.1.1. Catalytic Mechanisms of Cellulases

Cellulases are a mixture of cellulose decomposing enzymes, and they

specifically hydrolyze S -(1,4) glycosidic bonds. There are many types of

individual cellulases, but the general reaction mechanism involves cleaving
glycosidic linkages in oligosaccharides and polysaccharides based on the general
acid-base reaction (Davies and Henrissat, 1995). In an acid-base reaction, an
acidic residue on the enzyme is required to protonate the glycosidic oxygen atom
as a proton donor, whereas the base extracts a proton from the nucleophilic
molecules that attach the anomeric carbon atom (White and Rose, 1997). In the
case of active sites on cellulases, one amino acid residue acts as a catalytic proton
donor and a second residue acts as a catalytic nucleophile. These amino acid
residues may be two aspartate residues, two glutamate residues, or one of each

(Reilly, 2007).

Cellulases employ two main types of catalytic mechanisms: inverting and
retaining reactions (Reilley, 2007; Schiilein, 2000). Inverting mechanisms

produce a reducing-end glycosyl residue in an opposite configuration to that prior

12



to the cleaving of its glycosidic bond. This is called a single displacement reaction
(Figure 1.5). In this reaction, the base deprotonates water molecules, resulting in
the protonation of the base that turns to act as a general acid in next reaction. The
deprotonated water molecule attacks the anomeric centre to form a new bond and
the enzyme-substrate complex (in this case, the remaining cellulose chain) is
cleaved, assisted by the general acid, causing the deprotonation of the acid. The
deprotonated acid then becomes the general base in subsequent reactions (White

and Rose, 1997).

In the retaining mechanism, the new reducing-end glycosyl residue retains
its original configuration through a double-displacement reaction (Figure 1.6).
The first reaction is glycosylation: the acid protonates the glycosidic linkage of
the cellulose chain. At the same time, the base residue acts as a nucleophile
attacking the anomeric carbon and forming a covalent glycosyl ester intermediate,
resulting in the displacement of the enzyme-substrate complex. In the presence of
water, the deprotonated acid behaves as a base to deprotonate the water molecule,
which then attacks the carbon atom of the anomeric center. The reaction releases
the hydrolysed product and regenerates the nucleophile at the active site (White

and Rose, 1997).
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(Reproduced with permission, Schiilein, 2000)
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Figure 1.6. The mechanisms of retaining reaction.

(Reproduced with permission, Schiilein, 2000)

14



1.2.1.3. Structures of Cellulases

Cellulases are composed of three domains: catalytic, carbohydrate binding
modules (CBM), and linker peptides (Shoseyov, Shani, & Levy, 2006). The
catalytic domain contains active sites for substrate hydrolysis. Cellulase catalytic
domains are classified into a glycoside hydrolase/ transglycosidase classification.
More than 100 families are categorized according to the carbohydrate-active
enzymes (CAZy) database which reflects active site structures, catalytic
mechanisms, and substrate specificity (Coutinho and Henrissat, 2011). Individual
families are defined by the amino acid sequences of their protein members, and
enzymes in the same family are often derived from the same ancestors (Reilly,

2007; Coutinho and Henrissat, 2011).

Carbohydrate binding modules (CBMs) are the second largest regions in
cellulases. One of their roles is to bind the enzyme to the cellulose so that the
catalytic domain spends less time away from the substrate. It also gives the
catalytic domain time to move the chain into its active site before the enzyme
diffuses away from the cellulose particle (Wilson, 2011). Their sizes range from
4-20 kDa (33 to 180 amino acid residues), and they are located at different
positions including at the N-terminal, C-terminal, and along the peptide chain
(Tomme ef al., 1998). More than 180 sequences of CBMs have been defined and

categorized into 13 families with distinctly different properties. CBMs assist the
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catalytic domain by increasing the accessibility of crystalline cellulose. This is
done by penetrating and anchoring to the surface (Tomme et al., 1998).
Penetration may cause exfoliation of the surface fibers (Din et al., 1991). In
addition, once a cellulosic single chain interacts with aromatic rings of CBM,
polar residues stabilize the binding structure through hydrogen bonds and Van der
Waals interactions (Tomme et al. 1996). This unique functionality with cellulose
may point towards future applications including bioseparations and enzyme

immobilization (Tomme ef al., 1998).

The third component is a linker. Short chain linker peptides (6-59 amino
acid residues) connect the catalytic domain and cellulose binding domain (CBD).
They possess an O-glycosylated interdomain and are rich in proline and hydroxyl
amino acid residues, although the specific content may vary (Srisodsuk et al.,
1993). The linker peptide has critical influences on catalytics in three ways. First,
it facilitates independent functions of two adjacent domains by means of a flexible
hinge. This hinge-like characteristic may be due to the peptide’s composition of
repeating units, allowing it to attach to the crystalline cellulose chain. Second, it
functions as a spacer to provide the necessary distance between the catalytic
domain and CBD and to fold the structure in the correct orientation (Srisodsuk et
al., 1993; George and Heringa, 2002). These functions allow the CBD to attach to

crystalline cellulose and maintain catalytic activities. Third, it protects the enzyme
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from proteolytic degradation by using glycosylated proline and threonine rich

sequences (Langsford ef al., 1987).

Cellulases are fundamentally composed of the domains mentioned above:
a large catalytic domain containing active sites and small substrate binding

domain, which are connected by linker peptides.

1.2.2. Hemicellulases

Lignocellulose contains hemicellulose, in particular, xylan in plant lignocellulose
resources, which interacts with cellulose fibers hindering cellulases from accessing
cellulose fibers. Thus, hemicellulose has to be removed before cellulose hydrolysis is
initiated. The enzyme cocktails which degrades the hemicellulose fraction are comprised
of hemicellulases (Kabel et al., 2007). The cocktails may contain several types of
enzymes, including endoxylanases, exoxylanases, and accessory enzymes. Endoxylanase
and exoxylanase decompose xylan backbones. Specifically, the former hydrolyze internal
B -1,4 glycosidic bonds in the backbone and produce a set of different oligosaccharides.
The latter hydrolyze terminal 1,4- glycosidic bond and liberate mono- or oligo-
saccharides from the polymer backbones (Tenkanen ef al., 2003). Enzymes which remove
side chains are called accessory enzymes, such as « -arabinosidase, « -glucuronidase,
and acetyl xylan esterase (Kabel et al., 2007). They usually synergistically function with
endo- or exo-xylanases and have the highest activity towards oligomeric substrates. Also,
some of them may cooperate with each other to prevent different side groups from

blocking accessibility to one another. Finally, enzymes that can cleave oligosaccharides
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and produce monomers are 3 -xylosidases, which act on the non-reducing end of

oligosaccharides and release xylose.

1.2.3. Three Strategies of Microorganisms for

Lignocellulose Degradation

Cellulases are very unique enzymes because they can degrade an insoluble
substrate. In general, in the case of enzymes hydrolyzing soluble substrate, the
substrates diffuse to the enzymes and bind into the active site. On the other hand,
to hydrolyze insoluble substrates, cellulases themselves have to diffuse onto the
substrate and move a segment of a cellulose molecule into its active site (Wilson,
2011). There are three strategies that microorganisms employ to degrade
lignocellulosic resources: a free cellulase mechanism, a cellulosomal mechanism,
and the relatively new mechanism for Cytophaga hutchinsonii and Fibrobacter
succinogenes, which secrete neither free cellulases nor cellulosomes (Wilson,

2008).

1.2.3.1. Mechanisms of Free Cellulases

Many aerobic microorganisms use the free cellulase mechanism in which
they secrete a set of individual cellulases. The individual enzymes work together
synergistically and efficiently degrade crystalline cellulose, as well as other
fractions that are relatively easy to degrade (Wilson, 2011). There are five

functionally distinct types of cellulases: endoglucanases, processive
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endoglucanases, exoglucanases, endo-type exoglucanases, and [3 -glucosidase

(Wilson, 2009).

In general, endoglucanases possess an open active site allowing them to
attack the interior of amorphous cellulose regions, resulting in the generation of
new chain ends or soluble oligosaccharides. Exoglucanases have their active sites
in a tunnel-like structure to conduct a processive cleaving of cellobiose units from
the chain ends of crystalline regions. In other words, endoglucanases randomly
attack cellulose surfaces and produce new chain ends, and the generation of the
new ends accelerates the hydrolysis for exoglucanases to cleave cellobiose.
Therefore, endoglucanases and exoglucanases synergistically decompose

cellulose fibres in an efficient manner.

Additionally, some endoglucanases have partially covered active sites
working in a similar manner to exocellulases, called processive endoglucanases
(Parsiegla et al., 1998). The enzymes show synergism with ordinary
endoglucanases as well as exoglucanases and cellobiohydrolases. Also, some exo-
acting glucanases behave like an endo-glucanases. For example,
cellobiohydrolase II derived from T. reesei acts like an endoglucanase and
synergistically hydrolyze cellulose fibers with other exoglucanases which
processively decompose cellulose surfaces (Parsiegla ef al., 1998). In addition,

there are two classes of exoglucanases: one cleaves cellulose from non-reducing
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ends and other attacks reducing ends. The model of synergistic degradation

mechanisms of cellulases is shown in Figure 1.7 - Figure 1.8.

Endoglucanase
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Figure 1.7. The model of synergistic degradation of cellulose fibres.
Endoglucanases and endo-type exoglucanases attack amorphous regions,

whereas exoglucanases and processive endo-glucanases attack chain ends of

crystalline regions.

" o~
I e ’
= IS I I BB EEEEEnE ’

_—. .
L 4 Cellobiose unit

” Q B-G?osidase

Figure 1.8. The model of synergistic degradation of cellulose fibres.
Degradation is processing. Endoglucanase and endo-type exoglucanase cleave

deeper/other amorphous regions of cellulose fibre, whereas exoglucanases and
processive endoglucanases generate cellobiose units and glucose. -

glucosidases attack cellobiose.
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1.2.3.2. Cellulosomal Mechanism

Some anaerobic microorganisms express cellulases in the form of
cellulosomes in protuberances on the cell surface to efficiently hydrolyze
lignocellulose (Blair and Anderson, 1999; Lamed ef al., 1987). Cellulosomes are
large multienzyme complexes that have a multimillion molecular weight (Ding et
al., 2008). In general, cellulosomes are composed of multi-domain scaffolding
units containing multiple cohesin domains linked to cellulose-specific
carbohydrate-binding modules (CBM). The cohesin domains interact with
dockerin modules which are naturally present in hydrolytic enzymes such as
cellulases, hemicellulases, pectinases, chitonases, glycosidases, and esterases
(Schoffelen and van Hest, 2012). The specific recognition of a dockerin and
cohesin causes the attachment of the enzymes to the scaffolding proteins
(Salamitou et al., 1994; Tokatlidis, Dhurjati, & Beguin, 1993). Also, CBMs are
the major binding sources for cellulosomes to specifically recognize a cellulose
substrate. The CBMs and catalytic subunits with dockerins interact through
cohesions that attach on the cell surface (Figure 1.9; Wilson, 2011; Tamaru et al.,
2010). Once the various cellulosomal subunits have been secreted at the bacterial
cell surface, the molecular mechanisms assemble them into final mature
conformations (Figure 1.9). Microorganisms usually allow multiple individual
cellulosomes to form polycellulosomal protuberances (Desvaux, 2005). In

addition, the combinations of enzymes on cellulosomes are diverse depending on
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the original strain. In general, microorganisms choose the combinations that
maximize the cellulosic activity to crystalline cellulose and preferable soluble
sugars such as cellobiose, though the exact mechanisms behind such a synergistic

property remain speculative and require further research (Desvaux, 2005).

(@) Model of cohesin-dokerin interaction
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(b) Recent model for C. cellulovorans cellulosome
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Figure 1.9. Models of cellulosomes.
(a) Model of cohesion-dockerin interaction, (b) Recent model of interaction
of cellulosomes with substrate and cell surface. Gray round balls refer to

scaffolding proteins (Tamaru et al., 2010. Reproduced with permission from
Taylor & Francis.).
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1.2.3.3. The Mechanisms for Cytophaga Hutchnsonii and

Fibrobacter Succunogenes

There is a relatively new discovery in cellulose degradation. Genomic
sequencing research found that two types of cellulolytic bacteria did not follow
either free cellulase mechanism or cellulosome systems: Cyfophaga hutchinsonii,
an aerobic soil bacterium, and Fibrobacter succinogenes, an anaerobic rumen
bacterium (Wilson, 2008; Xie ef al., 2007). Their genome sequences did not
contain processive cellulases, lignin degrading enzymes, nor scaffolding proteins.
Their gene sequences encoded several endoglucanases and only certain number of
cellulose binding domains. Both organisms tightly bind to cellulose during their
growth, and they effectively degrade cellulose fiber (Wilson, 2008). Additionally,
F. succinogenes grows faster on cellulose than most other studied microorganisms
(Warnecke et al., 2007). From these findings, Wilson (2008) proposed a third
mechanism of cellulose degradation (Figure 1.10). The membrane on the outer
surface of the outer membrane of C. hutchinsonii removed individual cellulose
chains from the cellulose surface and transported the chain through the outer
membrane into the periplasmic space, where endoglucanases were present.
Extracellular endoglucanase might produce cellulose ends for binding to the outer

membrane through a receptor (Wilson, 2008)
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Figure 1.10. The proposed mechanism of cellulose degradation by Cytophaga
Hutchinsonii and Fibrobacter succinogenes.

1.3. Current Trends and Challenges in Hydrolysis of
Lignocellulose, Efforts to Improve Hydrolysis Steps

Lignocellulose is heterogeneous and has a complex structure, thus
enzymes have difficulty accessing cellulose, resulting in a decrease in hydrolysis.
A large quantity of enzymes are required to overcome the low hydrolysis
efficiency, which is not economically feasible. In addition, the high cost of
cellulases hampers their application for industry. Thus, research to demonstrate a
reduction in cost for cellulases is of great benefit. Currently, tremendous efforts
have been undertaken to make cellulase application more economically viable. In
lignocellulose-based bioethanol production, such efforts included pretreatment,

enzyme recycling, high-solid operation, simultaneous saccharification and
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hydrolysis (SSF), multi-enzyme system, design of novel bioreactors, and strain
improvements (Schoffelsn and Van Hest, 2012; Huang et al., 2011). This
dissertation proposes an alternate approach with improved efficiency for the
hydrolysis of lignocellulose by means of enzyme immobilization. Therefore, it is
important to review recent trends in enzyme hydrolysis optimization to elucidate
the merit of this study. In this section, some of the efforts will be discussed from
the viewpoint of their advantages to enhance hydrolysis efficiency and challenges

that necessitate further studies.

1.3.1. Pretreatments

1.3.1.1. Advantages of Pretreatments

There are efforts to increase enzyme accessibility to lignocellulose
substrates (Saddler, 2012; Agbor ef al., 2011; Kumar et al. 2009a; Chandra et al.,
2007). To achieve higher enzyme performance, the lignocellulose structure can be

altered by removing some fractions through a pretreatment process.

An optimal pretreatment process will:
(1) modify the substrate structure to improve sugar formation for the subsequent
hydrolysis process,

(2) avoid degrading or losing carbohydrates, especially cellulose microfibrils,
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(3) avoid forming by-products that generally inhibit the hydrolysis process or
microbial fermentation,

(4) be cost-effective (Kumar et al., 2009b), and

(5) recover all components derived from the substrate in useable form (Chandra et
al., 2007).

As shown in Figure 1.1, the hemicelluloses within plant cell walls coat the
cellulose-fibrils. It has been proposed that at least 50% of hemicellulose should be
removed or modified to significantly increase cellulose digestibility (Agbor et al.,
2011). Hemicellulose is least resistant to chemical and thermal degradation (Liu et
al., 2012), and most hemicellulose in plant cell walls can be removed through

solvating into a liquid fraction with thermochemical treatment.

Additionally, lignin removal or modification strongly affects the
substrates, susceptibility towards cellulase attacks in a positive manner. For
example, Chang and Holtzapple (2000) obtained 78% lignin removal from poplar
wood through an oxidative lime pretreatment and demonstrated that biomass
digestibility was enhanced with increasing lignin removal. Removal of lignin
resulted in (1) elimination of a physical barrier that allows enzymes to access the
cellulose fraction, (2) reduction of non-specific adsorption of hydrolytic enzymes
to lignin or lignin-carbohydrate complexes, and (3) removal of lignin derivatives

that are toxic to enzymes or microorganism (Chang and Holtzapple, 2000).
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During pretreatment processes, the structure of lignin is often altered. It melts and
coalesces on cooling, and then, is subsequently precipitated (Lynd ef al., 2002;
Brownell and Saddler, 1987). Donohoe et al. (2008) successfully visualized
modified lignin using scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The modified lignin appeared as droplets on the cell
wall surface and are aptly called lignin droplets (Figure 1.11). Also, lignin
droplets accumulated at specific regions including pits, cell corners, and
delamination zones after chemical pretreatment (0.8% diluted H,SO,4 at 150°C for
20 min). From these results, a model of delignification and lignin modification
was proposed (Figure 1.12. According to this model, native lignin coalesces under
thermochemical treatment and forms droplets in cell walls, followed by migration
to specific areas within cell walls, and then extrusion to the cell surface via
thermal expansion. Delignification causes biomass swelling, disruption of lignin

structure, increases in internal surface area, and increased accessibility of enzymes

to cellulose fibers (Agbor et al., 2011).

Researchers have shown that removing hemicellulose and lignin or
modifying lignin can enhance cellulase accessibility and suggests the importance
of a pretreatment step to effectively degrade lignocellulose. A number of
pretreatment approaches have shown promise and will be discussed, along with

their challenges, in the next section.
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Figure 1.11. SEM micrographs of the cell surface of corn stover.
A) Untreated, B) 0.8% H,SO4 at 150°C for 20 min. C) Higher magnification
of the region boxed in B) (Donohoe et al., 2008. Reproduced with permission
from John Wiley and Sons)

28



. heat
native 'L— COalescence i

> Tm lignins

. . diffusion .
=  Migration -  cXirusion

thermal expansion

o collulose

hgnin/matrix

Figure 1.12. Model of a proposed mechanism for delignification and modification.
(Donohoe et al., 2008. Reproduced with permission from John Wiley and
Sons.)

1.3.1.1.1. Pretreatment Methods

A number of pretreatment methods have been well established, including:

(1) Physical treatment, such as mechanical comminution;

(2) Physicochemical treatment, such as steam explosion, ammonia fiber
expansion, liquid hot water pretreatment, carbon dioxide explosion, and

microwave explosion;

(3) Chemical treatment, such as acid hydrolysis, alkaline hydrolysis, oxidative

delignification, ozonolysis and ionized liquid treatment, organosolv;
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(4) Biological treatment using white-rot fungi and brown-rot fungi or enzyme

(Agbor et al., 2011; Kumar et al., 2009b).

1.3.1.1.2. Physical Pretreatment

Comminution is a mechanical size reduction method including chipping,
shredding, grinding and milling (Palmowski and Muller, 1999). It can reduce the
size of biomass, cellulose crystallinity, and degree of polymerization, resulting in
an increase in the surface area of the biomass (Agbor et al., 2011). This process is
often used as an initial step of pretreatment and then combined with one of the
three other methods mentioned above. The final particle size and biomass
characteristics determine the power requirement for mechanical comminution of
agricultural materials (Cadoche and Lopez, 1989). Even though taking energy
consumption into consideration, comminution is still economically feasible in an

industrial scale (Hendricks and Zeeman, 2009).

1.3.1.1.3. Physicochemical Pretreatment

Physicochemical pretreatments include steam explosion, liquid hot water
pretreatment, ammonia fiber explosion, ammonia recycle percolation, and carbon
dioxide explosion. In this section, steam explosion will be introduced because it is
the most common method for the pretreatment of lignocellulosic materials and has
been extensively studied (Qiu ad Chen, 2012; Kumar et al., 2012; Bura and

Saddler, 2004; Bura et al., 2002; Shevchenko et al., 2001; Wu et al., 1999; Wu et
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al., 1998; McMillan, 1994; Brownell et al., 1986). In the process of steam
explosion, physically pretreated biomass is exposed to saturated steam under high
pressure range of approximately 160-240°C and between 0.7 and 4.8 MPa (Agbor
et al., 2011; Sun and Cheng, 2002). The pressure is held for several seconds to a
few minutes and then quickly reduced to atmospheric pressure, causing the
materials to undergo explosive decomposition (Kumar ef al., 2009a). During this
process, the lignin fraction is transformed and modified as a result of the high
temperature. As a consequence, cellulose becomes more accessible for enzymatic
attacks. Additionally, hemicellulose hydrolysis is attributed to the acetic acid
which is generated from acetyl groups in hemicellulose and other acids released
during pretreatment (Mosier et al., 2005; Weil et al., 1997). Water itself also acts
as an acid at high temperature. The heated water cleaves O-acetyl groups and
uronic acid substitutions in hemicellulose, thus the released acids accelerate
further catalysis (Palmqvist and Hahn-Hégerdal, 2000; Weil et al., 1997; Baugh et
al., 1988). Steam efficiently transfers heat to biomass and increases the target
temperature without excessive dilution of the sugar products. The addition of acid
also effectively enhances the process of steam explosion (Agbor et al., 2011). The
use of acid decreases the recovery of hemicellulose sugars and the production of
inhibitory compounds, and improves the enzymatic hydrolysis on the solid residue
in subsequent hydrolysis (Mosier et al., 2005; Sun and Cheng, 2002). Steam

explosion is strongly effective at removing hemicellulose but its lignin removal
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ability is low. Therefore, this pretreatment is suitable for hardwoods and
agricultural residues, which possess high hemicellulose and low lignin contents,
but less effective for softwood which possesses a much higher lignin content. To
increase process efficiency, the use of an acid catalyst is commonly used for

softwood pretreatment (Agbor ef al., 2011).

1.3.1.1.4. Chemical Pretreatment

Chemical pretreatments include acid, alkaline, oxidative delignification,
ozonolysis, organosolv, and ionic liquid treatment. In this section, acid
pretreatment and alkaline pretreatment will be introduced. Acid pretreatments
have been extensively studied and are the subject of reviews by Carvalheiro ef al.
(2008) and Yang and Wyman (2008). The concentrated inorganic acids such as
H,SO,4 and HCI are used to treat biomass; however, they are toxic, corrosive, and
hazardous. Therefore, dilute acid hydrolysis is often applied to treat biomass
(Kumar et al., 2009a). Typical acids used are sulfuric, nitric, hydrochloric, and
phosphoric acids at a concentration of approximately 4% (w/w biomass) (Nguyen,
2000; Torget et al., 2000; Torget et al., 1990). Dilute acids are mixed or contacted
with biomass, and the mixture is held at 160-220 °C for periods ranging from
minutes to seconds (Mosier et al., 2005). Researchers have effectively hydrolyzed

hemicelluloses to monomeric units and increased cellulose accessibility, resulting
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in enhancing the hydrolysis process (Agbor ef al., 2011; Mosier et al., 2005;

Lloyd and Wyman, 2005).

Alkaline hydrolysis involves the use of bases such as sodium hydroxide,
calcium hydroxide, potassium hydroxide, and ammonium hydroxide. They swell
lignocellulosic biomass, increase the internal surface area of the biomass, and
decrease both cellulose crystallinity and degree of polymerization. Also, alkaline
pretreatment disrupts the lignin structure and breaks the linkage between lignin
and the other carbohydrate fractions. Acetyl and other uronic acid substitutions on
hemicellulose, which decrease the accessibility of enzymes to cellulose surfaces,
are also removed, resulting in higher accessibility of cellulose (Agbor et al., 2011;
Chandra et al., 2007; Moseir et al., 2005). The process of alkaline treatment is
relatively mild, using lower temperature and pressure compared to other
pretreatment technologies (0.5 g Ca(OH),/ g biomass and temperature at less than
55°C) (Kim and Holtzapple, 2006; Mosier et al., 2005). Alkaline pretreatment is
most effective with low lignin content biomass such as agricultural residues
(Agbor et al., 2011). The advantages of alkaline pretreatment are low reagent

cost, and safety.

1.3.1.1.5 Biological Pretreatment

Biological pretreatment incorporates the use of microorganisms that

produce enzymes to degrade lignin, hemicellulose, and polyphenols (Agbor et al.,
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2011). Three types of microorganisms are most often used for this type of
treatment: brown rot fungi, white rot fungi, and soft rot fungi (Galbe and Zacchi,
2007). Brown rot fungi mainly attack cellulose, whereas white- and soft- rot fungi
can decompose both lignin and cellulose, producing enzymes such as lignin
peroxidases, manganese peroxidase polyphenol oxidases, and laccases (Lee et al.,

2007; Sun and Cheng, 2002).

Biological delignification is very effective and selective without negative
impacts on cellulose fractions (Qiu and Chen, 2012; Hatakka, 1994). These
methods do not require high energy for lignin removal, and are considered safe
and environmentally friendly, compared to other pre-treatment processes (Kumar
et al., 2009a; Yang and Wyman, 2007). Also, it generates less hazardous or

inhibitory by-products (Qiu and Chen, 2012).

1.3.1.2. Challenges of Pretreatment

As is mentioned above, pretreatments are effective in altering the structure
of lignocellulose and making it more susceptible to enzymatic attacks (Agbor et
al., 2011; Kumar ef al., 2009a; Yang and Wyman, 2008). However, barriers to the
widespread adoption of pretreatment processes include high energy input and

cost, environmental concerns, substrate dependency, and inhibitor generation.
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First, energy input should always be taken into account. All treatments require
a large amount of energy so balancing pretreatment efficiencies and associated
costs is important. For example, mechanical comminution is a very efficient
primary treatment for size reduction, but it requires high energy input (Cadoche
and Lopez, 1989). Some pretreatments may require additional energy in
downsteam treatments, including neutralization, water removal, treated-substrate
wash, or chemical removal (Agbor et al., 2011). For example acid or alkali
treatments use a large volume of water during their process, and they also require
a high volume of water for neutralization later in the process. Thus, techno-
economical analysis will be required when pretreatment processes are designed in
industrial scale. In addition, several reaction conditions cause environmental or
occupational concerns such as waste disposal, corrosion of equipment or risks for
operators (Von Sivers and Zacchi, 1995). For example, diluter or concentrated
acid pretreatment can easily damage equipment and pose a danger for operators
(Agbor et al., 2011). Moreover, pretreatment efficiency depends on substrates.
For example, some delignification methods are effective for substrates with lower
lignin content, such as agricultural residues, but are not very effective for
substrates with high lignin content including softwoods (Agbor ef al., 2011;
Chang et al., 2001; McMillan, 1994). Therefore, careful considerations are
required for each substrate. Finally, one of the most problematic issues related to

pretreatment is the generation of inhibitory compounds for enzyme hydrolysis or
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further microbial fermentation (Hendricks and Zeeman, 2009; Almeida et al.,

2007; Palmqvist and Hahn-Hégerdal, 2000).

The inhibitory compounds from lignocellulose are divided into three
categories: furan derivatives [2-furaldehyde and 5-hydroxymethyl-2-furaladehyde
(HMF)], weak acids (acetic acid, formic acid, and levulinic acid), and phenolic
compounds. Furan derivatives, furfural and HMF, are formed by dehydration of
hexose and pentose sugars (Reilly, 2006). They inhibit growth of microorganisms,
particularly Saccharomyces cerevisiae, giving a longer lag phase, and decrease in
ethanol productivity (Almedia et al., 2007). They inhibit alcohol dehydrogenase,
pyruvate dehydrogenase, aldehyde dehydrogenase, and glycolytic enzymes (eg.
hexokinase and glyceraldehyde-3-phosphate dehydrogenase) (Modig, Liden &
Taherzadeh, 2002; Banerjee, Bhatnagar, & Viswantathan, 1981). Also, furfural
affects glycolytic and TCA fluxes which are involved in energy metabolism
(Horvéth et al., 2003). Furthermore, the reduction of furans by yeast also results
in NAD(P)H depletion so that yeast has to redirect energy for fixing the damage
caused by furans and by reduced intracellulase ATP and NAD(P)H levels, either
by enzymatic inhibition or by consumption and regeneration of cofactors
(Almedia et al., 2007). Additionally, acetic, formic, and levulinic acids are the
most common weak acids generated from lignocellulose pretreatment. Acetic acid

is formed by de-acetylation of hemicellulose fraction, whereas formic and
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levulinic acids are the degradation products of HMF or furfural (Ulbricht,
Northup, & Thomas, 1984). They slow the growth of microorganism and reduce
ethanol productivity, which is caused by the accumulation of intracellulase anion
(Larsson et al., 1999; Russell, 1992). Also, weak acids can diffuse from the
fermentation medium across the plasma membrane (Verduyn ef al., 1992;
Verduyn, 1991). The resultant decrease in intracellular pH is compensated by the
plasma membrane ATPase, which pumps protons out of the cell at the expense of
ATP hydrolysis (Verduyn et al., 1992). As a consequence, less ATP is available
for biomass formation. In addition, weak acids reduce the uptake of aromatic
amino acids from the medium, probably because of a strong inhibition of Tat2p
amino acid permease, which regulates the utilization of the amino acids (Bauer et
al., 2003). Finally, lignin breakdown and carbohydrate degradation under acidic
conditions derive a variety of phenolic compounds (Popoff and Theander, 1972;
Popoff and Theander, 1970). They decrease the microbial growth and product-
productivity. Researchers suspect that they act on biological membranes, causing
loss of integrity (Heipieper et al., 1994). Also, phenolic compounds with weakly
acidic in nature may destroy the electrochemical gradient by transporting the

protons back across the mitochondrial membranes (Terada, 1990).

From the discussion above, lignocellulose pretreatment technology is

beneficial in increasing enzyme accessibility to cellulose fibers. However, they

37



also have disadvantages that significantly affect subsequent hydrolysis and
fermentation. Therefore, the pretreatment method and its conditions must be
carefully selected to maximize the accessibility and minimize inhibitory
productions, with careful consideration to balancing the cost requirements (Agbor

etal., 2011).

1.3.2. High-Solid Hydrolysis

1.3.2.1. Advantages of High-Solid Hydrolysis

Hydrolysis of lignocellulose in aqueous solution has traditionally been
examined with low solid concentration. However, this method generates a large
amount of by-products that dissolve into the solution, and it produces a great mass
of wastewater, which requires the post-treatment to be more complex and more
expensive (Ran et al., 2012). High solid hydrolysis is on strategy to address these
problems. High-solid enzymatic hydrolysis is defined as the hydrolysis with high
solid concentration without significant amounts of free liquid water present at the
initial phase of the hydrolysis (Hodge ef al., 2009). Operating with a high solid
concentration increases both the product concentration and plant productivity. In
addition, lower water content allows for less energy for heating and cooling in a
plant with a large system capacity. It also generates less wastewater due to
reduced equipment size, resulting in a decrease of capital and operational costs

(Ran et al., 2012; Kristensen, Felby, & Jorgensen, 2009; Um and Hanley, 2008;
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Jogensen et al., 2007). For example, the ethanol concentration in the fermentation
broth before distillation process should be above 4% (w/w) in order to make the
process economical in a bioethanol plant using starch as a substrate, (Fan et al.,
2003; Wingren et al., 2003). To achieve 4% (w/w) final ethanol concentration in a
lignocellulose-based ethanol process requires a solid level above 15-20% (w/w)
for most types of lignocellulose materials (Jogensen et al., 2007). For example,
Hodge et al. (2009) hydrolyzed dilute acid-pretreated corn stover using a fed-
batch stirred tank reactor and achieved a final cellulose conversion of 80% with
25% of solid content. Furthermore, Jagensen et al. (2007) designed a gravimetric
mixing reactor, equipped with a horizontally placed drum with a horizontal
rotating shaft mounted with paddlers for mixing, and obtained 86 g/kg glucose

with 40% solid loading resulting in 48 g/kg ethanol.

1.3.2.2. Challenges of High-Solid Hydrolysis

High-solid hydrolysis is an economically viable option as it substantially
reduces both capital and operational costs. However, many studies reported that
increasing solid content resulted in a corresponding linear decrease in cellulose
and hemicellulose conversions, as well as a decrease in ethanol yield (Wang et al.,
2011; Kristensen et al., 2008; Cara et al., 2007; Jogensen et al., 2007; Serensen
Pedersen, & Meyer, 2006; Rudolf et al., 2005; Varga et al., 2004). Although the

exact reason and mechanism that decrease the conversions and ethanol
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productions have not yet been elucidated, several potential factors related to the
solid effects have been studied: mechanical mixing deficiency and insufficient
mass transfer, viscosity, product inhibition, inhibitors derived from pretreatment,

and cellulase adsorption inhibition.

In general, mass transfer is critical factor in enzyme reactions. Mechanical
mixing in high solid hydrolysis is difficult (Xue et al., 2012b). This might
decrease the mass transfer between enzymes and substrate and ultimately decrease
cellulose conversion (Palmqvist and Lidén, 2012). On the contrary, Ingesson et al.
(2001) examined the effects of mixing conditions and concluded that mixing did
not have a substantial effect. In fact, they reported that an increase in shaking
from 20 to 150 rpm increased the hydrolysis rate whereas the final cellulose
conversion was only slightly affected by any change in shaking rate. Also,
intermittent stirring, which possessed periods of low or no stirring, was almost as
efficient as constant stirring. Um and Hanley (2008) also showed that the rotation
speed of 120 rpm and 180 rpm did not affect the glucose yield, due to a
substantial decrease in the viscosity of the reaction mixture and better interaction
between the enzymes and the remaining substrate. However, the glucose yield at
60 rpm was significantly lower than that at 120 or 180 rpm. The authors

mentioned that a threshold line existed for the mixing speed to produce glucose.
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Additionally, viscosity might be involved in the decreased hydrolysis
yields. The viscosity at initial hydrolysis phase rises with the increasing solid
loading. Therefore, the high viscosity negatively causes initial glucose production
at the initial hydrolysis phase, which is likely due to low mass transfer (Lu ef al.,
2010). However, a rapid decrease of viscosity occurs after initial phase (Jogensen
et al.,2007; Fan et al. 2003). While viscosity decreases, the structure of substrate
dramatically changes from solid to paste or liquid form. This change may be a
result of the combined effects of separation of the cell wall matrix and gradual
reduction of the average chain lengths of cellulose and hemicellulose by
endoglucanase activity in enzyme cocktails (Olsen et al., 2011; Jogensen et al.,
2007). From these observations, high viscosity derived from high solid loading
affected initial hydrolysis rates and did not greatly affect overall hydrolysis

performance.

Product inhibition is well known to reduce enzyme performance. High-
solid loading may cause product inhibition in enzyme hydrolysis. In order to
examine the effect of product inhibition on high-solid hydrolysis, Kristensen et al.
(2008) hydrolyzed filter paper using Celluclast 1.5 L and Novozyme 188 (75
FPU/g). They added 50 g/L glucose on filter paper hydrolysis with 5% and 20%
solid loadings. Although glucose addition decreased the initial hydrolysis rate up

to 4 h, it did not affect the hydrolysis performance. The group concluded that
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either stronger factor inhibited the hydrolysis after 4 h and masked the product
inhibition, or the 50 g/L of glucose was below threshold to affect the hydrolysis.
In addition, some product could inhibit the adsorption of cellulases on cellulose
fiber, particularly cellobiose (Kumar and Wyman, 2008). There is a strong
correlation between decreasing glucose yields and cellulase adsorption
(Kristensen et al., 2008). Therefore, increasing the concentration of sugars in

high-solid hydrolysis results in inhibition of adsorption of the enzymes.

Additionally, pretreated lignocellulosic material contains toxic by-
products such as acetic acid, furfural, and lignin derived phenol as mentioned in
the previous section. The toxic compounds also are increased as solid content
increases; thus, inhibition may become more detrimental to enzyme hydrolysis
and microorganism growth (Lu ef al., 2010; Jogensen et al., 2007; Klinke,
Thomsen, & Ahring, 2004; Palmqvist et al., 1999). Indeed, Lu et al. (2010)
compared hydrolysis performance and ethanol production using washed and
unwashed steam-exploded corn stover with 30% (w/w) solid loading. Most of the
harmful components were water soluble, so that washed substrate did not contain
the compounds. The glucose concentration, cellulose conversion, and ethanol
production of washed substrate were 103.3 g/L, 72.5%, and 49.5 g/L,
respectively. Using unwashed substrate, glucose yield was less than 85 g/L, and

microorganisms did not ferment the hydrolysate at all. In other words, water-
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soluble components inhibit the glucose and ethanol productions, and the washing
process may prevent the effect of inhibition on hydrolysis and fermentation (Lu et

al., 2010).

1.3.3. Enzyme Recycling

1.3.3.1. Advantages of Enzyme Recycling

One tactic to increase hydrolysis efficiency is to recover and recycle the
enzymes in free form (Xue et al., 2012a; Qi et al., 2011; Tu and Saddler, 2010; Tu
et al.,2009; Tu et al., 2007 ab; Gregg and Saddler, 1996; Lee et al., 1995; Ramos
et al., 1994; Ramos and Saddler, 1993). After a hydrolysis reaction, some
cellulases remain free in solution, whereas others are bound to the residual
substrate (both on cellulose and lignin) (Tu et a/, 2009). Cellulases from both
liquid and solid fractions can be recovered and recycled back through the system

(Tu et al., 2007b; Gregg and Saddler, 1995).

Tu et al. (2007b) found that 90, 65, and 51% of cellulases remained in
liquid phase when Avicel (2% w/v), pretreated pulp (3% w/w lignin content), and
ethanol pretreated mixed softwood (6% w/w lignin content) were used as
substrates, respectively. Free cellulases in a reaction supernatant can be recovered
by the addition of fresh substrate. Cellulases have a high affinity to cellulose;

thus, cellulases in liquid fraction can be effectively adsorbed and recovered onto
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fresh substrate (Qi ef al., 2011). Once fresh substrate was added into the liquid
phase, free cellulases quickly adsorbed onto them within the first 20 min,
thereafter adsorption rate slowed during the next 30 min after which it plateaued
(Tu et al., 2007b). Tu et al. (2007b) was able to recover 76% of the free cellulases
from liquid phase using Avicel compared to 51% using an ethanol-pretreated

mixed softwood substrate.

In addition, ultrafiltration can be employed to recover free cellulases from
the reaction supernatant (Qi et al., 2011; Lu et al., 2002; Ramos and Saddler,
1994). Ultrafiltration can separate all cellulases, including B-glucosidases, from
hydrolysis products. For example, Lu et al. (2002) recycled cellulases 3 rounds
with 20 FPU/g cellulose enzymatic strength using steam-exploded Douglas-fir
which was further extracted by hot alkali peroxide. The cellulose conversion rates
of 1%, 2™, and 3" cycles were 97.2, 92.6, and 73.6%, respectively. Ultrafiltration
has also been applied to column cellulose hydrolysis reactors (Tan et al., 1986 ab;
Tan et al., 1987). Tan et al. (1986 a) built a column cellulose hydrolysis reactor
equipped with an ultrafiltration apparatus [1000 molecular weight cut off
(MWCO)] which allowed for continuous hydrolysis and enzyme recycling. The
ultrafiltration apparatus selectively removed all cellulase components, including

B-glucosidase, and enzymes were returned to the reactor. As a result, they
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achieved rapid production of monomeric sugars in the product stream without the

addition of fresh cellulases.

As well as reaction supernatants, a large amount of cellulase remains on
hydrolysis residues, in particular residues containing a large amount of lignin (Tu
et al., 2007b). One method to recover bound cellulases from a solid phase is by
collecting the hydrolysis residues containing bound enzymes and re-hydrolyzing it
with fresh substrate (Lee ef al., 1995). This is a simple enzyme desorption method
which allows cellulases to desorb from the residue and to re-adsorb onto fresh
substrate (Lee et al., 1995; Girard and Converse, 1993; Ramos and Saddler, 1994;
Ramos and Saddler, 1993). Lee ef al. (1995) proved that bound cellulase on
lignin-rich residue still had activity after its desorption, and the cellulases quickly
partitioned themselves between both residual substrate and fresh substrate. The
other method to recycle enzymes that attach on solid residues is by extracting
cellulases from the residues (Jackson et al., 1996). Various methods to recover
cellulases from hydrolysis residues have been studied, including surfactants,
alkali, glycerol, urea, and phosphate or acetate buffers with varying pH (Otter et
al., 1989; Clesceri et al., 1985; Deshpande and Eriksson, 1984). Tu ef al. (2009)
attempted to recycle cellulases using a surfactant, such as Tween 80, as well as
recovering enzymes from the reaction supernatant. Using a response surface

methodology, they found that temperature, pH, and surfactant concentration were
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the major factors to regulate cellulase desorption. This method was effective
towards substrates containing a larger amount of lignin because surfactant
competes with cellulases for hydrophobic adsorption sites on lignin-rich residue.
Consequently, surfactants reduce non-productive binding of cellulase to substrate
and allow cellulases to more effectively desorp from the residue (Eriksson,
Borjesson, & Tjerneld, 2002; Tu et al., 2007ab). Additionally, Qi et al. (2011)
extracted bound cellulases from lignin-rich residues altering the pH values in
buffer from 4.8 to 7.0, as well as recovering enzymes from a reaction supernatant.
When the buffer pH is increased to neutral range, cellulases are more negatively
charged. Since the overall charges of the polysaccharide and phenolic groups on
the lignocellulose substrate are also negative, the binding between cellulases and
substrate become weaker at neutral pH (Clesceri ef al., 1985). As a consequence,
cellulases are effectively desorbed from lignin-rich residues by simple pH

alteration.

1.3.3.2. Challenges of Enzyme Recycling

Enzyme recycling can reduce enzyme usage and enhance economic
feasibility of lignocellulose hydrolysis. However, this strategy also faces
challenges. First of all, readsorbing cellulases on fresh substrate alters enzyme
compositions. Tu ef al. (2007a) examined reabsorbed cellulase distribution on

freshly added substrate. They found that the recovered cellulases were CBHI,
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CBHII, EGI, and EGII; B-glucosidase was not readsorbed on the fresh substrate.
This group also conducted isoelectric focusing analysis in the hydrolysis
supernatant and found that the band for B-glucosidase remained free of charge.
Cellulose and cellulases bind via electrostatic interactions, thus uncharged -
glucosidase was not adsorbed onto the fresh substrate. This finding indicated that
B-glucosidases are not recycled and need to be added each recycling round, which
is not economically feasible. Cellulase recovery by ultrafiltration can overcome
this problem and recycle all cellulases. However, it is capital intensive, and

optimizations are required to prevent protein folding (Baker, 2010).

A large amount of cellulases in liquid fraction were not recovered. This
was observed more frequently when the substrate contained a large amount of
lignin. For example, 76% of the free cellulases from liquid phase were recovered
by the addition of fresh substrate when Avicel was used, whereas only 51% of the
cellulases were recovered when an ethanol-pretreated mixed softwood substrate
was used, the lignin content of which was 3% (Tu ef al., 2007b). This observation
showed the significant effect of lignin on cellulase desorption. Regarding
cellulase desorption from solid residues using surfactants, the addition of Tween

80 only recovered 50% of protein bound on the residue (Tu et al., 2007b).

The collected solid residues for a subsequent hydrolysis with fresh

cellulases were hydrolyzed much more slowly than the fresh substrate. As a
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consequence, it is likely that the hydrolysis performance decreased due to the
accumulation of lignin with each every repeating cycle (Lu et a/, 2002; Lee et al.,
1995; Girard and Converse, 1993). In fact, Lee et al. (1995) examined protein
recyclability and enzymatic activities using water-washed steam-exploded birch.
The group successfully recovered 90% (w/w) of proteins; however, the activity
was only 16% of its original activity. Also, this method was negatively affected
by the distribution of lignin in the substrate. This was likely because lignin served
as a barrier limiting the accessibility of the cellulose fraction, as well as
nonproductive bindings on cellulases (Qi et al., 2011; Pejic et al., 2008). Also,
cellulases exhibit a higher affinity to lignin than cellulose based on hydrophobic
interactions. Moreover, cellulases may also have lignin binding sites on the
catalytic domain, which may increase the amount of nonproductive binding
(Berlin et al., 2005). The high affinity of cellulases for lignin is problematic for
cellulase extraction. It restricts cellulase desorption from a solid residue into the
liquid phase (Lu et a/, 2002). Indeed, alkaline pretreated wheat straw, which
contains a low amount of lignin (3.5% (w/w)), showed more efficient recycling
than acid pretreated wheat straw, which contains a higher amount of lignin (25%
(w/w)) (Qi et al., 2011). Additionally, cellulase extraction by the pH alteration
method greatly decreased enzyme activity. This is probably because the change in
pH disrupted the native structure of the cellulases, resulting in the inactivation of

the cellulases (Qi et al., 2011).
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1.3.4. Simultaneous Saccharification and Fermentation

(SSF)

1.3.4.1. Advantages of SSF

Product inhibition is one factor that significantly affects cellulase
hydrolysis in a negative manner (Xiao ef al., 2004). In order to overcome this
problem, end-products or intermediate products need to be constantly removed
from the hydrolysis reaction mixture. One potential method is ultrafiltration (Sun
and Cheng, 2002). Tan et al. (1986) built a column cellulose hydrolysis reactor
equipped with ultrafiltration apparatus, continuously removing sugar products and
recycling cellulases. The researchers mentioned that the ultrafiltration
successfully minimized the negative influence of product inhibition on cellulase

hydrolysis; however, the capital cost for this apparatus was relatively expensive.

An alternative method is simultaneous saccharification and fermentation
(hereby referred as SSF) (Sun and Cheng, 2002). SSF combines enzymatic
hydrolysis and fermentation to keep the concentration of glucose low; that is, SSF
simultaneously conducts enzymatic hydrolysis, cell growth, and product
production (Kumar et al., 2009b; Zhang, Jin, & Kelly, 2007). Enzymes
decompose lignocellulosic substrates and generate sugars, and then
microorganisms immediately consume the sugars to produce end-products.

Consequently, the product inhibition on enzymatic hydrolysis can be avoided.
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Compared to the two-stage hydrolysis-fermentation process, which is a

separate hydrolysis and fermentation processes, SSF has several benefits:

(1) to decrease product inhibition caused by glucose or cellobiose

accumulation;

(2) to decrease inhibitor concentration on enzyme hydrolysis, which are
produced during the pretreatment process, including acetic acid, furfural, and
hydroxymethyl furfural. Microorganisms convert them to less inhibitory

compounds. (Kumar ef al., 2009b; Taherzadeh et al., 1997);

(3) to reduce required enzyme amounts;

(4) to lower the requirement for sterile conditions since glucose is removed

immediately and ethanol is produced;

(5) to shorten process time; and

(6) to require a smaller reactor volume because a single reactor is used,

resulting in lower capital investment (Sun and Cheng, 2002).

As a consequence, SSF may increases saccharification rates and productivity
(Zhang et al., 2007). In fact, several researchers reported that SSF is a better

process configuration than separate hydrolysis and fermentation (SHF) under their
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enzymes and conditions (Ohgren et al., 2007; Wingren et al., 2003; Wright et al.,

1998).

1.3.4.2. Challenges of SSF

SSF has advantages over traditional separate hydrolysis and fermentation.
However, the process also has disadvantages, including the temperature
compromise, microorganism and enzyme recycle, and ethanol tolerance for
microorganisms and enzymes (Zhang et al., 2007; Sun and Cheng, 2002). One of
its main demerits is the incompatibility of temperatures between hydrolysis and
fermentation. The optimum temperature of enzymatic hydrolysis is typically
higher than that of microbial fermentation. The temperature for hydrolysis is
approximately 50°C and that for fermentation is approximately 30°C. In the two-
stage hydrolysis-fermentation process, the optimum temperatures can be
independently optimized to maximize the performance of both hydrolysis and
fermentation, whereas SSF requires a temperature compromise (Olofsson,
Bertilsson, & Lidén, 2008). A temperature of 37°C was often used for SSF
experiments because the temperature was regarded as a suitable compromise at
the high end of what S. cervisiae can tolerate (Sassner, Galbe, & Zacchi, 2006;
Rudolf et al., 2005; Eklund and Zacchi, 1995; Wyman, Spindler, & Grohmann,
1992). Thus, utilizing thermotolerant microorganisms is important to allow for a

fermentation temperature close to the optimal temperature for the enzyme activity,
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such as Fabospora fragilis, Saccharomyces uvarum, Candida brassicae, C.
lusitaniae, and Kluyveromyces marxianus (Ballesteros et al., 2004; Hari Krishna,
Janardhan Reddy, & Chowdary, 2001; Ballesteros ef al., 1991). However, some
studies report an alternative option that the lower temperature positively affects
xylose uptake in the co-fermentation for hexose and pentose. For example, Rudolf
et al. (2008) reported that S. cervisiae TMB3400 consumed more xylose at 32 °C
than at 37 °C during the SSF for a sugar cane bagasse to produce ethanol from a
hemicellulose-rich lignocellulose. Olofsson, Rudolf, and Lidén (2008) also found
that a temperature of 34°C was preferable for SSF of wheat straw. These are
likely the result of mechanisms of a hexose transporter in a xylose fermenting
strains of S. cervisiae. Hexose transporters transport xylose into cells, as well as
glucose, but the affinity for xylose is approximately 200-fold lower than that for
glucose (Meinander and Hahn-Héagerdal, 1997; Kotter and Ciriacy, 1993; Kilian
and Uden, 1988). As a result, when less hydrolysis occurred at a lower
temperature in SSF resulting from the lower glucose release, the condition was
favorable for consuming xylose and increasing xylose fermentation yield (Lee et

al., 2003).

Moreover, recycling of enzymes and microorganisms are difficult because
separating enzymes and microorganisms from lignin-rich residues after

fermentation is very problematic (Wingren et al., 2003). Also, enzyme and yeast
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concentrations must be carefully balanced with their performances. Also,
characterizing the microbial and biochemical kinetics of enzymes and determining
optimal process conditions are essential to enhance SSF, particularly, the substrate
loading, decreasing enzyme and yeast concentration, and varying temperature and
pH (Da Silveira Dos Santos et al., 2010; Ko et al., 2009; Li et al., 2009; Chen,

Han, & Xu, 2008; Olofsson, Rudolf, and Lidén, 2008; Stenberg et al., 2000).

1.3.5. Designer Cellulosomes

1.3.5.1. Advantages of Designer Cellulosomes

One of strategies to improve hydrolysis efficiency is construct a multi-
enzyme macromolecular complex (Schoffelen and van Hest, 2012). The strategy

brings biocatalyst together in an artificial way, which has major advantages.

(1) The active sites of the enzymes are brought in close proximity of each
other,
(2) The intermediates are transferred from one catalytic site to another without

or with less diffusion into the solution.

For example, the cellulases assembled on cellulosome configurations
increased cellulose degradation and the concentration of fermentable sugar,
resulting in the increase of final fermentation end-products (Desvaux, 2005).

Morais et al. (2010) amplified cohesion A domain from the scaffoldin C region of
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Acetovibrio cellulolyticus, cohesin B domain from the scaffoldin B region of
Bacteroides cellulosolvens, cohesin F domain from the scaffolding B region of
Ruminococcus flurefraciens strain 17, CBM-T domain from the cohesin 3 and
cellulose binding module regions from Clostridium thermocellum YS; and then,
all modules were assembled in linearized pET28a plasmid. Further, the group
combined the plasmid with Cel 48 exoglucanase, Cel 5A endoglucanase, and Xyl
10 B and Xyl 11A endoxylanases that originated from Thermobifida fusca. The
hydrolysis yield of wheat straw using the designer cellulosome was 2.4 times
higher than that of free enzyme system. Mitsuzawa et al. (2009) genetically
created a synthetic cellulosome containing four different cellulase assembled on
an 18-subunit protein complex called a rosettasome, and a cohesin module was
fused to each 60 kDa rosettasome subunit to induce binding cellulases. The bound
enzymes have increased cellulose degrading activity compared to that of the free

forms in solution.

1.3.5.2. Challenges of Designer Cellulosomes

Constructing designer cellulosomes is beneficial for lignocellulose
hydrolysis and study of cellulases reactions. However, the hydrolysis yield of the
designer cellulosome was much lower than that of naturally produced cellulosome

from typical cellulosic bacteria. Therefore, the combination of scaffolding
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domains and enzymes in the recombinant DNA needs to be improved (Morais ef

al., 2010).

1.4. Alternate Approach --- Enzyme Immobilization

1.4.1. Advantages of Enzyme Immobilization

In addition to the previously mentioned efforts to enhance hydrolysis
performance, cellulase immobilization is an alternative method to enhance
hydrolysis performance. Immobilized enzymes are physically confined enzymes
that retain their catalytic activity and can be used repeatedly and continuously
(Worsfold, 1995). Also, immobilization allows enzymes to form a
macromolecular complex. This strategy brings biocatalysts together in an artificial
way which the actives sites of enzymes are brought in close proximity of each
other and which the intermediates are transferred to subsequent enzymes with less

diffusion into the solution (Schoffelen and van Hest, 2012).

The primary advantage of immobilization is its reusability, which offers
significant cost benefits for industrial applications (Worsfold, 1995). One such
approach to enzyme recycling is immobilization of cellulases on magnetic
particles. The distinct advantage of magnetic particles is their ease of separation
from reaction mixtures simply by the application of a magnetic field

(Khoshnevisan et al., 2011). Additionally, the recycling of the magnetic particles
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also reduces capital and operational costs (Feng ef al., 2006). Magnetic particles
have been extensively studied in pharmaceutical, medical, and biological
industries due to their unique magnetic properties and potential wide range of
applications including in molecular detection and biosensors, drug delivery,
hyperthermia, magnetic resonance imaging, enzyme immobilization and protein
purification (Colombo et al., 2012; Cho et al., 2012; Jordan et al., 2011; Woo et

al., 2010).

Magnetic ferrites are commonly-used magnetic materials. They are
biocompatible magnetic materials with low toxicity and strong magnetic
properties (Huang, Liao. & Chen, 2003). They are synthesized by hydrolytic
synthesis with co-precipitation techniques, from which magnetite is obtained by
alkaline co-precipitation of stoichiometric amounts of ferrous and ferric salt in
aqueous solution (Colombo et al., 2012; Massart, 1981). Hydrothermal conditions
can also be applied to improve the magnetic properties (Ge et al., 2009). The co-
precipitation method has a wide range of advantages, including the use of
inexpensive chemicals, mild reaction conditions, the possibility to perform direct
synthesis in water, ease of scale- up, and production of highly concentrated
ferrofluids. Furthermore, for biological applications, magnetic nanoparticles must
be stabilized and functionalized because nanoparticles themselves tend to

flocculate, attributed to van der Waals forces (Berry et al., 2003). It is possible to
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synthesize the particles with a stabilizing agent such as dextran; however, they
still require further functionalization and stabilization to increase stability on the
surface of the target enzymes. To achieve the required functionalization and
stabilization, coating strategies can be applied. Coating materials for biological
applications include organic molecules (eg. methylene diphosphoric acid, citrate),
polymers (eg. dextrin, poly(ethylene glycol)), surfactants, and inorganic
molecules (eg. silica) (Colombo et al., 2012). In particular, inorganic materials
have been largely used to produce multifunctional materials, as well as giving
stability. In addition, silica is a suitable material for immobilization because of its
large surface area, chemical and mechanical stability, narrow pore size
distribution, and relatively low cost (Hartono ef al., 2010). In general, silica shows
exceptional adsorptive affinity for various organic molecules in aqueous solution,
such as proteins and polymers (Gun’ko et al., 2006; Rugal et al., 2006).
Adsorption is attributed by the formation of non-covalent interaction between the
available groups on the surface of the silica and the carbonyl or amino groups on
enzyme surface (Gun’ko et al., 2003). Non-covalent processes are very economic
and simple, and enzyme activities tend to be retained during immobilization
(Huang et al., 2011). There are some reports that successfully immobilized
enzymes on magnetic nanoparticles coated with silica. For example, Woo ef al.
(2010) immobilized lipase on magnetic nanoparticles coated with silica and

achieved 70% of initial activity after three uses. Also, Huang ef al. (2011) applied
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glucose oxidase on Fe;04/S10, magnetic nanoparticles using glutaraldehyde. The
immobilized enzyme retained 80% of its initial activity after 6 h at 45 °C, while
free enzyme retained only 20% activity. The immobilized enzymes maintained

60% of initial activity after 6 cycles.

In the case of the cellulase immobilization, magnetic particles have been
recently used as well. For instance, Cho et al. (2012) immobilized three types of
cysteine-tagged cellulases, including endoglucanse I, cellobiohydrolase II, and (-
glucosidase, on gold-dropped magnetic silica nanoparticles. They achieved 99%
loading efficiency with 20 pg of enzyme, and the immobilized enzymes were
reused seven times, retaining 90% of initial activity as hydrolyzing p-nitrophenyl
B-p-glucopyranoside. Alahakoon et al. (2012) immobilized cellulases originated
from T.reesei on amine and aldehyde functionalized magnetic nanoparticles,
hydrolyzing CMC. They reported that their retained enzyme activities ranged
from 48.4 to 64.3% depending on the loading density, that were from 0.035 to
0.054 mg immobilized enzymes/mg nanoparticles. Moreover, Xu ef al. (2011a)
covalently immobilized cellulase on magnetic nanoparticle. The retained enzyme
activity, measured by the specific enzyme activity using CMC as a substrate,
decreased to 32.9%. However, the immobilized cellulases gained thermal stability,
pH stability and storage stability. Furthermore, Liao et al. (2010) immobilized

Cellulase R-10 on polyvinyl alcohol/ Fe,O3 magnetic nanoparticle and obtained
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91% of retained enzyme activity using the specific enzyme activity method. Also,
they examined the reusability, and the immobilized cellulases retained 40% of the

initial activity at 4™ cycle, hydrolyzing microcrystalline cellulose.

In addition, there are successful reports recently using not only magnetic
particles but also polymers and inorganics. For example, Liang and Cao (2012)
covalently immobilized cellulases (50-300 mg protein) on pH sensitive
polyacrylate amphiphilic copolymer (Pvpg) and gained 63.3% of retained enzyme
activity, hydrolyzing filter paper. The immobilized cellulases also obtained
thermal stability and reusability (Retained 83.1% at 5" cycle). Also, Yu et al.
(2012) covalently and non-covalently immobilized cellulases Suhong B989N on
water-soluble-insoluble reversible polymer (Eudragit S-100). The retained
enzyme activities of covalent and non-covalent methods were 81.08 and 56.83%,
hydrolyzing CMC. The covalently immobilized cellulases obtained pH stability
and thermal stability, specifically at high pH and high temperature. Moreover,
Zhang et al. (2012) immobilized the crude cellulases from 7.viride using
carbodiimide and obtained 88.76% of the retained enzyme activity, hydrolyzing
wheat straw. Also, Chang, Jing, and Wu (2011) immobilized cellulases on
mesoporous silica with small pores and large pores by adsorption, and they also
chemically bind cellulases on (3-triethoxysilylpropyl)succinic acid anhydride

(TESP-SA)-functionalized large pore mesoporous silica. The retained activities of
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three immobilized cellulases were 33.3%, 77.8%, and 83.8%, hydrolyzing
cellulose powder (Sigma-Aldrich). In particular, TESP-SA-functionalized silica
showed better storage stability than free cellulases at room temperature for 23
days. Xu et al. (2011b) adsorbed cellulases on reversibly soluble polymer,
Eudragit L-100; the immobilized enzyme gained 88.76% of the retained enzyme
activity, hydrolyzing filter papers. Furthermore, Zhou (2010) immobilized
cellulase on N-succinyl-chitosan using adsorption method. The immobilized
cellulases had 48.8% of retained activity, hydrolyzing CMC, and thermal stability
at the high temperature. Also, Tébéka ef al. (2009) immobilized cellulase C8546
on silica wafers by adsorption and obtained 80% of retained activity, hydrolyzing
microcrystalline cellulose. Finally, Afsahi et al. (2007) covalently immobilized
semi-purified 7.reesei PTCC 5142 cultivation solution on non-porous ultrafine
silica. The retained enzyme activity reduced to 35%, but it obtained thermal
stability. Table 1.1 shows a summary of cellulase immobilization. Although these
studies were successful, there is no report that the immobilized cellulases retained
the equivalent enzyme activities as free cellulases and none of them showed the

sugar compositions in the hydrolysates.
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Table 1.1. Examples of cellulase immobilization

Enzyme Support Immobili- Sbstrate Retained Characteristics  References
(Source) zation activity
method

Cellulases cocktail Puvps Covalent Filter 63.3% Thermal Liang and
(NOVOZYMES, polymer paper stability, Cao (2012)
USA) Reusability

(Retained

83.1%at5"

cycle)
Cellulases Suhong Eudragit S-  Covalent CMC 45% pH stability, Yuetal,
B989N 100 Thermal (2012)
(NOVOZYMES, stability,
USA)
Cellulases cocktail Magnetic Covalent CMC 48.4-64.3%  Reusability Alahakoon et
(Sigma-Aldrich Co. nano- (75.7% at 10® al., (2012)
USA) particle cycle)
Crude cellulases Eudragit L-  Covalent Wheat 88.76% N/A Zhang et al.,
(T.viride, Shanghai 100 straw (2012)
Bio Life Science &
Technology. Co.Ltd)
Enzyme complex NS Eudragit L-  Adsorption  Filter 75% N/A Xuetal,
50013, (Novozymes 100 paper (2011b)
investment, China)
Cellulase cocktail Magnetic Covalent Steam- 32.9% Thermal Xuetal.,
(Shanghai Bio Life nano- exploded stability, pH (2011a)
Science and particles corn stalk, stability,
Technology Co., Ltd., Bagass Storage stability
China)
Cellulase cocktail N-succinyl- ~ Adsorption ~ CMC 48.8% Thermal Zhou (2010)
(Sinopharm Chemical  chitosan stability
Reagent Co., Ltd.,
China)
Cellulase R-10 PVA/Fe 05 Adsorption Micro- 91% Reusability Liao et al.
(Dingguo Biologic Magnetic crystalline (Retained 40% (2010)
Technique Company, nano- cellulose at 4" cycle)
China) particles
Semi-purified Non-porous  Covalent CMC 35% Thermal Afsahi et al.
Trichoderma reesei ultrafine stability (2007)
PTCC 5142 culture silica
Cellulase C8546 Silica Adsorption  Micro- 80% Reusability Tébéka et al.
(Sigma-Aldrich Co. wafers crystalline (Retained 100%  (2006)
USA) cellulose at 6" cycles),
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1.4.2. Challenges of Enzyme Immobilization

Magnetic particles have a very efficient separation and recoverability;
however, they share a common problem with most immobilized enzymes — the
potential loss of enzymatic activity post-immobilization. The loss is often
attributed to conformational changes as a result of interactions between the
enzymes and supports (Cao, 2005). For example, Afsahi et al. (2007) immobilized
cellulases originating from Trichoderma reesei on non-porous ultrafine silica with
physical adsorption and with covalent binding using glutaraldehyde. The retained
enzymatic activities of both immobilized cellulases greatly decreased to
approximately 30% of free cellulases. Furthermore, Hartono et al. (2010)
immobilized cellulases on silica with or without organic molecule
functionalization. Both conditions reduced the retained activities. The activities of
vinyltrimethoxysilane-functionalized and nonfunctionalized immobilized
cellulases were 80.28 and 76.76% compared to that of free cellulases,
respectively. The examples above show that the loss of enzymatic activities is
commonplace in immobilized enzyme studies. However, the proper selection of
both enzymes and support can occasionally retain high enzymatic activities (Cao,
2005). Thus, it is crucial to find the specific combination of enzymes and support

which can retain high enzymatic activity.
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Another disadvantage is a weak interaction between the support and the
enzymes (Huang and Juang, 2011). The interaction between silica surfaces and
amino acid residues on enzymes are generally electrostatic and hydrogen bonds
(Huang and Juang, 2011). The stability of the immobilized enzyme depends on
the strength of those interactions. The interaction is highly dependent on
temperature, concentration, ionic strength and pH (Cao, 2005). Thus, it is
essential to investigate how those microenvironmental conditions for enzymes

influence cellulase adsorption on silica support and catalytic activity.

Enzyme activity measured under standard conditions may not correlate
with the enzymatic performance towards real substrates containing cellulose-
hemicellulose complexes. This means it is important to examine the enzymatic
efficiency for not only the model substrate, but also the actual lignocellulose
feedstock, such as wood samples (Kabel et al, 2006). Kabel et al. (2006)
generated starch-removed and cellulose-rich wheat bran and grass samples, and
hydrolyzed them using 14 different commercial cellulases. They found that the
degradation of wheat bran was much better than that of grass, despite the use of
standardized enzyme activities. For instance, the ratio of degraded glucan to
glucose for wheat bran was approximately 60% using GC220 (DuPont
Genencor” Science), whereas that for grass was less than 5%. This phenomenon

was probably due to a less rigid lignin-hemicellulose-cellulose network in wheat
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bran than in grass. Moreover, the ratio for grass using Cellulyve S0L (LY VEN-
ZAC Normandial, Colombelles, France) was approximately 65%, whereas the
same enzyme did not hydrolyze the wheat bran sample at all. The authors stated
that the substrate characteristics are vital for cellulase efficiency (Kabel ef al.,
2006). Therefore, it is critical to investigate the hydrolysis performance towards

actual lignocellulose samples in this study.

Finally, there are many academic studies of immobilized enzymes;
however, they are rarely applied in industry. For example, more than 140 research
papers about immobilized amylase, one of the starch degrading enzyme cocktails,
have been published within the last five years (Scopus, 2012); however, industries
often use amylase in a free form, most likely due to its relatively high enzymatic
activity, low price, and simpler substrate structure. In fact, starch is mostly
glucose polymer in polymeric form with o 1-4 linkages (amylose and amylopectin).
Thus, starch is relatively easily decomposed to produce sugar solutions. These
factors make the starch hydrolysis process economically feasible for industry
without using immobilization techniques. However, sugar production from more
complex and recalcitrant substrates, such as plant lignocellulose, require higher
dosage of enzyme cocktails. Lignocellulose is a highly heterogeneous substrate
for an enzymatic degradation (Ran et al., 2012). In particular, the enzymatic

conversion of cellulose-hemicellulose association is a complex process involving
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the synergistic action not only with exoglucanases, endglucanases,
cellobiohydrolases, and B-glucosidase, but also with hemicellulases, such as endo
and exoxylanases, arabinosidase, acetylesterase, and glucuronosidases, to remove
the hemicellulose fraction and its hydrolysis intermediates (Qing, Yang,
&Wyman, 2010; Kabel et al., 2006; Tenkanen et al., 2003). Therefore, the
lignocellulose degrading enzyme cocktails require highly complex compositions
and high dosage to obtain efficient hydrolysis activity, causing the process to be
economically unviable. In this case, enzyme recovery and recycling is useful, with
the potential to reduce capital and operational costs to make the process more

economically feasible.

1.5. Hypothesis of the Study

To understand the hydrolysis system developed in this dissertation, the
components and structure of lignocellulose, the structure and hydrolysis
mechanisms of enzyme cocktails, and recent trends in improving hydrolysis steps
and their challenges were reviewed in this introduction section. In this dissertation,
the interactions between silica and cellulases will be discussed from the viewpoint
of the future application for magnetic particles to achieve complete enzyme
recovery. In particular, the main hypothesis of this dissertation is that the specific
combination of immobilized cellulases on silica particles can retain enzymatic

activity as high as that of free cellulases. To prove this hypothesis, many
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immobilization methods and enzyme-support combinations were attempted to
find the proper combination. Also, because enzyme-support interactions are
highly dependent on microenvironmental conditions for enzymes, the effect of
various conditions such as temperature, ionic strength, and pH cellulase
adsorption and hydrolysis were studied; the characteristics of the immobilized
cellulases was also examined. Also, various industrial lignocellulose substrates
were applied on the immobilized cellulases, and the behavior of the enzymes on
the actual biomass was investigated. Finally, B-glucosidase was supplemented,

and its effects on sugar compositions were examined.
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2. Materials & Methods

2.1. Materials

2.1.2. Enzymes

Cellulase 1, originating from Trichoderma reesei ATCC 29621, was
purchased from Sigma-Aldrich Co.. (MO, USA; hereafter it is referred to as C1).
A commercial enzyme cocktail, Cellulases 2, was kindly donated from
Novozymes North America Inc. (NY, USA; hereafter referred to as C2). C2 is
composed of two enzyme cocktails: NS50013 and NS50010. They were mixed at
the ratio of 9:1 according to the manufacture’s protocol. In general, the NS50013
is a cocktail of cellulases primarily used to reduce viscosity and increase
extraction yield of various products from plant biomass. The major reaction
products of cellulose hydrolysis using NS50013 are cellobiose and glucose.
Measured in filter paper units (FPU), its cellulases, xylanase, polygalacturonase,
and endoglucanse activities are 57 FPU/mL, 443 IU/mL, 3497 unit/mL, and 700
IU/g, respectively (Brandon ef al., 2008; Novozymes North America Inc.).
NS50010 is B-glucosidase which hydrolyzes cellobiose to glucose and is often
used to supplement NS50013 to maximize fermentable sugars. It originates from
Aspergillus niger and its cellobiose activity is 250 IU/g (Novozymes North

America Inc.).

67



2.1.2. Supports

Amberlite IRC-50, calcium chloride, and aluminum chloride, were purchased
from Sigma-Aldrich Co. Three types of platy silicas were kindly provided by Dr.
Steven Kuznicki’s lab (Chemical & Materials Engineering, University of
Alberta): ETS-2, ETS-4, and Chabazite. ETS-4 and ETS-2 are synthetic analogues
of zorite (NagTi5(S112034)(O OH)s 11H,0) and chivruaite
(CasTis[(Si16017).,0(0OH)4]14H,0) which are titanium silicate. Their molecular
weights are 1538.53 g. The major contents are Na, 8.97%; Ti, 15.56%; silicon,
21.91%; H, 1.57%; O, 52%. Chabazite [(Ca, Na,, K», Mg) Al,Si,0,, 6H,0] is a

natural mineral which is in tectosilicate mineral of the zeolite group.

Fumed silica S5130, or Silica 1, was purchased from Sigma-Aldrich Co.
(hereafter referred to as S1), and Davisil chromatographic silica 633N, or Silica 2,
was purchased from Thermo Fisher Scientific Inc. (MA, USA; hereafter referred
to as S2). According to manufacture catalogue, S1 is non-porous in nature with a
particle diameter of 7 nm and surface area of 390 + 40 m*/g. In solution S1 forms
highly branched three-dimensional molten matrices consisting of chains 10-30
units long. On the other hand, S2 is porous in nature (pore diameter: 60 A and
pore volume: 0.8 mL/g) with a particle diameter of 47-60 um and surface area of

500 m*/g. In solution S2 remains as insoluble individual particles.
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2.1.3. Chemicals

Sodium phosphate monobasic dihydrate, chitosan powder, tripolyphosphate,
epichlorihydrin, polyvinyl alcohol, sodium hydroxide, sodium potassium tartrate,
sodium dodecyl sulfate, hydrogen chloride, and andtrizma hydrochloride were

purchased from ThermoFisher Scientific Inc. (CA, USA).

2.1.4. Substrates

Seven different substrates were used in this experiment. Microcrystalline
cellulose and xylan were purchased from Sigma-Aldrich Co., and crystalline
cellulose II and PASC were generated from microcrystalline cellulose (Percival
Zhang, 2006). Cellophane paper was purchased from Thermo Fisher Scientific
Inc., and it was shredded by an office shredder to the size of 4 x 26 mm. Steam-
exploded poplar was kindly provided by Mascoma Canada Inc. (ON, Canada). It
contained 42.1% cellulose, 25.4% hemicellulose, and 32.5% lignin, according to
the provider. The pretreated poplar samples in wet condition were stored at —20°C
and thawed at room temperature prior to use. Our laboratory provided the waste
office automation (OA) papers, which were originally purchased from Grand &
Toy® (ON, Canada; Premium copy paper, # 99115), and shredded by an office
shredder to the size of 4 x 26 mm. OA paper generally contains 80% cellulose,

10.4% hemicellulose, and lignin 0.9% (Sosulski, 1993).
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2.2. Methods

2.2.1. Determination of Immobilization Methods and

Supports

2.2.1.1. Cellulase Immobilization on Polyvinyl Alcohol
Modified Chitosan Beads

The polyvinyl alcohol modified chitosan beads were produced as
previously described by Dinger and Telefoncu (2007). Chitosan powder (1.0 g)
was dissolved in 50 mL of 2% acetic acid (v/v). The solution was added drop-
wise into 2% tripolyphosphate solution (w/v) to form beads which were left at
room temperature for 4 h to harden. The beads were filtered using Whatman No.1
filter paper, and 5 g of filtered beads were added to 12.5 mL 0.04 M
epichlorohydrin (pH 10). They were agitated at 70 rpm at 50°C for 5 hours to
form cross linkages, and then they were washed three times to remove excess
chemical. Meanwhile, polyvinyl alcohol (PVA) was modified with maleic
anhydride. PVA (2 g) was dissolved in 20 mL distilled water. Maleic anhydride (1
g) was slowly added while pH was maintained at 9.0 using NaOH. The final
volume was adjusted to 50 mL with distilled water. The washed beads were added
to the maleic acid modified PVA solution and incubated for 1 hour at 40 °C. The
beads were filtered and added to 0.015 M epichlorohydrin (pH 10.0). They were

agitated at 70 rpm for 2 hours at 40°C. After incubation, they were washed three
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times with 0.1 M phosphate buffer (pH 5.0) and added to a 10 mL cellulase
solution containing 15 mg C1 enzyme dissolved in 0.1 M phosphate buffer (pH
5.0). The mixture was incubated at 4°C for 3 h at 70 rpm and washed three times
with 0.1 M phosphate buffer to remove excess cellulases. As a positive control, 15
mg C1 enzymes were dissolved in 10 mL 0.1 M phosphate buffer (pH 5.0) and

stored at 4°C. All reactions were performed in triplicate.

Microcrystalline cellulose (300 mg) was distributed into each tube of test
samples and positive controls. The hydrolysis reactions for immobilized and free
cellulases were conducted in a water bath shaker (50°C) with 150 spm agitation.
Each reaction was terminated at 24 h by heating in boiling water for 5 min and

their sugar content and total protein were analyzed.

2.2.1.2. Cellulase Immobilization on Glutaraldehyde
Coated Amberlite

The glutaraldehyde coated amberlite was produced as previously
described by Obon ef al. (2000). Four grams of amberlite resin was weighed in a
50 mL centrifuge tube and washed with distilled water twice. Ten mL of 10%
polyethylenimine was added and agitated at 100 rpm for 2 h at room temperature.
After agitation, the resin was washed three times with distilled water, and 10 mL
of 2.5% glutaraldehyde was added. The mixture was agitated at 100 rpm for 30

min and washed with 50 mM phosphate buffer (pH 7.0). Glutaraldehyde cross-
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linked amberlite resin was then added into 10 mL of the cellulase solution,
containing 15 mg of C1 in 50 mM phosphate buffer (pH 5.0), and agitated for 2 h
at room temperature. The immobilized enzyme on amberlite was washed three
times with the phosphate buffer (pH 5.0). They were stored in 10 mL of 0.1 M
phosphate buffer at 4 °C until required for hydrolysis. As a positive control, 15
mg of C1 was dissolved in 10 mL 0.1 M phosphate buffer (pH 5.0) and stored at

4°C. All reactions were performed in triplicate.

At the time of hydrolysis, the immobilized and positive control cellulases
were distributed into a 50 mL plastic tube, containing 10 mL of 0.1 M phosphate
buffer (pH 5.0) with 300 mg microcrystalline cellulose. Each hydrolysis reaction
for both immobilized and free cellulases was conducted in a water bath shaker
(Model number 228, Fisher Scientific,) at 50°C with 150 rpm agitation. Each
reaction was terminated at 24 h by heating in boiling water for 5 min and their

sugar content and total protein were analyzed.

2.2.1.3. Chloride Coated Fumed Silica, Chloride and
Aluminum Coated Silica/ Chloride Coated Amberlite,
Chloride and Aluminum Coated Amberlite

The chloride coated silica and both chloride and aluminum coated silica
were produced as previously described by Sinegani ef al. (2005). Fumed silica

S5130 (S1) or amberlite was treated with three methods: (1) no treatment
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(negative control), (2) coated with calcium chloride, and (3) coated with calcium

chloride and aluminum chloride.

For the first treatment, 1.5 g of S1 or amberlite was distributed into
individual 50 mL plastic tubes. The supports were extensively washed with 0.1 M
phosphate buffer (pH 5.0) for negative control or distilled water for chemically
modified silica treatments. The negative control supports were stored in the
refrigerator. For the second treatment, 10 mL of 1 N calcium chloride was added
to each of the washed silica or amberlite supports and shaken at 200 rpm and
37°C for 1 h. They were washed three times with 0.1 M phosphate buffer to
remove excess chemicals. S1 or amberlite coated with calcium chloride were
stored at 4°C until used for hydrolysis. For the third treatment, 10 mL 1 M
ammonium chloride (pH 7.0) was added to the 1.5 g of calcium chloride coated
silica or amberlite and agitated for 1 h at 200 rpm and 37 °C. Unbound aluminum
chloride was washed three times using 0.1 M phosphate buffer (pH = 5.0). All
prepared silica or amberlite were added into 10 mL cellulase solution, containing
15 mg C1 enzyme dissolved in 0.1 M sterile phosphate buffer (pH 5.0), and
shaken at 200 rpm and 37 °C for 1 h. In all treatment, after incubation, the
immobilized cellulases were washed three times with 0.1 M phosphate buffer to

remove excess cellulase. For a positive control, 15 mg C1 enzymes were
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dissolved in 20 mL 0.1 M phosphate buffer (pH 5.0) and stored at 4 °C. All

reactions were performed in triplicate.

Microcrystalline cellulose (300 mg) was distributed into each tube of test
samples and positive controls. The hydrolysis reactions for immobilized and free
cellulases were conducted in a water bath shaker (model number 228, Fisher
Scientific) at 50°C with 150 spm agitation. Each reaction was terminated at 24 h
by heat treatment in boiling water and their sugar content and total protein were

analyzed.

2.2.1.4. ETS-2, ETS-4, Chabazite

ETS-2, ETS-4, and chabazite were neutralized, washed, and air-dried in
Dr. Steven Kuznicki’s lab. Each silica (200 mg) was distributed into 15 mL
centrifuge tubes. Then, 3 mL of cellulase solution was added, containing 2 FPU of
C2 enzymes dissolved in 0.3 M phosphate buffer (pH 5.0). They were well mixed
using a vortex and stored at 4°C overnight prior for immobilization. After the
immobilization, they were washed three times with 0.1 M phosphate buffer (pH
5.0) and stored at 4°C until used for hydrolysis reaction. The supernatants and
washes were analyzed for total protein content to calculate loading efficiency. For
a positive control, 17 mg C1 enzymes were dissolved in 5 mL 0.1 M phosphate

buffer (pH 5.0) and stored at 4°C. All reactions were performed in triplicate.
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The immobilized cellulases on ETS-2, ETS-4, or chabazite were added
into a 15 mL centrifuge tube, containing 3 mL 0.1 M phosphate buffer (pH 5.0)
with 100 mg microcrystalline cellulose. The hydrolysis reactions for immobilized
and free cellulases were conducted in a water bath at 50°C with 150 spm
agitation. Samples were periodically obtained and analyzed for sugar and protein

content. The reaction was terminated at 24 h by heat treatment in a boiling water.

2.2.1.5. Hydrolysis in microcentrifuge Tubes Using Non-
Porous Silica (S1) & Porous Silica (S2)

Fumed silica S5130 (S1; non-porous) or Davisil chromatographic silica
633N (S2; porous) were used for immobilization. Two types of cellulase
preparations were immobilized on S1 and S2. The enzyme strength of C1 and C2
were unified to 2 FPU, the actual protein amounts of which were 1.8 mg and 10
mg, respectively. The appropriate amounts of enzymes and supports were mixed
with 1 mL of phosphate buffer and added into 1.5 mL microcentrifuge tubes.
Negative controls were prepared in a similar manner except that cellulases were
not added. Test samples and negative controls were individually mixed by
repeated pipetting and placed at 4°C for about 2 h to facilitate enzyme
immobilization (Dinger et al., 2007). All samples were subsequently vortexed and
centrifuged at 8087 x g for 30 sec to separate supernatants. The pellets were

washed (by centrifugation at 8087 x g for 30 sec) twice with the respective
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phosphate buffer (pH 5.0) used for immobilization, and finally with 0.1 M
phosphate buffer (pH 5.0). The respective supernatants and post-wash solutions
were placed in a boiling water bath for 5 min and stored at 4 °C until further

analysis.

Four combinations of immobilized cellulases were generated: Cellulases 1
x Silica 1 (C1S1), Cellulases 1 x Silica 2 (C1S2), Cellulases 2 x Silica 1 (C2S1),
and Cellulases 2 x Silica 2 (C2S2). Additionally, the corresponding free cellulase
solutions, C1 and C2, were prepared under optimal conditions of pH and ionic
strength recommended by the manufacturer and stored at 4°C. The detailed
immobilization conditions including pH, ionic strength, support amounts were
determined in later section (The effects affecting loading efficiency). Their

loading efficiencies were maintained at over 90% in all immobilized cellulases.

All samples including test samples (C1S1, C1S2, C2S1, and C2S2),
negative controls, and positive controls were pre-incubated at 50°C in a water
bath for 3-5 min, and the hydrolysis reaction was initiated by the addition of 35
mg microcrystalline cellulose. Cellulase activity of immobilized enzyme and free
enzyme were unified at 2 FPU in each reaction mixture. The hydrolysates were
taken out of the water bath at various time points, placed in a boiling water bath

for 5 min, and centrifuged at 8087 x g for 30 sec. The respective supernatant and
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solid fractions were stored at 4°C until further analysis. All reactions were

performed in triplicate.

2.2.2. Determination of Reaction Scale and Thermal

Stability of the Immobilized Cellulases

2.2.2.1. Hydrolysis in 250 mL Flasks

The hydrolysis reactions for immobilized C1 on S1, and modified chitosan
beads were conducted in this experimental design with a positive control.
Microcrystalline cellulose (600 mg) was added to 250 mL Erlenmeyer flasks
containing 20 mL 0.1 M phosphate buffer (pH=5.0). Immobilized cellulases on S1
of 1 g and chitosan beads of 5 g were added, and they were incubated at 20, 37,
50, or 65°C at 150 rpm for 24 h. Cellulase activity of immobilized enzyme and
free enzymes were unified at 5 FPU in each reaction mixture (See filter paper unit
assay in Section 2.2.8.1.). The reaction was terminated at 24 h by heat treatment
in boiling water. The test samples were centrifuged at 1000 rpm for 5 min and
respective supernatant and solid fractions were stored at 4°C until further analysis.

All reactions were performed in triplicate.
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2.2.2.2. Hydrolysis in 5 L Bioreactor

The hydrolysis reactions for immobilized C1 on S1, and modified chitosan
beads were conducted in this experimental design with a positive control.
Microcrystalline cellulose (20 g) was added into pre-incubated 5 L bioreactor
(Minifors AG CH-4103, Infors HT, Switzerland), containing either 70 mL of
immobilized C1 enzymes on S1 (C1S1) or 150 g of modified chitosan beads in
0.1 M phosphate buffer (pH 5.0) (approximately 220 FPU). Hydrolysis was
conducted at various temperatures between 40 and 70°C. C1S1 was mixed at 350
rpm, whereas C1 on modified chitosan beads was mixed at 100 rpm because the
beads were weak against mechanical mixing. Sampling of 10 mL was conducted
every 30 seconds for C1S1 and free enzymes. Sugar production was plotted in a
scatter plot and trend lines were drawn, then the slopes were calculated as a

specific enzyme activity. Values were compared to that of free enzyme.

2.2.3. Determination of Parameters Affecting Loading

Efficiency

The parameters affecting loading efficiency in cellulase immobilization,
ionic strength, pH and the amount of silica support, were examined. For
examination of ionic strength, cellulases C1 or C2 (2 FPU) were mixed with 1 mL
phosphate buffer (pH 5.0) of ionic strength 0.1, 0.2, 0.3, or 0.4 M, and added into

1.5 mL microcentrifuge tubes containing 40 mg S1 or S2. Negative controls were
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prepared in a similar manner without the addition of cellulases. Test samples and
negative controls were individually mixed by repeated pipetting and held at 4°C
for approximately 2 h to facilitate enzyme immobilization (Dinger ef al., 2007; Li
et al.,2007). All samples were subsequently vortexed and centrifuged at 8087 x g
for 30 sec, and the supernatant was removed. The pellets were then washed with
the phosphate buffer (pH 5.0) used for immobilization and centrifuged at 8087 x
g for 30 sec) twice and finally with 0.1 M phosphate buffer (pH 5.0). The
respective supernatants and post-wash solutions were placed in a boiling water
bath for 5 min and stored at 4°C until further analysis. For examination of pH,
phosphate buffer of pH 4.5, 5.0, 6.0, or 7.0 was used and washing and
immobilization was done as described in section 2.2.1.5. For examination of
enzyme-support ratios, 10-40 mg of S1 or 40-160 mg of S2 was used and
immobilization was done as described in section 2.2.1.5. All experiments were
done independently in triplicate. The parameters that gave the highest loading
efficiencies were used for the further experiments as optimum immobilized

conditions.

2.2.4. Examination of Enzyme Activities (Hydrolysis
yields & Hydrolysate Compositions)

C1 and C2 were immobilized on S1 and S2 under conditions that

maintained a loading efficiency over 90-95%. The enzyme activities of C1 and C2
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were unified at 0.5, 1.0, and 2 FPU to investigate the effect of enzyme strength.
The microcrystalline cellulose of 35 mg was added into the immobilized
cellulases which prepared under the optimum condition and free cellulases,
described in section 2.2.1.5 and 2.2.2. Hydrolysis was conducted at 50°C for 24 h
in a water bath. After the reaction, the test samples and positive controls were
taken, and the reaction was terminated by heat treatment in boiling water. Then,

the hydrolysate supernatants were retained for sugar analysis.

2.2.5. Protein Desorption

Protein desorption was investigated after immobilization and hydrolysis.
After immobilization, supernatants and post-wash solutions were examined for
the presence of unbound protein by Bradford protein assay (Bradford, 1976), and
protein loading efficiencies were calculated (See section 2.2.8.3.). In the case of
hydrolysis, samples were taken at 0 h and 24 h, placed in boiling water for 5 min
to termination the reaction and examined for the presence of unbound protein by
Bradford protein assay (Bradford, 1976). The amount of dissociated protein was
calculated by subtracting the amount of protein in the 0 h samples from that of the

24 h post-reaction samples. All samples were analyzed in triplicate.
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2.2.6. Examination of the Parameters Affecting
Hydrolysis

To investigate effects on stability properties and product composition,
various conditions were applied for the hydrolysis using the immobilized and free
cellulases including temperature, pH, ionic strength, storage duration, and recycle
stages. To examine the effects of temperature on hydrolysis, all samples (C1S1,
C182, C2S1, and C2S2; See section 2.2.1.5.), including immobilized enzymes,
negative controls, and positive controls, were pre-incubated at 40, 50, 60, or 65°C
in a water bath for 3-5 min. Microcrystalline cellulose (35 mg) was added to each
tube to initiate the reaction. The hydrolyses were conducted ina 1 mL 0.1 M
phosphate buffer (pH 5.0) under varied temperature conditions ranging from 40,
50, 60, or 65°C. Hydrolysis reactions were terminated after 24 h by placing
samples in boiling water for 5 min. The hydrolysates were centrifuged at 8087 x g

for 30 sec. The supernatants were stored at 4°C until analysis.

To determine the effect of ionic strength on hydrolysis, samples were
treated under the optimum condition determined in section 2.2.2, except the
values of ionic strength were adjusted to 0.05, 0.1, 0.2, 0.3, or 0.4 M. C1 and C2
of 2 FPU were added to 1.5 mL microcentrifuge tubes containing 1 mL phosphate
buffer (pH 5.0) of varying ionic strength in the range of 0.05 - 0.4 M. All samples

were pre-incubated at 50°C for 3-5 min. The hydrolysis conditions were
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maintained at 50°C and pH 5.0. The initiation and termination of hydrolysis were

conducted in the same manner as described in section 2.2.1.5.

To test the effects of pH, the immobilized enzymes and negative controls
were prepared under the optimum conditions determined in section 2.2.2,with the
pH values adjusted to 4.5, 5.0, 6.0, 7.0, or 8.0, the range which was determined by
the previous experiment (data not shown). C1 and C2 were adjusted to 2 FPU/mL
in 1.5 mL microcentrifuge tubes containing 1 mL of 0.1 M phosphate buffer, the
pH of which was also altered in the range of 4.5 to 8.0. Reaction mixtures were
incubated at 50°C for 24 h. Initiation and termination of the hydrolysis were

conducted in the same manner as that used to assess the effects of temperature.

To examine the effect of storage on enzyme activity, numbers of
individual immobilized enzymes, negative controls (buffer and silica), and
positive controls (buffer and enzyme) were prepared at the same time under the
optimum immobilization conditions determined in the section 2.2.2. and stored at
4°C. A sample was removed every week for 3 weeks and applied to a hydrolysis
reaction at 50°C for 24 h in 0.1 M phosphate buffer (pH=5.0). Initiation and
termination of the hydrolysis were conducted in the same manner as that used to

assess the effects of temperature.

To determine if immobilized enzymes could be recycled, immobilized

enzymes and negative controls were adjusted to the optimum conditions, and
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hydrolysis was conducted in 0.1 M phosphate buffer (pH 5.0) at 50°C. One
hydrolysis cycle was set for 24 h. All samples were removed from the water bath
after every cycle and centrifuged at 8087 x g for 30 sec to separate supernatants
from solid fractions. The supernatants were placed in boiling water for 5 min and
stored at 4°C. The solids were washed three times with 0.1 M phosphate buffer
(pH = 5.0) to exclude remaining cellulose and reaction products. Then, 1 mL fresh
buffer and 35 mg microcrystalline cellulose were added to the tubes for the next
cycle. This process was repeated 9 times until enzyme activity became very low.

The recycle ability of four immobilized cellulases were compared each other.

2.2.7. The Effects of Substrates

For the hydrolysis reaction, prepared immobilized cellulases (C1S1, C1S2,
C2S1, and C2S2) under optimal conditions were tested using various substrates:
microcrystalline cellulose, crystalline cellulose I, cellophane paper, PASC, CMC,
xylan, poplar, and waste paper. The free cellulase solutions (C1 and C2) were
prepared in 0.1 M phosphate buffer (pH=5.0). All samples were pre-incubated at
50°C in a water bath for 3-5 min, and the hydrolysis reaction was initiated by
adding 35 mg (dry weight) substrate. The hydrolysis reactions were terminated
after a 24 h reaction by placing the samples in a boiling water bath for 5 min

followed by centrifugation at 8087 x g for 30 sec. The respective supernatant and
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solid fractions were stored at 4°C until further analysis. All reactions were

performed in triplicate.

2.2.8. Methods of Analysis

2.2.8.1. Filter Paper Unit Assay
Filter paper unit (FPU) assay (IUPAC; Decker et al., 2003; Ghose, 1987)

was done to determine total enzyme activity of the two types of cellulase
cocktails. Both enzyme solutions were diluted 3-4 fold using 0.1 M phosphate
buffer (pH 5.0), and 100 pL of the diluted enzymes were added to 1.5 mL
microcentrifuge tubes containing 200 mL of 0.1 M phosphate buffer and 1 cm x
1.2 ecm Whatman No.1 filter paper strips. The mixtures were incubated for 60 min
at 50°C. Six hundred pL of dinitrosalycilic acid (DNS) dye was added to each
tube. The tubes were placed in a boiling water bath for 5 min; 400 pL distilled
water was added, and the tubes were vortexed briefly to mix the reaction mixture.
After fiber debris had settled at the bottom, 200 pL of supernatant from each tube
was transferred into a 96-well plate and the absorbance was measured at 540 nm
using a microplate reader (Synergy MX, BioTek Instrument Inc., VT, USA) with
Gen 5™ 1.09 software. The FPU was calculated following the standard protocol

(IUPAC,; Decker et al., 2003; Ghose, 1987).
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2.2.8.2. Sugar Concentration

The total reducing sugar concentration in the sample supernatant was
measured by the Dinitrosalicylic acid method (DNS; Miller, 1959). Briefly, 10 pL
of each sample supernatant was individually added into 1.5 mL microcentrifuge
tubes containing 60 pL DNS dye and 20 pL distilled water. The tubes were placed
in a boiling water bath for 5 min; 400 pL of distilled water was added, and the
tubes were vortexed briefly. Supernatant (200 uL) from each tube was transferred
to a 96-well plate and the absorbance was measured at 540 nm. The concentration
of sugar in the samples was expressed as hydrolysis yield (Zhu et al., 2008) as
defined in Equation 1.

Equation 1. Hydrolysis yield

Hydrolysis yield (%) = sugar production / theoretical sugar

production

= (GtVi- GiVi) / (B x glucan content x 0.90 +B X xylan content x (0.88)

Glucan conversion factor

= MW of glucose (in cellulose) / MW of glucose

=162/180 =0.90

Xylan conversion factor

= MW of xylose (in xylan) / MW of xylose

=132/150 = 0.88
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where G; is the initial concentration of sugar; V; is the initial volume of
enzyme mixture; Grand Vyare the sugar concentration in the hydrolysate and its
volume, respectively; B is the dry weight of biomass and MW is molecular
weight. The value of 0.90 is a conversion factor of glucose to equivalent glucan,
and that of 0.8 is the factor of xylose to the equivalent xylan. The glucan content
in microcrystalline cellulose, crystalline cellulose II, cellophane paper, Phosphoric
acid swollen cellulose (PASC) is 1; the glucan and xylan contents of poplar wood
were 0.48 and 0.25 (Mascoma Canada Inc., 2011); and those of waste shredded

paper were 0.80 and 0.10 (Sosulski, 1993).

Hydrolysis yields were also converted to retained enzyme activities in

order to compare results with those of other studies (Equation 2).

Equation 2. Retained enzyme activity
Retained enzyme activity (%)
= sugar production of immobilized enzyme

/sugar production of the corresponding free enzyme x 100

Individual sugars were measured by high performance liquid
chromatography (HPLC; 1200 series, Agilent Technologies, CA, USA) controlled
by Chem station for LC system Rev. 04.01, SP1 (Agilent Technologies) using a

refractive index (RI) detector (G1362A, Agilent Technologies). Two columns
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were used: Aminex HPX-87H column (Bio-Rad Laboratories Inc.) and an RCX-
30 anion exchange column (Hamilton Company, USA). For the former column,
sulfuric acid-water mixture (0.005M) was applied as the mobile phase at 0.6
mL/min at 60°C; for the latter column, sodium hydroxide (0.2 M) was applied as
the mobile phase at 2.0 mL/min at 35°C. Also, external standards were used to
calculate sugar concentration. The concentrations of individual sugars measured

by HPLC were converted to carbon concentration using Equation 3 and 4.

Equation 3. The calculation of carbon mass from cellobiose

Cellobiose (pnmol/mL) x 12 mol carbon/ substrate (mg)

= Carbon (pmol/mg)

Equation 4. The calculation of carbon mass from glucose
Glucose (pmol/mL) x 6 mol carbon /substrate (mg)

= Carbon (pmol/mg)

Carbon mass in total sugar, glucose, and cellobiose was further converted
to corresponding sugar production rates in order to quantify the difference in

sugar production using Equation 5.

Equation 5. Production rates

Production rates (mmol/mL h)

= (carbon mass at time point x — carbon mass at time point y)/ (y-x)
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Also, specific enzymatic activity was based on the International Unit (IU;

Ghose, 1987; Equation 6).
Equation 6. Specific enzyme activity

11U =1 pmol min™ of glucose formed during the hydrolysis reaction

2.2.8.3. Total Protein Concentration

Total protein concentration was measured by the Bradford method (Bradford,
1976) using a protein assay kit (Bio-Rad Laboratories Inc.). Known amounts of
the actual cellulases (C1 and C2) were used as standards since Coomassie
Brilliant Blue did not react with the enzyme solutions with the same intensity as
that of bovine serum albumin (BSA). The amount of protein was measured using
a microplate reader and calculated using a standard curve. The amount of
unbound or dissociated protein after immobilization and washing was converted
to enzyme loading efficiency in order to evaluate the immobilization efficiency

(Equation 7).

Equation 7. Loading efficiency

Loading efficiency (%) = {CiVi —(CsVs+Cy1Vyit Cw2VwatCih3Vwa)}/

CiVix 100
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where, C; s the initial protein concentration; V; is the initial volume of the
enzyme solution (1 mL); Vs, Vi1, Vw2, V3 are volume of the washing solution in
supernatant, 1% wash, 2" wash and 3" wash of each sample; and Cs, Cy1, Cy2, Cy3
are protein concentration in supernatant, 1 wash, 2™ wash and 3™ wash of each

sample .

The amount of protein in hydrolysates was measured to detect the presence of

protein leaks in the hydrolysis reaction (Equation 8).

Equation 8. Amount of dissociated protein
Protein (%)

= Protein amount of post-reaction supernatant / total protein amount
initially added x 100

2.2.8.4. Scanning Electron Microscopy (SEM)

Solid fractions of each hydrolysate were mounted on the surface of an
aluminum stub using double sided tape, air-dried, and sputter-coated with gold for
165 sec at 15 mA (Hummer 6.2 sputter coater; Anatech Ltd.). The samples were
viewed at 20 kV using a scanning electron microscope (Philips XL30, EFI
company, CA, USA) equipped with Scadium software (FEI Electron optics, EFI

company, CA, USA).
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2.2.8.5. Statistical Analysis

All experiments were performed in triplicate. Two-way ANOVA was
conducted and Tukey’s test was used for multiple comparisons. All statistical
analysis was done using TIBCO spotfire S+ 8.2 software for Windows (TIBCO

Spotfire, MA, USA) and SAS 9.3 (SAS Institute, NC, USA).

90



3. Results

3.1. Determination of Immobilization Methods and

Supports

3.1.1. Cellulase Immobilization on Polyvinyl Alcohol
Modified Chitosan Beads

Several immobilization methods and enzyme supports were tested to discover
the combination resulting in the highest enzyme activity of immobilized
cellulases. Dinger and Telefoncu (2007) reported that immobilization of cellulase
enzymes (Aspergillus niger) on chitosan beads was found to result in highly
retained enzymatic activity. Based upon this understanding, chitosan beads were
chosen for the support in initial experimental trials. A commercially prepared
cellulase cocktail was immobilized on polyvinyl alcohol-modified chitosan beads,
and tested for its ability to hydrolyze microcrystalline cellulose hydrolysis as
reported in Table 3.1. Total sugar production from cellulases immobilized on
chitosan beads was significantly lower than production by free enzyme systems
(p<0.05).Even though the value was significantly lower, the retained hydrolysis
yield was over 40%, which was relatively higher. Thus, this method was selected

for use in further experiments.
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Table 3.1. Sugar production and retained enzyme activity of immobilized cellulases on
chitosan beads. Hydrolysis reactions were conducted at 50°C for 24 h in 0.1 M phosphate
buffer (pH=5.0). n = 12, Mean + Standard Error, a, b: p < 0.05.

Immobilized cellulases on

chitosan beads Free cellulases

Sugar production

(mg/mL) 2.3 (£0.36)a 7.5 (+ 0.85),
Retained enzyme activity
(%) 30 100

3.1.2. Covalent Immobilization of Cellulase on Amberlite

with Glutaraldehyde

A commonly used method for immobilization is covalent bonding of
enzymes to a rigid support. To compare the efficiency of this type of
immobilization, cellulase cocktails were cross-linked with glutaraldehyde to
amberlite residues and used for the hydrolysis of microcrystalline cellulose as
shown in Table 3.2. The activity of the immobilized cellulases were significantly
lower than that of the free cellulases. The retained enzyme activity of the
immobilized enzymes compared to the free cellulases was ~40% which was
higher than with the chitosan beads method. However, the observed sugar
production (2.2 mg/mL) from the free cellulases was much lower than the
previous experiment (7.5 mg/mL, Section 3.1.1.) with unknown reasons,

demonstrating a degree of non-reproducibility.
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Table 3.2. Sugar production and retained enzyme activity of immobilized cellulases on
glutaraldehyde coated amberlite and free cellulases. Hydrolysis reactions were conducted
at 50°C for 24 h in 0.1 M phosphate buffer (pH=5.0). n = 3, Mean + Standard Error, a, b:
p <0.05.

Immobilized cellulases Free cellulases

on glutaraldehyde Free cellulases (chitosan

coated amberlite experiment)
Sugar production

+ +

(mg/mL) 0.9, 2.2 (£ 0.16), 7.5 (£0.85)
Retained enzyme
activity (%) 40 100

3.1.3 Fumed Silica, Calcium Chloride Coated Fumed
Silica, and Calcium Chloride-Aluminum Chloride Coated
Silica

Sinegani et al. (2005) found that sorption of cellulases are improved on
calcium chloride coated silica and dramatically increased on calcium and
aluminum chloride coated silica. The hypothesis here is that the higher amounts of
enzymes are adsorbed on silica using the method, the higher enzyme activity will
be obtained. Thus, physical adsorption and ionic interaction methods were tested.
Cellulases were immobilized on fumed silica (S1, physical adsorption), calcium
chloride coated S1 (ionic interaction), and calcium chloride and aluminum coated
S1 (ionic interaction). Once immobilized, hydrolysis of microcrystalline cellulose

was performed.
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All immobilized cellulases showed significantly lower values compared to
that for free cellulases (p<0.05) (Table 3.3.). Sugar production for the
immobilized cellulase on S1 and that on calcium chloride coated S1 were not
significantly different from each other, and they were higher than that for chloride
and aluminum coated S1. Based on these results and the overall simplicity of the
method, the physical adsorption method was selected for use in further
experiments. The results obtained using S1 were found to be sufficiently good and

the method was selected for use in further experiments.

Table 3.3. Sugar production and retained enzyme activity of immobilized cellulases on
Fumed silica, calcium chloride coated silica, and calcium and aluminum coated silica.
Hydrolysis reactions were conducted at 50°C for 24 h in 0.1 M phosphate buffer
(pH=5.0). n = 3, Mean + Standard Error, a, b, ¢: p <0.05.

Immobilized cellulases Free cellulases
Fumed silica Calcium Calcium and
chloride coated aluminum
silica chloride coated
silica

Sugar production 2.4 (£ 0.22), 2.1 (£0.36), 0.6 (£ 0.22), 5.3(x0.73),
(mg/mL)

Retained enzyme 44 40 11 100
activity (%)
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3.1.4. Amberlite, Calcium Chloride Coated Amberlite,
and Calcium Chloride — Aluminum Chloride Coated

Amberlite

Based on the successful results using S1, the same procedures described in
Section 3.1.3. were applied to amberlite, which is an ion exchange resin, to see if
stronger ionic binding improves the enzyme adsorption and increases enzyme

activity. The results can be seen in the Table 3.4. below.

Table 3.4. Sugar production and retained enzyme activity of immobilized cellulases
on amberlite, calcium chloride coated amberlite, and calcium and aluminum coated
amberlite. Hydrolysis reactions were conducted at 50°C for 24 h in 0.1 M phosphate
buffer (pH=5.0). n = 3, Mean =+ Standard Error, a, b, c: p < 0.05.

Immobilized cellulases Free cellulases
Amberlite Calcium Calcium and
chloride coated aluminum
amberlite chloride coated
amberlite

Sugar production 0.7 (£ 0.06), 0.7 (£ 0.07), 0.3 (= 0.08), 7.5(0.11),
(mg/mL)

Retained enzyme 9 9 3 100
activity (%)

The sugar production of all immobilized cellulsases was significantly
lower than that of the free cellulases. To find out if proteins were adsorbed onto
the resins, the protein content of the immobilization supernatants and wash
solutions were determined. The immobilized cellulases were washed three times
with 0.1 M phosphate buffer (pH=5.0), and 20.8 mg of dissolved protein was

detected. This experiment showed that most protein did not attach to the resins,
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which appear to be an unsuitable support for cellulase immobilization because
they are unable to sufficiently bind the enzymes. Due to the low enzyme activity,
strong ionic binding with the supports chosen might not be suitable for cellulase

immobilization, and it was not used further.

3.1.5. ETS-2, ETS-4, CHABAZITE

Because the adsorption on S1 showed a relatively high-retained enzyme
activity (Section 3.1.3), different types of silica were evaluated under the same
conditions. It was hypothesized that the larger surface would adsorb a larger
amount of enzymes resulting in the higher enzyme activity. As shown in Figure
3.1, unexpectedly, none of the silica supports resulted in sugar production. Figure
3.2 shows the protein amounts obtained from the supernatant and wash solutions
of the immobilized cellulases on ETS-2, ETS-4, and chabazite. Most cellulases
did not attach to the ETS-2 or chabazite supports, whereas protein was not
detected in either the supernatant or wash solutions of ETS-4. ETS-2, ETS-4, and
chabazite retain a positive charge. This positive charge may have been responsible
for repulsing the cellulases, preventing immobilization. Also, the positive charge
on ETS-4 might react with the catalytic site of the enzymes and disrupt the protein
conformation. Thus, again, ionic interaction seems to be unsuitable for cellulase
immobilization and ETS-2, ETS-4, and chabazite were not used in further

experiments.
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Figure 3.1. Sugar production for immobilized cellulases on ETS-2, ETS-4, and chabazite,
compared to free cellulases.
Hydrolysis reactions were conducted at 50°C for 24 h in 0.1 M phosphate
buffer (pH=5.0). n = 3, Mean + Standard Error, a, b: p <0.05.
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Figure 3.2. Total protein amount obtained from the supernatant and wash solutions of the
immobilized cellulases on ETS-2, ETS-4, and chabazite.
Immobilization was conducted at 4°C for 2.5 h, and the immobilized
cellulases were washed with 0.1 M phosphate buffer (pH=5.0). n =3, Mean +
Standard Errors, a, b: p < 0.05.
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3.1.6. Porous Silica (Silica 2)

Based on the successful results in Section 3.1.3 (adsorption on S1
demonstrating relatively high retained enzyme activity), porous silica (S2) was
also evaluated under the same conditions. The immobilized cellulases on S2 were
compared to both S1 and the free cellulases in 1 mL systems as shown in Figure
3.3. S2 retained similar enzyme activity as S1, meaning that S2 appears to be a
suitable support for cellulase immobilization with performance on par with S1.
The results obtained using S2 were found to be promising and the method was

selected for use in further experiments.
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Figure 3.3. Sugar production for immobilized cellulases on S1 and S2, and free
cellulases.
Hydrolysis reactions were conducted at 50°C for 24 h in 0.1 M phosphate
buffer (pH=5.0). n = 3, Mean + Standard Errors, a, b: p < 0.05.
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3.2. Determination of Reaction Scale and Thermal

Stability of the Immobilized Cellulases

Based on results from the previous experiments, two immobilization
methods were selected for further study: adsorption of cellulases on silica (S1 or
S2) and adsorption on polyvinyl modified chitosan beads. The scale of the
reactions in previous experiments was relatively small: 1 mL to 10 mL, most
often using 1.5 mL microcentrifuge tubes to conveniently deal with the large
number of samples. In this section, experiments were scaled up to 250 mL
Erlenmeyer flask and 5 L bioreactor volumes. One of the commonly known
advantages for immobilization is heat resistance. Therefore, thermal stabilities for
two types of the immobilized cellulases were examined: immobilized cellulases
(C1) on S1 as a representative of silica support and immobilized cellulases (C1)

on polyvinyl modified chitosan beads.

3.2.1. Thermal Stability of the Immobilized Cellulases on
S1 and the Polyvinyl Modified Chitosan Beads in 250 mL
Flasks

The experiments were scaled up to 250 mL flask volumes. Table 3.5
shows the results of thermo-stability testing of the immobilized cellulases on S1,
those on chitosan beads, and free cellulases. For free cellulases, the highest sugar

production was obtained at 50°C with significantly lower sugar production at
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other temperatures. Sugar production for immobilized cellulases on S1 were not
significant different across the temperature range. Immobilized cellulases on
chitosan beads produced the most sugar at a higher temperature than all other

supports, although the values between 37 to 65°C were not statistically different.

Table 3.5. Sugar production of free cellulases and immobilized cellulases on S1 and
chitosan beads in 250 mL flask. n = 2, 3, Mean + Standard Errors, Means within the same
column with different subscripts are not sign different (p>0.05).

Sugar production (mg/mL)
Temperature (°C)/ Immobilized cellulases Free cellulases
Test matrix Sl Chitosan
20 0.5 (+0.10) , 0.3 (£0.08) A 0.7 (£0.03) ,
37 0.8 (£0.08) , 2.0 (0.33) 1.9 (+0.17) 4
50 1.2 (+0.10) , 2.6 (£0.49) 3.0 (£0.73) ,
65 0.6 (£0.31) , 30 1.8 1

The enzyme reactions at lower temperatures, such as 20°C and at 37°C, were
conducted without much variation. In contrast, the standard errors at the high
temperatures were large, even though the sugar values were high. Indeed, some
reactions had difficulty proceeding, specifically at 65°C. To sum up, temperature
control for successful incubation was difficult at the 250 mL flask scale. Due to
the difficulty of temperature control, the 250 mL flask scale was not used for

further experiments.
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3.2.2. Thermal Stability of Immobilized Cellulases on S1
and Polyvinyl Modified Chitosan Beads in 5 L. Bioreactor

To seek better temperature control, enzyme reactions were scaled up to 5
L bioreactors with temperature control systems. Because enzyme activity stopped
at temperatures above 63°C in previous experiments at the 5 L scale (data not
shown), testing was conducted at temperatures of 40, 50, 60 and 63°C. Enzyme
activity was shown by the specific enzyme activity. The results are shown in
Figure3.4. The maximum activity was obtained at 60°C for both the free
cellulases and the immobilized cellulases on S1. Interestingly, the free cellulases
lost enzymatic activity at 63°C; however, the immobilized cellulases retained 46%
of enzymatic activity compared to that at 50°C. This means that the immobilized

cellulases gained thermal stability.

Only advantage using 5 L scale was to improve temperature control.
However, it was inconvenient for handling a large number of samples at once
because of their large size. The inconvenience outweighed the advantage, Thus,

all further experiments were carried out using 1.7 mL microcentrifuge tubes.

The polyvinyl modified chitosan beads were also utilized for the enzyme
reaction in a 5 L bioreactor. However, they were physically destroyed by the

mechanical mixing (data not shown). This method is therefore not suitable for
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industrial practice, which would require better physical strength of the supports

for stable production.
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Figure. 3.4. Specific enzyme activities at 40, 50, 60, 63°C for a) the free cellulases and b)
the immobilized cellulases on S1.
Hydrolysis reactions were conducted for 5 min in 0.1 M phosphate buffer
(pH=5.0). n = 3, Mean + Standard Error, a, b, ¢, d: p <0.05.
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3.3. Effect of Immobilization Conditions on Loading

Efficiency

Based on the successful results from the previous experiments in section
3.1.3 and 3.1.6, two types of cellulases, C1 and C2, were immobilized on two
types of supports, S1 and S2, creating four immobilized systems in 1.7 mL
microcentrifuge tubes: C1S1, C1S2, C2S1, and C2S2. The characteristics of these
systems are the focus of the following sections, beginning with the effects of

immobilization conditions on loading efficiency, which will be examined here.

The environment of the enzymes and supports substantially affects
immobilization (Cao, 2005). Thus, examining immobilization conditions, such as
pH and ionic strength, on enzyme loading efficiency is important. The enzyme to
support ratio is also critical to achieve a high loading efficiency. In this
experiment, pH, ionic strength, and enzyme-support ratios were varied to
investigate how they affect the enzyme loading efficiency. The most efficient
values were chosen for further experiments to maximize loading efficiency of the

four systems.

3.3.1. Effect of pH on Loading Efficiency
The effects of pH on loading efficiency were examined. A pH range of 4.5 -

7.0 was chosen because the cellulases did not effectively associate with the silica

support outside of this range in previous experiments (data not shown). The
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loading efficiencies obtained at these different pH values are shown in Figure 3.5.
Because pH 5.0 demonstrated high loading efficiency and was also, conveniently,
the same pH as the hydrolysis condition, pH 5.0 was selected for C1S1 and C1S2,
and C2S1. For C2S2, the highest loading efficiency of C2S2 was observed at pH

6.0, which was significantly higher than any other treatment.

a. BC1S1 BC1S2  _ b. #C2S1 0C2S2
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-
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Figure. 3.5. Loading efficiency as affected by various pH conditions for four systems of
immobilized cellulases.

(a) C1S1, C182, (b) C2S2, C2S2. The loading efficiency was indirectly
calculated from the dissolved protein concentrations in the supernatant, wash

1, wash 2, and wash 3 after the heat treatment. n = 3, Mean + standard error, a,
b, c,d: p <0.05.

3.3.2. Effect of Ionic Strength on Loading Efficiency

The effects of ionic strength on loading efficiency were examined in the
four systems. Ionic strengths ranging from 0.1 - 0.4 M of phosphate buffer were
chosen based on results from previous experiments (data not shown). The loading
efficiencies obtained at different ionic strengths are shown in Figure 3.6. The

maximum loading efficiencies were observed at 0.3 M for C1S1 and C1S2,
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although C1S1 was not significantly different from any other values. The values
at 0.2 M for C2S1 and C2S2 gained the highest although C2S2 was not
statistically different from 0.3 and 0.4 M. Thus, for C2S1 and C2S2, ionic

strength of 0.2 M was selected for further experiments.
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Fig. 3.6. The loading efficiency as affected by ionic strength conditions for four systems
of immobilized cellulases: a) C1S1, C1S2, b) C2S1, and C2S2. The loading efficiency
was indirectly calculated from the dissolved protein concentrations in the supernatant,
wash 1, wash 2, and wash 3 after the heat treatment. n = 3, Mean =+ standard error, a, b, c,
d: p<0.05.

3.3.3. Effect of Enzyme-Support Ratios on Loading
Efficiency

Finally, the effects of enzyme-support ratios on loading efficiency were
examined to maximize the loading efficiency. Silica support amounts ranging
from 10 — 40 mg (5-8 mg/FPU) for S1 silica and 40 — 160 mg (20-80 mg/FPU) for

S2 silica were tested based on results from previous experiments (data not
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shown). The loading efficiencies obtained using different support amounts for S1

are shown in Figure 3.7.a.

The enzyme support of 30 mg for C1S1 and C2S1 showed sufficiently
high loading efficiency. 30 mg was standardized for the further experiments.

Further, the loading efficiencies obtained using different support amounts for S2

are shown in Figure 3.7.b.

BC1S1 BC2S1

a. C b. BC1S2 OC2S2
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Fig.3.7. The loading efficiency as affected by various enzyme-support ratios for four
sytems of immobilized cellulases.
a) C1S1, C2S1, b) C1S2, and C2S2. The loading efficiency was indirectly
calculated from the dissolved protein concentrations in the supernatant, wash
1, wash 2, and wash 3 after the heat treatment. n = 3, Mean + standard error, a,
b, c,d: p <0.05.

For C1S2 and C2S2, the highest loading efficiencies were at 160 mg,
which were not statistically different from that at 120 mg for C1S2 or at 80 mg

and 120 mg for C1S2 (p>0.05). For C1S2 and C2S2, of 120 mg of enzyme
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support was selected for further experiments, to maximize cost performance.
Based on the observation in Section 3.3.1-3.3.3, the parameters outlined in Table

3.6. were selected for the further experiments.

Table 3.6. The immobilization conditions used in further experimentation.

The immobilized pH Ionic strength (M)  Support amount
cellulases (mg)
CIS1 5.0 0.3 30
CI1S2 5.0 0.3 120
C2S1 5.0 0.2 30
C282 6.0 0.2 120

3.4. Enzyme Activity

3.4.1. Retained Enzyme Activity

After determining the optimum immobilization conditions, the hydrolysis
performance of the four systems was examined. The act of immobilization often
lowers catalytic activity. Thus, examining catalytic activity to determine whether
immobilized cellulases retain hydrolytic activity is critical. Catalytic activity is
expressed by hydrolysis yield in this experiment because higher amounts of final
sugar production are desirable for subsequent bioconversions in order to produce
value-added products in a biorefining processes. Hydrolysis yields for

immobilized and free cellulases are shown in Figure 3.8. The hydrolysis
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conditions were set at 50°C in 0.1 M phosphate buffer (pH 5.0), hydrolyzing
microcrystalline cellulose (35 mg). The four systems of the immobilized
cellulases (C1S1, C1S2, C2S1, C2S2) were compared to their corresponding free
cellulases (C1 and C2). C1S1 and C2S1 retained enzyme activity equivalent to the
free cellulose systems. This result shows that immobilized cellulases on silica
supports were able to retain high activity on microcrystalline cellulose. This is a
novel result in this dissertation. A similar trend to that shown in Figure 3.8 was

observed at higher enzyme loadings of 1.0 and 2.0 Filter paper unit (FPU).
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Fig. 3.8. Comparison of hydrolysis yields for four systems of immobilized cellulases
(C1S1, C182, C282, and C2S2) and their corresponding free forms (C1 and
C2) with the enzyme strength of 0.5 FPU. a) C1S1, C1S2, and C1, b) C2S1,
C2S2, and C2. Hydrolysis reaction was conducted for 24 h in 0.1 M phosphate

buffer (pH=5.0) at 50°C using a water bath. n = 3, Mean + standard error, a, b:
p <0.05.
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3.4.2. Effect of Duration of Hydrolysis

To gain further insight into the mechanism of hydrolysis, hydrolysate
samples, which were made from hydrolysis of microcrystalline cellulose (35
mg/mL), were taken at various time points and individual sugars were profiled
and expressed in terms of carbon mass (refer to Figure 3.9.a-c for C1S1, C1S2
and C1 and Figure 3.9.d-f for C2S1, C2S2, and C2). Only two types of individual
sugars were detected, which included glucose and cellobiose. At most time points,
total carbon mass values of C1S1 and C1 were not significantly different
(p>0.05). In terms of glucose production, carbon mass for the immobilized
cellulases on S1 was not significantly different (p>0.05) from C1 at most time
points, while carbon mass for the immobilized cellulases on S2 was statistically
lower (p<0.05) than C1 (Figure 3.9.b). Interesting differences were observed in
the case of cellobiose production: cellobiose accumulated slightly in the
hydrolysate without conversion to glucose. It is possible that immobilization
might impact cellobiose conversion. In summation, the individual sugar profiles,
specifically the cellobiose profile, showed a difference between immobilized

cellulases on S1 and S2.
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Figure 3.9. Individual sugar profiles of C1S1, C1S2, C2S1, and C2S2 with an enzyme

strength of 2 FPU.
(Graphs a, b, and ¢ are for enzy

mes systems C1S1, C1S2, and C1, while d, e

and f, are for enzyme systems C2S1, C2S2, and C2. Open circles:
immobilized cellulase on S1; open squares: immobilized cellulase on S2;
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closed triangles: free cellulases. Hydrolysis reaction was conducted for 24 h in
0.1 M phosphate buffer (pH=5.0) at 50°C using a water bath. n =3

3.5. Scanning Electron Microscopy

To visually assess the physical characteristics of the silica support binding the
immobilized cellulases and to examine the interaction of cellulose with silica, scanning
electron microscopy (SEM) was performed. Figure 3.10 shows solid fractions of the
hydrolysates obtained using Cland C2 immobilized on S1 and S2. The interaction of
microcrystalline cellulose particles (long rectangular crystal; indicated by black arrow)
with S1 (fluffy clusters; indicated by white arrow) was clearly visible (Figure 3.10.c and
e). The cellulose particle is fully covered with the three-dimensional matrix of S1. The
interaction of microcrystalline cellulose particles (long rectangular crystal; indicated by
black arrow) with S2 (large crystal; indicated by white arrow) was clearly visible (Fig
3.10.d and f). Despite the large size of the S2 particles compared to S1, its surface was

only partially bound by cellulose.
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Fig. 3.10. SEM images of hydrolysates for two systems of immobilized cellulases (C2S1

and C2S2) and negative controls (S1 and S2) after a 24 h hydrolysis reaction.
Hydrolysis reactions were conducted in 0.1 M phosphate buffer (pH=5.0) at
50°C for 24 h using a water bath. Negative controls refer to the mixture of
each support and 0.1 M phosphate buffer (pH 5.0) without cellulases. (a) S1 at
800x magnification (b) S2 at 800 x magnification. (¢) Microcrystalline
cellulose (indicated by black arrow) bound to S1 (indicated by white arrow)
with immobilized C2 at 800x magnification. (d) Microcrystalline cellulose
(indicated by black arrow) bound to S2 (indicated by white arrow) with
immobilized C2 at 800x magnification. (e) Magnified image of the inset
shown in (c) at 20000x. (f.) Magnified image of the inset shown in (d) at
20000x.
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3.6. Protein Desorption

To examine the strength of enzyme-support interaction after batch operation of
the hydrolysis process, the desorbed protein amounts in the reaction supernatants were
measured using the Bradford assay (Figure 3.11). Post-hydrolysis protein losses for
C1S1, C1S2, C2S1 and C2S2 were not significantly different (p>0.05) compared to that
of their respective negative controls (silica without cellulases), meaning that most

proteins did not desorb from the support.
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Fig. 3.11. Comparison of desorbed protein percentages in four systems of immobilized
cellulases C1S1, C1S2, C2S1, and C2S2.
The dissolved proteins in the supernatant of hydrolysate were measured after
24 h hydrolysis. Negative controls refer to the mixture of each support and 0.1
M phosphate buffer (pH 5.0) without cellulases. Hydrolysis reaction was
conducted in 0.1 M phosphate buffer (pH=5.0) at 50°C for 24 h using a water
bath. All samples were heat treated before the analysis. n = 3, Mean +
Standard Error, a, b, ¢: p<0.05.
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3.7. Influence of Reaction Conditions on Stability

Properties and Hydrolysis Products

3.7.1. Effects of Temperature

After the optimization of enzyme immobilization and the examinations of
activity, tests were conducted to investigate the effects of various parameters on
the hydrolysis of microcrystalline cellulose by four immobilized systems. First,
thermal stability was examined because it is an important property in industrial
practice to maintain reaction rates. To determine how immobilization affects

thermal stability, various incubation temperatures were applied during hydrolysis.

Figure 3.12 shows the retained yields and individual sugar profiles of the
C1S1 hydrolysates of C1S1 (Figure 3.12.a), C1S2 (Figure 3.12.b), C1 (Figure
3.12.¢), C2S1 (Figure 3.12.d), C2S2 (Figure 3.12.¢), and C2 (Figure 3.12.f) at
each incubation temperature. The optimum temperature of the immobilized
cellulases was 50°C, whereas the optimum temperature of the free cellulases was
60°C. Free cellulases also showed better thermal stability in both C1 and C2.
Interestingly, the stability experiments also revealed that the reaction conditions
affected the sugar components of the hydrolysate. The sugar composition in
hydrolysate is important because some microorganisms can only consume glucose.
Also, oligosaccharides can alter microorganisms’ metabolic pathways and cause

the production of byproducts that could decrease production rates and make the
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purification processes more complex. To examine the influence of temperature on
individual sugar production, the detailed sugar types and concentrations in the
hydrolysates of C1S1, C1S2, and C1 were investigated (Figure 3.12.a-c). Overall,
the immobilized cellulases produced higher quantities of cellobiose, which
corresponds with the findings in Section 3.4.2. Also, higher temperatures
produced less cellobiose, meaning the activity of B-glucosidases might be

differentially accelerated at high temperatures.
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Fig. 3.12. Comparison of hydrolysis yields as affected by various temperatures,
hydrolyzing microcrystalline cellulose (35 mg/mL).
(a.) C181, (b.) C1S2 and (c.) C1, (d.) C2S1, (e.) C2S2, and (f.) C2. Hydrolysis
reactions were conducted in 0.1 M phosphate buffer (pH=5.0) at various
temperatures for 24 h using a water bath. n = 3, Mean =+ Standard Error,
Glucose hydrolysis yield, a, b, c¢: p<0.05, Cellobiose hydrolysis yield, A, B, C,
D: p<0.05. The result of S1/S2 was compared to that of free cellulases.
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3.7.2. Effects of pH

To investigate the pH stability and the effect of pH on sugar composition, the
pH conditions were varied to 4.5, 5.0, 6.0, 7.0, and 8.0. Below pH 4.5,
immobilization was not successful (data not shown). Figure 3.13 shows the
hydrolysis yields and individual sugar profiles in the hydrolysates of C1S1, C1S2,
and C1 (Figure 3.13.a-c) and C2S1, C2S2, and C2 (Figure 3.13.d-f) at various pH
conditions. For both immobilized cellulases and free cellulases, the optimum pH
was between 4.5-5.0. Although immobilization did not affect the optimal pH,
enzyme activity was observed at pH 8.0 in C1S1 (Figure 3.13.a), demonstrating
that immobilization may enhance pH stability. For the C2 system, pH 8.0 resulted

in no sugar production from either the immobilized or the free C2 enzymes.

To investigate the influence of pH on sugar composition, individual sugar
yields were measured. In the case of C1 enzymes, the higher pH resulted in a
higher ratio of cellobiose in C1S2, suggesting that B-glucosidase might be
inhibited at higher pH. Figure 3.13.d-f show the effect of pH on the hydrolysis
products of C2S1, C2S2, and C2. Although pH 4.5 and 5.0 obtained similar total
sugar production in C2S1 (Figure 3.13.d), the glucose contents were substantially
different. The immobilization negatively affected sugar production outside of the
optimum pH. For C2S2 and C2 (Figure 3.13.e-f), most of the sugar products were

glucose.
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Fig. 3.13. Comparison of hydrolysis yields affected by pH, hydrolyzing microcrystalline
cellulose (35 mg/mL).
(a) C181, (b) C182, (¢) C1, (d) C2S1, (e) C2S2, and (f) C2. Hydrolysis
reactions were conducted in 0.1 M phosphate buffer at 50 °C at various
temperatures for 24 h using a water bath. n = 3, Mean =+ Standard Error,
Glucose hydrolysis yield, a, b, ¢, d: p<0.05, Cellobiose hydrolysis yield, A, B,
C, D: p<0.05. The result of S1/S2 was compared to that of free cellulases.
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3.7.3. Effects of Ionic Strength

To examine the effects of ionic strength, hydrolysis reactions were carried
out under various strengths of phosphate buffers. Figure 3.14 shows the
hydrolysis yields and individual sugar profiles in the hydrolysates of C1S1, C1S2,
and C1 (Figure 3.14.a-c) and C2S1, C2S2, and C2 (Figure 3.14.d-f) under

different ionic strength conditions.

For C1S1, the value at 0.4 M was statistically lower than those obtained
for other conditions (p<0.05), suggesting that C1S1 had reduced ionic stability at
higher ionic strength. In the cases of C1S2 and C1 (Figure 3.14.b), no significant
differences were observed (p>0.05), proposing that these systems maintained high
ionic stability from 0.05 M to 0.4 M. Therefore, immobilization decreased ionic
strength stability in C1S1 but did not affect C1S2. In C2S1 (Figure 3.14.d), the
value at 0.4 M was significantly lower than those obtained at the other ionic
strengths (p<0.05). This system reduced ionic stability at higher ionic strength.
When C2S2 was used (Figure 3.14.¢), the hydrolysis yields were significantly
lower at 0.05 M and 0.4 M, meaning that C2S2 appeared to lose ionic stability at
high and low ionic strength and displayed the lowest ionic stability of all the
systems. Finally, the hydrolysis yields of C2 at 0.4 M was statistically lower than

those obtained for other conditions (p<0.05). C2 demonstrated reduced ionic
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stability at high ionic strength much like C2S1 did. Thus, immobilization did not

affect ionic strength stability in C2S1, but lowered the stability in C2S2.

To examine the influence of ionic strength on the components of
hydrolysis products, the yield of individual sugars was measured. In the case of
CI1S1 and C1S2 (Figure 3.14.a.b.), the glucose values decreased when the ionic
strength increased while the oligosaccharides yields increased at higher ionic
strengths. C1 (Figure 3.14.c) maintained relatively constant individual sugar
compositions. Figure 3.14.d-f show the results of using C2 enzymes for
hydrolysis. In C2S1 (Figure 3.14.d), the yields of glucose were relatively stable
except at 0.4 M, and the yields of cellobiose increased as the ionic strength
increased. With respect to C2S2 (Figure 3.14.e), higher ionic strength resulted in
lower cellobiose yields. In the case of C2 (Figure 3.14.f), the lone product was
glucose; cellobiose was not detected. The effects of immobilization on sugar
compositions appeared to be system dependent without any overarching trends

observed.
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Figure. 3.14. Comparison of hydrolysis yields affected by ionic strength, hydrolyzing
microcrystalline cellulose (35 mg/mL).
(a) C1S1, (b) C182, (¢) C1, (d) C2S1, (e) C2S2, and (f) C2. Hydrolysis
reactions were conducted in phosphate buffer (pH=5.0) at 50°C at various
ionic strength for 24 h using a water bath. n = 3, Mean + Standard Error,
Glucose hydrolysis yield, a, b, ¢, d: p<0.05, Cellobiose hydrolysis yield, A, B,
C, D: p<0.05. Cellotriose, p, ¢, r: p<0.05. The result of S1/S2 was compared
to that of free cellulases.
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3.7.4. Effects of Storage Duration

Next, to investigate the influence of storage duration on the hydrolysis
yield and the resulting sugar compositions, six systems (C1S1, C152, C1, C281,
C282, and C2) were refrigerated for 0, 1, 2, and 3 weeks before use in hydrolysis
reactions. Figure 3.15 shows the results of hydrolysis by C1 (Figure 3.15.a-c) and
C2 enzymes (Figure 3.15.d-f) after storage. All systems maintained storage
stability for the duration of testing in terms of hydrolysis yields and sugar

composition.
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Fig. 3.15. Comparison of hydrolysis yields affected storage, hydrolyzing microcrystalline
cellulose (35 mg/mL).
(a) C181, (b) C182, (¢) C1, (d) C2S1, (e) C2S2, and (f) C2. Hydrolysis
reactions were conducted in 0.1 M phosphate buffer (pH=5.0) at 50°C for 24 h
using a water bath. n = 3, Mean = Standard Error, Glucose hydrolysis yield, a,
b: p<0.05, Cellobiose hydrolysis yield, A, B, C: p<0.05. The result of S1/S2
was compared to that of free cellulases.
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3.7.5. Effects of Immobilized Biocatalyst Reuse

The ability to recycle enzymes is the most desirable reason for
immobilization, and is something that is often impossible with free enzymes. To
examine the effect of recycling on hydrolysis yields and sugar production, the
immobilized cellulases were recycled every 24 hours. Table 3.7 shows the decline
rates of the immobilized cellulases and Figure 3.16 describes the hydrolysis yields
and individual sugar profiles in the hydrolysates of C1S1 (Figure 3.16.a), C152
(Figure 3.16.b), C2S1 (Figure 3.16.c), and C2S2 (Figure 3.16.d) in various

recycling stages.

Table 3.7. The decline rates of the immobilized cellulases of C1S1, C1S2, C2S1, and
C282

Test materials C1S1 C1S2 C2S1 C2S2

Decline rate
(% hydrolysis | -1.96 (£ 0.06), -2.21 (£0.20), -2.41(x£0.16), -2.34(+0.03),
yields/cycle)

All immobilized systems demonstrated recyclability. The activity decline
rates of the immobilized cellulases were calculated from their hydrolysis yield
values (i.e., hydrolysis yields were plotted on scatter plots and the slopes of the
trend lines were calculated as a relative decline rate). The slowest decrease was
observed in C1S1, which retained 30% of its initial activity even at the 9™ cycle,

though this value was not significantly different from the others (p>0.05).
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Additionally, individual sugar yields of the hydrolysis products were
measured to examine how recycling immobilized cellulases affects product
compositions, with interesting results: the immobilized cellulases on S1 retained
consistent sugar composition through 9 cycles; for the immobilized cellulases on
S2, cellobiose was regularly detected until the 4™ cycle, after which all resultant

sugar products were glucose.
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Fig. 3.16. Comparison of hydrolysis yields affected by recycling stages, hydrolyzing
microrystalline cellulose (35 mg/mL).
(a) C18S1, (b) C182, (c) C2S1, (d) C2S2. Hydrolysis reactions were conducted
in 0.1 M phosphate buffer (pH=5.0) at 50°C for 24 h using a water bath. n =3,
Mean = Standard Error, Glucose hydrolysis yield, a, b, ¢, d, e, f: p<0.05,
Cellobiose hydrolysis yield, A, B, C, D, E, F: p<0.05.
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3.8. Influence of Substrates on Hydrolysis Yields and
Products Using Immobilized Cellulases with Highly
Retained Enzymatic Activity

Hydrolytic activity differs depending on the substrate configuration even
when enzyme strength is equivalent (Kabel ef al., 2006). Thus, in this section, to
find the effects of different substrates on the immobilized cellulases, seven
different substrates were hydrolyzed using the immobilized cellulases. The
substrates used in this section were microcrystalline cellulose and crystalline
cellulose II to represent the crystalline regions of cellulose fiber; commercial
cellophane paper and phosphoric acid swollen cellulose (PASC) to represent its
amorphous regions; xylan as its hemicellulose fraction; and wood and waste
office automation (OA) paper for a crude lignocellulose biomass. To examine the
effects of different substrates, the hydrolysis yield and the sugar compositions

were examined.

3.8.1. Hydrolysis of Crystalline Cellulose

Crystalline structure of cellulose is one of the major fractions in
lignocellulosic biomass and is very difficult to degrade. It is thus an excellent
substrate to evaluate the effectiveness of immobilized cellulases. Table 3.8 and
Figure 17 show the total hydrolysis yields and individual sugar compositions of

microcrystalline cellulose hydrolysis in the six systems tested.
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Table 3.8. Total hydrolysis yields affected by microcrystalline cellulose
hydrolysis. Hydrolysis reactions were conducted in 0.1 M phosphate buffer
(pH=5.0) at 50°C for 24 h using a water bath. n = 3, Mean + Standard Error,
Clenzymes, a: p<0.05, C2 enzymes, A, B, C: p<0.05.

Test materials C1S1 C1S2 Cl1 C2S1 C2S2 C2

Total 34.4 30.6 31.3 46.1 30.0 40.0
hydrolysis (x0.73), (£036), (£0.21), *1.67)a (*0.88)s (£0.19)¢
yields (%)

The trend of the hydrolysis was the similar to the previous experiments:
CI1S1 and C2S1 yields were statistically equivalent to their corresponding free
forms and the yields of C1S2 and C2S2 were lower than those of C2.
Additionally, the hydrolysate compositions of microcrystalline cellulose were
examined (Figure 3.17). The glucose production of immobilized C1 and C2 on S1
did not differ significantly from those of C1 and C2 (p>0.05), whereas those on
S2 were statistically lower (p<0.05). The amounts of cellobiose produced with
CI1S1, C1S2, C2S1, and C2S2 were significantly higher than that of C1 and C2

(p<0.05).
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Comparison of carbon production by hydrolysis of microcrystalline cellulose
(35 mg/mL).
(a) C1S1, C182, C1 (b) C2S1, C2S2, C2,. Hydrolysis reactions were
conducted in 0.1 M phosphate buffer (pH=5.0) at 50°C for 24 h using a water
bath. n = 3, Mean + Standard Error, Glucose carbon mass, a, b: p<0.05,
Cellobiose carbon mass, A, B: p<0.05.

Table 3.9 and Figure 3.18 show the results of crystalline cellulose type II

hydrolysis. The hydrolysis of cellulose II displays the same tendencies as

hydrolysis of microcrystalline cellulose: C1S1 and C2S1 were statistically

equivalent with their corresponding free forms, and the C1S2 and C2S2 was lower

than their corresponding free forms. Overall, two types of crystalline cellulose,

cellulose II and microcrystalline cellulose, showed relatively similar results. The

immobilized cellulases on S1 hydrolyzed crystalline cellulose as productively as

free cellulases.
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Table 3.9. Total hydrolysis yields affected by crystalline cellulose 11
hydrolysis. Hydrolysis reactions were conducted in 0.1 M phosphate buffer
(pH=5.0) at 50°C for 24 h using a water bath. n = 3, Mean + Standard Error,
Clenzymes, a, b, c: p<0.05, C2 enzymes, A, B: p<0.05.

Test materials C1S1 CI1S2 Cl C2S1 C282 C2
hygrocfla}}sis 43.7 31.7 41.8 45.2 31.0 42.1
yields (%) (£043), (+0.30)  (*731). 1154 (£0.69p (*F3.74)a

a. b. Ecellobiose
Bglucose
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Fig. 3.18. Comparison of carbon production by hydrolysis of crystalline cellulose II (35
mg/mL).
(a) C1S1, C1S2, C1 (b) C2S1, C2S2, C2. Hydrolysis reactions were
conducted in 0.1 M phosphate buffer (pH=5.0) at 50°C for 24 h using a water
bath. n = 3, Mean + Standard Error, Glucose carbon mass, a, b, ¢: p<0.05,
Cellobiose carbon mass, A, B: p<0.05.

3.8.2. Hydrolysis of Amorphous Cellulose

The structure of cellulose contains amorphous regions that are easier for
free cellulases to hydrolyze than crystalline regions. The hypothesis here is that
the immobilized cellulases, which hydrolyzed crystalline cellulose well, should

also hydrolyze amorphous cellulose well due to the characteristics of easier
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degradation of amorphous region. Table 3.10 and Figure 3.19 show the results of

efforts to hydrolyze amorphous cellulose in the form of cellophane paper.

Table 3.10. Total hydrolysis yields affected by cellophane paper hydrolysis.
Hydrolysis reactions were conducted in 0.1 M phosphate buffer (pH=5.0) at 50°C
for 24 h using a water bath. n = 3, Mean + Standard Error, Clenzymes, a, b:
p<0.05, C2 enzymes, A, B, C: p<0.05.

Test materials CI1S1 CI1S2 Cl C2S1 C282 C2
hygrocfla}}sis 61.0 55.6 93.4 72.9 56.8 93 4
yields (%) E7.07). (*1.52), (£0.60), | £2.23)a (*1.35s (E1.15)¢

The yields obtained from immobilized cellulases were significantly lower
than that of their corresponding free cellulases. The immobilized cellulases did
not hydrolyze amorphous cellulose as efficiently as the free cellulases. The
hydrolysis products were also measured, and the immobilized cellulases had a
higher ratio of cellobiose. Cellobiose conversion was reduced in the case of the

immobilized cellulases.
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Fig. 3.19. Comparison of carbon production by hydrolysis of cellophane paper (35
mg/mL).
(a) C1S1, C182, C1 (b) C2S1, C2S2, C2.. Hydrolysis reactions were
conducted in 0.1 M phosphate buffer (pH=5.0) at 50°C for 24 h using a water
bath. n = 3, Mean + Standard Error, Glucose carbon mass, a, b, ¢: p<0.05,
Cellobiose carbon mass, A, B, C: p<0.05, Cellotriose carbon mass, p,
q:p<0.05.

Table 3.11 and Figure 3.20 show the results of another amorphous
cellulose hydrolysis; phosphoric acid swollen cellulose (PASC). In this system,
the immobilized cellulases did not hydrolyze PSAC as efficiently as the free
cellulases, a result that corresponds with that of the cellophane paper hydrolysis.
Again, the ratio of cellobiose was higher in the immobilized cellulases, likely
because immobilization inhibited B-glucosidase or the enzyme was depleted from
the support . The overall results in this section were disappointing because it is
likely that the hydrolysis of lignocellulose biomass would be negatively affected
by immobilization as it contains amorphous cellulose as well as crystalline

cellulose.
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Table 3.11. Total hydrolysis yields affected by PASC hydrolysis. Hydrolysis
reactions were conducted in 0.1 M phosphate buffer (pH=5.0) at 50°C for 24 h
using a water bath. n = 3, Mean + Standard Error, Clenzymes, a, b: p<0.05, C2
enzymes, A, B: p<0.05.

Test C1S81 C1S82 Cl1 C2S81 C282 C2
materials

Total
hvdrolvsis 52.0 52.6 72.7 56.9 58.2 72.1
yiyel 0@ z% ) | G128 G034 | (= 1.12) (048, E06DA | (374

Ooligosaccharides
a. b. Hcellobiose
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Fig. 3.20. Comparison of carbon production by hydrolysis of phosphoric acid swollen
cellulose (35 mg/mL).
(a) C1S1, C1S2, C1 (b) C2S1, C2S2, C2. Hydrolysis reactions were
conducted in 0.1 M phosphate buffer (pH=5.0) at 50°C for 24 h using a water
bath. n = 3, Mean + Standard Error, Glucose carbon mass, a, b, ¢,: p<0.05,
Cellobiose carbon mass, A, B, C: p<0.05, Oligosaccharides carbon mass: p, q:
p<0.05.

3.8.3. Hydrolysis of Hemicellulose

Lignocellulose substrates contain hemicellulose which interferes with

hydrolysis of the cellulose fraction (Ikeda, et al., 2007). To examine the effect of
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immobilization on the enzyme systems ability to hydrolyze the hemicellulose
fraction, xylan as a representative of hemicellulose fraction was hydrolyzed and

the hydrolysis yields were examined (Table 3.12 and Figure 3.21).

Table 3.12. Total hydrolysis yields affected by xylan hydrolysis. Hydrolysis
reactions were conducted in 0.1 M phosphate buffer (pH=5.0) at 50°C for 24 h
using a water bath. n = 3, Mean + Standard Error, Clenzymes, a, b: p<0.05, C2
enzymes, A, B: p<0.05.

Test materials C1S1 C1S2 Cl C2S1 C2S2 C2

Total 505

hydrolysis 49.7
yields (%) (+2.65) (+3.16)s

Because the total hydrolysis yields of the immobilized cellulases were
lower than those of free cellulases, the immobilized cellulose system did not
hydrolyze xylan as efficiently as free cellulases. Hemicellulose has an amorphous
structure, and the results corresponded with those from the amorphous cellulose
hydrolysis. The hydrolysate compositions were also examined (Figure 3.21). The
main product of xylan hydrolysates was xylose. The xylose content of the C1S1
system was not significantly different from that of C1 (p>0.05) and that of C152
was statistically lower than that of C1 (p<0.05). The xylotriose produced with C1
was statistically equivalent to that of C1S1 (p>0.05) and significantly higher than
that of C1S2 (p<0.05). Small amounts of xylobiosee were detected in C1S1 and
C1, but not in C1S2. As for the C2 enzymes, xylose and xylobiose production in

the immobilized C2 were lower than those in C2, suggesting that the immobilized
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cellulases did not hydrolyze xylose and cellobiose fractions as efficiently as free

cellulases.
- .
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Fig. 3.21. Comparison of carbon production by hydrolysis of phosphoric acid swollen
Cellulose (35 mg/mL).
(a) C1S1, C1S2, C1 (b) C2S1, C2S2, C2. Hydrolysis reactions were
conducted in 0.1 M phosphate buffer (pH=5.0) at 50°C for 24 h using a water
bath. n = 3, Mean + Standard Error, Xylose carbon mass, a, b: p<0.05,
Xylobiose carbon mass, A, B, C: p<0.05, Xylotriose carbon mass, p, q:
p>0.05,

3.8.4. Hydrolysis of Lignocellulose Biomass

Finally, actual industrial lignocellulose biomass, steam-exploded poplar
wood and shredded waste OA paper were used in hydrolysis trials. Table 3.13 and
Figure 3.22 show the results of steam-exploded poplar hydrolysis as an example
of wood hydrolysis. The results show that the immobilized cellulases did not
hydrolyze the wood sample as efficiently as the free cellulases, but still retained
substantial activity on this complex substrate. The retained enzyme activities of

C182, C1S2, C2S1, and C2S2 were 62%, 41%, 62%, and 57%, respectively.
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Table 3.13. Total hydrolysis yields affected by steam-exploded poplar hydrolysis.
Hydrolysis reactions were conducted in 0.1 M phosphate buffer (pH=5.0) at 50°C
for 24 h using a water bath. n = 3, Mean + Standard Error, Clenzymes, a, b, c:
p<0.05, C2 enzymes, A, B: p<0.05.

Test materials C1S1 C1S2 Cl1 C2S1 C2S2 C2
hygg[f;sis 34.5 22.85 55.7 45.4 42.2 72.9
vields (%) | €039 (E0.12) (+1.07). [E3.03)a ELOB) (=101
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Fig. 3.22. Comparison of carbon production by hydrolysis of phosphoric acid swollen
cellulose (35 mg/mL).
(a) C1S1, C1S2, C1 (b) C2S1, C2S2, C2. Hydrolysis reactions were
conducted in 0.1 M phosphate buffer (pH=5.0) at 50°C for 24 h using a water
bath. n = 3, Mean + Standard Error, Glucose carbon mass, a, b, ¢: p<0.05,
Cellobiose carbon mass, A, B, C: p<0.05, Xylose carbon mass, p, q: p>0.05.

Finally, the effects of waste OA paper on the immobilized cellulases were
examined. Table 3.14 and Figure 3.23 show the results of waste OA paper

hydrolysis.
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Table 3.14. Total hydrolysis yields affected by OA paper hydrolysis. Hydrolysis
reactions were conducted in 0.1 M phosphate buffer (pH=5.0) at 50°C for 24 h
using a water bath. n = 3, Mean + Standard Error, Clenzymes, a, b: p<0.05, C2
enzymes, A, B: p<0.05.

Test materials C1S1 C1S2 Cl1 C2S1 C2S2 C2

Total 44.5

hydrolysis 36.1
yields (%) (= 0.44) (£0.53)p

Likewise, the immobilized cellulases had reduced rates of hydrolysis on
waste OA paper based on their lower yields of glucose, cellobiose, and xylose
compared to the free cellulases. The retained enzyme activities of C1S1, C1S2,

C2S1, and C2S2 were 34%, 43%, 48%, and 41%, respectively.

a. b. Bxylose
‘ .
E’ E’ Elcellobiose
E 35 £ 3 Bglucose
g 30| g 30
o []
5% B | 585 |
é% 20 t é% 20
85 15 | 8515 |
£ L £ L
c 10 . c 10
g 5 > A AA g 5
o 0 (8] 0

C181 C182 C182

Fig. 3.23. Comparison of carbon production affected by waste OA paper hydrolysis (35
mg/mL).
(a) C1S1, C182, C1 (b) C2S1, C2S2, C2. Hydrolysis reactions were
conducted in 0.1 M phosphate buffer (pH=5.0) at 50°C for 24 h using a water
bath. n = 3, Mean + Standard Error, Glucose carbon mass, a, b: p<0.05,
cellobiose carbon mass, A, B: p<0.05, Xylose carbon mass, p, q, r: p>0.05.
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4. Discussion

4.1. Determination of Immobilization Methods and

Supports

Cellulose is the most abundant polymer in nature, and its use is therefore
critical for emerging bioindustries. The enzymes that decompose cellulose are
cellulases. They are relatively expensive and have, to date, limited the
commercialization of technologies that utilize lignocellulose as substrates. Thus,
the development of a way to reduce the amount of cellulases used in cellulose
decomposition is essential. One approach is enzyme immobilization, which makes
it possible to reuse enzymes and thus reduce enzyme cost. However, immobilized
cellulases typically exhibit reduced enzyme activity because the interaction with
the support may have impacts on the enzyme structure. Therefore, developing a
support by which enzymes can retain their activity levels is desirable for industry.
Highly retained enzymatic activities in immobilized systems are occasionally
obtained depending on methods and combinations of support-enzymes (Cao,
2005).To find a suitable support-enzyme combination for hydrolysis of
microcrystalline cellulose, the following methods of cellulose immobilization

were tested based on a thorough literature review:

1. Polyvinyl alcohol modified chitosan beads

2. Glutaraldehyde coated amberlite
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3. Calcium chloride coated Silica and calcium-aluminum coated fumed silica

4. Calcium chloride coated amberlite and calcium-aluminum coated
amberlite

5. ETS-2, ETS-4, and chabazite

6. Porous silica

4.1.1. Cellulase Immobilization on Polyvinyl Alcohol
Modified Chitosan Beads

First, chitosan beads were applied on the cellulase immobilization.
Chitosan is a copolymer of -(1,4)linked 2-acetamido-2-deoxy-D-glucopyranose
and 2-amino-2-deoxy-d-glucopyranose. It is often produced by the alkaline
deacetylation from chitin (Dinger and Telefoncu, 2007). Chitosan is an attractive
biomaterial for immobilization as it is the second most widely available polymer
in nature (El-Ghaffar et al., 2010). In this dissertation, the polyvinyl modified
chitosan beads resulted in highly retained enzyme activity, and the immobilized
cellulases on chitosan beads retained 30% of enzyme activity. Thus, this method

was determined to be a viable option, and was used for the further experiments..

Chitosan beads have been shown to effectively retain high enzyme
activities. For instance, Xie ef al. (2012) cross-linked cellulases on chitosan
magnetic particles and retained 50.6% activity, using glutaraldehyde. El-Ghaffar

et al. (2010) also cross-linked cellulases (oiriginated from Aspergillus niger) on
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chitosan, chitosan modified by glutamic acid, and chitosan modified by 4-
aminobutyric acid, and achieved enzyme activities of 65.5%, 85.3%, and
63.1%,compared to free cellulases. Furthermore, Dinger and Telefoncu (2006)
immobilized cellulases (originating from Aspergillus niger) on polyvinyl alcohol
modified chitosan beads and retained 87% activity. Based on the results from the
literature and from observations in this study, chitosan beads may be a suitable

support for cellulase immobilization as well.

The immobilized cellulases in literatures (Dinger and Telefoncu,
2007;Table 1.1.) obtained higher retained enzyme activity than in this study
because different cellulases were used. In the literature, Aspergillus niger, which
produces a large amount of B-glucosidase, was used. The cellulases used in this
research originated from 7richoderma ressei, and include a large amount of
cellobiohydrolases (Ikeda et al., 2007) which were desirable for this study. Thus
the efficiency obtained here is not directly comparable to results found in the

literature.

4.1.2. Covalent Immobilization of Cellulases on Amberlite

with Glutaraldehyde

Second, covalent immobilization was applied using glutaraldehyde.
Glutaraldehyde is often used as an immobilization reagent because it generates

intense multi-point cross-links between enzymes and supports, and between
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enzymes themselves. Glutaraldehyde also causes chemical reactions between
amino acid residues on enzyme surfaces and modifies protein conformations (EI-
Aassar et al., 2013). The method used in this research was based on the report
from Obon et al. (2000), who immobilized B-galactosidase using glutaraldehyde,
and obtained high enzyme activity from the immobilized enzymes. However, in
this report, the sugar production for the immobilized cellulases was statistically
lower than that for free cellulases, and the differences in sugar production were
substantial. Glutaraldehyde therefore reduced cellulase activity. due to protein
conformational change. Because the catalytic sites of cellulases require flexibility
to cleave cellulose, the inflexible immobilization caused by covalent binding was
not suitable for cellulase immobilization. Glutaraldehyde cross-linking is a very
delicate method, easily affected by the storage conditions of glutaraldehyde, the
concentration of original glutaraldehyde, and the detailed processes to create
cross-linkings. Thus, small differences between processes, which were not written
in detail in Obon ef al. (2000) likely reduced the retained enzyme activity in this

research, not to mention the different enzymes used.

There are several reports that demonstrate that glutaraldehyde lowers
enzyme activities, supporting the results of the current research. For example,
Feng et al. (2012) immobilized lipase on a woolen cloth with glutaraldehyde and

polyethylenimine, and the retained enzyme activity decreased to 30.2%. Also, Xu
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et al. (2011a) immobilized cellulases on magnetic particles with glutaraldehyde
and retained only 40% of the enzyme activity. The covalent immobilization

method was not selected for the further experiments in this dissertation.

4.1.3. Fumed Silica, Calcium Chloride Coated Fumed

Silica, Calcium- Aluminum Chloride Coated Silica

Next, physical adsorption and ionic interactions were used to immobilize
cellulase. To increase sorption capacity, Sinegani ef al. (2005) coated silica with
calcium and aluminum ions, and reported that the sorption capacity of the support
increased with calcium ions and greatly increased with both calcium and
aluminum ions. Thus, the same procedure was applied for fumed non-porous
silica (S1) in this experiment. The physical adsorption method was used as a
control in this experiment. The retained enzyme activity for the immobilized
cellulases on S1 was 44%, which was relatively high compared to other
procedures in this dissertation. Unfortunately, Sinegani et al. (2005) did not report
retained enzyme activity, so comparison is impossible in that regard. Because the
sugar values for the immobilized cellulases on S1 and those on S1 with calcium
ion were not significantly different, the effects of calcium ions were not
observed.. Due to the relatively high retention of enzyme activity and ease of

immobilization, S1 was selected for further research.
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By contrast, aluminum ions greatly decreased enzymatic activity in this
experiment. The negative effects of aluminum ions on cellulases have also been
recently reported in the literature. For example, Antunes et al. (2011) found a
significant and negative correlation in interactions between soil enzymes
(cellulases) and metallic elements including Al, Ne, Cu, and U. Likewise, Bin et
al. (2010) reported that aluminum ions decreased B-glucosidase activity to 8.1%.
Supports with strong charges tend to react more strongly with enzymes often with
greater affect on the catalytic site of cellulases and reduce enzymatic activity.
Takimoto et al. (2008) immobilized cellulases on amine-functionalized
mesoporous silica and found a significant decrease in enzymatic activity. They
explained that this was due to the interaction between the amine group of the
support and the carboxyl groups of cellulase’s catalytic site, inhibiting cellulase
activity. Although the sorption capacity may have increased as in Sinegani et al.
(2005), the same or similar reaction may have caused the decreased enzymatic
activity observed here as well. Thus, S1 coated with aluminum chloride was

deemed inadequate for the immobilization of cellulases.

4.1.4. Amberlite, Calcium Chloride Coated Amberlite,

Calcium and Aluminum Chloride Coated Amberlite

The simplicity of the adsorption procedure used in immobilization on silica

particles (3.1.3) made it attractive for use in further experiments. Thus, a different
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support, amberlite, was tested using the same adsorption method. However, the
sugar production of immobilized cellulases on amberlite, calcium chloride coated
amberlite, and calcium chloride and aluminum chloride coated amberlite was
significantly lower than that of the free cellulases, with retained enzyme activities
of less than 10%. Examination of the amount of protein showed that most of
enzymes did not attach to the support, possibly because the charge on the support
might repulse cellulases. Because of the low loading efficiency and resulting low

retained activity, amberlite was not used in further experiments.

4.1.5. ETS-2, ETS-4, CHABAZITE

Because the adsorption on S1 showed highly retained enzyme activity,
other types of silica were tested for immobilization: platy silica, including ETS-2,
ETS-4, and chabazite. These have often been used for leaching and sorption
studies, such as adsorbing heavy metals, hydrogen sulfide, and radioactive
components, because of their large surface area (Cappelletti ez al., 2012; Popa and
Pavel, 2012; Sabereh Rezaei et al., 2012). The hypothesis in this experiment was
that the silica might have a high loading efficiency due to its large surface area.
As a result, they might enable highly retained enzyme activities. However, none
produced sugars, indicating very low retained enzyme activities. The protein
assay showed that most of protein did not attach to the silica in ETS-2 and

chabazite. ETS-2, ETS-4, and chabazite possess a positive charge on their
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surfaces; it appears that ETS-2 and chabazite repulsed the cellulases. In the case
of ETS-4, it appeared that the proteins did attach to the surface of the silica but
did not produce sugar. ETS-4 contains aluminum ions in its structure; the ions
may have reacted with the catalytic site of the cellulases and decreased the
enzymatic activity, similar to the results discussed in 4.1.3..From these

observations, platy silica was deemed unsuitable as a support.

4.1.6. Porous Silica (Silica 2)

Based on the successful result of the cellulase adsorption on S1, a different
type of silica was applied for the immobilization: porous silica (S2). Porous silica
is often used for enzyme immobilization. For example, Yu et al. (2012)
immobilized carbonic anhydrase on the carboxylic acid group functionalized
mesoporous silica to convert carbon dioxide to bicarbonate. Ahn ef al. (2011)
immobilized lipase on mesoporous and microporous silica in methanolysis of
soybean oil to produce biodiesel. Also, Nwagu et al. (2011) immobilized amylase

on porous silica gel and obtained 75% of the retained enzyme activity.

The hydrolysis reaction was conducted with the cellulases immobilized on
S1 as a positive control. This experiment was performed in 1.7 mL
microcentrifuge tubes in a water bath. It was a simple method for immobilization

and enabled handling of a large numbers of samples with adequate heat control.
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The sugar production and retained enzyme activity for the immobilized
cellulases on S2 were very similar to those for the immobilized cellulases on S1.
Thus, S2 was selected as a potential support for the immobilization of cellulases
and was used for further experiments. S1 and S2 do not have a charge on their
surfaces. Thus, the immobilization force must be primary hydrogen bonds. This
interaction is likely ideal for cellulase immobilization using C1 because ionic
interaction and covalent bonding demonstrably lowered enzyme activities in the

previous sections.

The S1 immobilization method and reaction conditions were similar to
that described in Tébéka et al.(2006; Table 1.1.), who immobilized cellulases
(originating from Aspergillus niger) on silica wafers using the adsorption method.
The immobilized cellulases retained 80% enzyme activity. The retained enzyme
activity obtained in this research was 44%. The differences were likely because
the immobilization conditions of S1 were not optimized at this stage, and also

because the origins of the cellulases were different.

4.2. Determination of Reaction Scale

The enzyme reactions in the previous experiments were conducted on a
relatively small scale (1.7 mL microcentrifuge tubes). To determine the best scale

at which to carry out the experiments, 250 mL flask and 5 L bioreactor were
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tested. The criteria were as follows: ease of experimentation, temperature control,

and ease of handling a large number of samples.

Hydrolysis reactions were scaled up to 250 mL flasks and were incubated
in a rotary shaker. Because the sugar productions at 65°C were highest in the
immobilized cellulases on chitosan beads, the immobilized cellulases gained
thermal stability over free cellulases. Thermal inactivation often occurs due to the
unfolding of three-dimensional protein structure (Dinger and Telefoncu, 2007),
thus, immobilization might prevent protein deformation. Other researchers have
also reported on thermal stability of immobilized cellulases. For example, Zhou
(2010), who immobilized cellulases on N-succinil-chitosan using adsorption
method, and Dinger and Telefoncu (2007), who immobilized cellulases on
polyvinyl modified chitosan beads, observed higher temperature stability at 40°C

and 65°C compared to that of free cellulases (Table 1.1.).

In this experiment, there was large variability in the data obtained when
samples were hydrolyzed at 50°C. Also, some reactions did not proceed,
specifically at 65°C. These results indicate that heat may not have been conducted
evenly or that heat transfer in the reaction mixtures might not have been uniform.
Thus, the temperature control at the 250 mL scale was inadequate, and this scale

was not used for further experiments.
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The hydrolysis reactions were scaled up to 5 L bioreactors for better heat
transfer control. The immobilization on S1 particles showed a higher retained
enzyme activity at 50°C and still exhibited enzyme activity at 63°C, compared to
those for free cellulases, which showed no activity at high temperatures. Enzymes
denature via a variety of conditions including temperature, pH, ionic strength,
denaturing reagents, pressure, and mechanical mixing (Dinger and Telefoncu,
2007). It was hypothesized that immobilization on S1 might protect the enzymes
from conformational change, specifically from heat denaturation. However, the
immobilized cellulases on chitosan beads demonstrated weakness to mechanical
stirring. Although polyvinyl modified chitosan beads were shown to be a suitable
support and demonstrated relatively high retained enzyme activity and thermal

stability in the previous experiments, they were not used in further experiments.

Although the enzyme reaction in the 5 L bioreactor enabled better heat
control than that in flasks, it required a large amount of substrate and enzyme.
Additionally, the large volume of water and large equipment was not practical for
handling large numbers of samples, so this experimental scale was not used for
further experiments in this dissertation. All further experiments were carried out

at the microcentrifuge tube scale.
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4.3. Effects of Immobilization Condition on Loading

Efficiency

From the previous experiments, two suitable supports using the adsorption
method were selected, and four immobilized systems were created (C1S1, C1S2
C2S1, and C2S2). Their characteristics will be examined here and in the
following sections. First, the effects of immobilization conditions on loading
efficiency were examined. Microenviroments between supports and enzymes
substantially affect the immobilization (Cao, 2005). Thus, several variables were
tested for the immobilization process, including pH and ionic strength, to examine
their influence on enzyme loading efficiencies. Also, various enzyme-support

ratios were evaluated in an attempt to maximize loading efficiencies.

. The interaction forces in adsorption immobilization are non-physical
associations and could be a combination of hydrogen bonds, hydrophilicity,
electrostatic interactions and van der Waals force (Cao, 2005). The primary
interaction is most likely the hydrogen bonds between hydroxyl groups on silica
particles and hydrogen groups on enzymes since the adsorption energy of
cellulases on silica materials is closely related to that of hydrogen bond generation
(Tébéka et al. 2009). From these observations, pH 5.0 was chosen for C1S1

C1S2, and C28S1, and pH 6.0 was chosen for C2S2 for the further experiments.
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CI1S1 loading efficiency was not substantially affected by changes to ionic
strength; C1S2 obtained the highest efficiency at 0.3 M; C2S1 obtained the
highest efficiency at 0.2 M; and C2S2 showed the highest efficiency at 0.2 M,
though the influence of ionic strength was not great. Based on these results, ionic
strengths were set at 0.3 M for C1 enzymes and 0.2 M for C2 enzymes in further
experiments. This experiment also indicated that C1 tends to require a higher
ionic strength than C2 irrespective of the type of silica. In this experiment, loading
efficiencies were increased over the results of the pH experiment as follows:

C1S1 increased from 85% to 95%; C1S2 increased from 59% to 84%; C2S1
increased from 90% to 95%. C2S2 decreased from 76% to 61% with unknown

reasomn.

In the experiments to determine the enzyme-support ratios, 30 mg for S1
and 120 mg for S2 were selected and standardized for further experiments
irrespective of the type of cellulases due to the achieved high loading efficiencies
and for cost-performance considerations. The difference between S1 and S2
requirements were made obvious in this experiment: S2 required approximately
four times the amount of support to obtain an equivalent amount of loading
efficiency as S1, suggesting that non-porous S1 absorbs more protein than porous
S2. This presumably is due to differences in the characteristics of silica, especially

the actual surface area. Although according to the manufacturer both types of
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silica have comparable surface areas (390 + 40 m*/g for S1 and 500 m*/g for S2),
S2 may actually have a much smaller available surface area than S1 because of its
pore sphere characteristics. S1 forms a three-dimensional network that likely traps
cellulases and water molecules resulting in a large available surface area, while S2
binds cellulases on its outer and inner surfaces. The average pore diameter of S2
is approximately 60 A, which is close to the size of cellulase as reported by other
researchers: 60 x 50 x 40 A (Henriksson et al., 1996), 5.2 x 7.6 x 11.3 nm
(Takimoto et al., 2008) and 13 x 79 A to 42 x 252 A (Hartono et al., 2010).
Therefore, cellulase may block the silica’s pores, reducing the actual available
surface area. This experiment resulted in increased loading efficiencies over the
ionic strength experiment as follows: C1S1 increased from 95% to 98%; C1S2
increased from 84% to 90%; C2S1 increased 95% to 98% compared to the effect
of ionic strength experiments. C2S2 increased from 76% to 91% compared to the

effect of pH experiment.

4.4. Enzyme Activity

Next, the characteristics of enzyme activity were examined. Conventional
wisdom would predict that an insoluble substrate would be unfavourable for an
immobilization system. Also, the act of immobilization is known to cause loss of
enzyme activity. Several methods are available to compare retained enzymatic

activity such as specific enzyme activity measurement, the filter paper unit (FPU)
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assay, hydrolysis product measurement, and individual cellulase assay. Of these
methods, the hydrolysis product measurement was chosen for practicality: the
measurement of fermentable sugar yield was also necessary for the downstream

fermentation process.

Surprisingly, the hydrolysis yields for C1S1 and C2S1 were not
significantly different from those for their corresponding free cellulases, meaning
that they retained activity. This higher-than-expected activity is most likely due to
the immobilization method used, which involved adsorption of cellulases on non-
porous and porous silica. Less rigid bonds are formed during adsorption as
opposed to chemical cross-linking, resulting in increased conformational
flexibility and thus retention of enzyme activity. Another critical factor for
retention of enzyme activity is the physiochemical property of the support surface
(Cao, 2005); S1 and S2 must have suitable surface properties that allow for
retention of activity of the immobilized cellulases. Furthermore, considering this
result and those in Table 1.1, it appears that the type of substrates used for
hydrolysis seem to be an important factor in retaining high enzyme activities. All
results that obtained 60% or higher retained enzyme activity used insoluble
substrates such as filter paper, wheat straw, and microcrystalline cellulose (Table
1.1; Liang and Cao, 2012; Zhang et al., 2012; Xu et al., 2011b; Liao et al., 2010;

and Tébéka et al., 2006). The sole exception was Xu et al.’s (2011a; Tabel 1.1.),
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who immobilized cellulases on the magnetic nanoparticles by covalent method,
using stem-exploded corn stalk and bagasse, resulting in retained enzyme activity
was only 32%. The researchers immobilized cellulases directly on the magnetic
nanoparticles without a coating, which may explain their relatively lower enzyme
activity. In the interactions between insoluble substrates and immobilized
cellulases, it is possible that the immobilized cellulase molecules behave like a
cellulosome on the silica particles, resulting in synergistic enzymatic activity.
Cellulosomes consist of non-enzymatic scaffolding proteins that are associated
with various enzyme subunits and act in concert to degrade lignocellulosic
materials (Doi ef al., 2003). They enhance the efficiency of hydrolysis by
preventing diffusion of enzyme molecules into the medium, and thereby facilitate
controlled and synergistic hydrolysis (Bayer et al., 2000). They also protect the
enzyme from product intermediates and feedback regulation, and enable transfer
of enzyme complexes to other fractions of cellulose. In the current study, it is
possible that the silica particles behaved like scaffolding proteins, providing a

cellulosome-like environment that contributed to high hydrolysis yields.

The results of the sugar composition analysis of the hydrolysates showed
that the total sugar and glucose production for C1S1 and C2S1 was similar to that
of the corresponding free cellulases, but C1S2 and C2S2 produced less sugar,

compared to free cellulases. Higher cellobiose accumulation in the immobilized
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systems was found, compared to the free system, presumably due to possible

inhibition of 3 -glucosidase activity in the cellulase cocktails or lack of

immobilization of 3 -glucosidase.

The type of support significantly affected hydrolysis yield; this may be
due to differences in substrate accessibility and the available surface area of S1
and S2. S1 features a three-dimensional network that increases available surface
area; S2’s two-dimensional structure, by contrast, may limit enzyme accessibility,

as shown in Figure 4.1 below.

P Cellulose DY

Fig. 4.1. Model of substrate interaction of immobilized cellulases on S1 and S2.

The size of the support has also been reported to affect the activity of
immobilized enzymes; enzymes immobilized on smaller-sized supports retained

high activity. Vertegel et al. (2004) found that lysozyme immobilized on 4 nm
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particles obtained higher activity than on 100 nm particles because it formed a
monolayer conformation that increased available surface area; on larger particles
it formed a multilayer arrangement which caused protein aggregation. Likewise,
Park et al. (2006) immobilized lipase on twelve different types of silica particles
and found that higher activity was retained using smaller supports. This could be
due to the fact that the surface of the smaller particles is more curved than that of
the larger particles, allowing for conformational flexibility of the immobilized
enzyme and preventing protein aggregation. The size of S1 is 7 nm and that of S2
is 60 pm, suggesting that the S1°s smaller particle size may have contributed to its
higher enzyme activity. In order to determine why the results from S1 and S2

differed, scanning electron microscopy (SEM) was performed.

4.5. Scanning Electron Microscopy

To visualize the difference in substrate accessibility between S1 and S2,
SEM images were taken. The visuals revealed that the cellulose particles were
completely surrounded by the three-dimensional matrix of S1, making them fully
accessible to the cellulases. Furthermore, the silica network appears to be irregular
and soft, which likely allows increased conformational flexibility of the
immobilized cellulases. The high hydrolysis yields obtained with S1 can therefore
be explained to be due to increased substrate accessibility and enzyme flexibility.

By contrast, the surface of S2 was partially attached to the cellulose; the lower
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hydrolysis yields obtained with S2 therefore can be explained to be due to
decreased substrate accessibility. As expected, the immobilized cellulases were
too small to be visualized by SEM; however, the SEM images clearly showed that

cellulose interaction differed substantially between S1 and S2.

4.6. Protein Desorption

Although the immobilized cellulases using the adsorption method retained
high enzyme activity, there was the risk that some enzymes might have escaped
from the support during hydrolysis. Therefore, post-hydrolysis protein amounts
were measured and compared to the negative controls to determine the amount of
cellulase lost. The amounts were found to not be significantly different from the
controls, meaning that proteins likely did not desorb during hydrolysis reactions.
This is not unusual; other studies have shown that immobilization of enzymes on
silica is robust. For example, Tébéka et al. (2009) studied the simple adsorption
behavior of cellulases when immobilized on silica wafers and found that the
interaction was strong. The adsorption energy of the interaction was determined to
be 24.2 kJ/mol, which is comparable to the energy required for hydrogen bonding
(20 kJ/mol) but not sufficient to disrupt the bond. Further, Wahlgren ef al. (1995)
studied adsorption kinetics of lysozyme immobilized on silica and concluded that

the interaction between the enzyme and silica was strong.
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4.7. Influence of Reaction Conditions on Stability

Properties and Hydrolysis Products

Immobilizing enzymes on supports is beneficial; it not only extends
enzymes’ life spans and thereby reduces cost, but can also bring desirable changes
to enzyme characteristics. For example, enzyme stability is enhanced because the
native protein structure changes during immobilization (Afsahi et al., 2007;
Dincér and Telefoncu, 2007; Cao, 2005). Stability properties depend on the
carrier-enzyme interactions such as their binding nature, the chemical and
physical structures of carriers, the microenvironments that the supports provide,
and the freedom for enzyme conformational changes in the matrix (Cao, 2005).
However, to achieve stability, a certain degree of enzymatic activity is lost. For
example, Zhou et al. (2010) immobilized cellulases on N-succinyl-chitosan and
achieved increased thermal stability, but at the expense of total enzyme activity,
which decreased to 48.8%, compared to free cellulases. Occasionally, under
appropriate conditions, suitable combinations between carriers and enzymes
achieve stability while also retaining high enzyme activity (Cao, 2005). Cao
(2005) stressed that it is critical to develop appropriate immobilization methods
and find suitable combinations to obtain desirable properties. The current
dissertation successfully developed two immobilized cellulase systems that obtain
hydrolysis yields equivalent to a free cellulase system. In the following sections,

the stability of the immobilized cellulases systems will be examined.
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The stability experiments also revealed that the reaction conditions
affected the sugar components of the hydrolysate. The substrate for cellulases is
lignocellulose, which is heterogeneous in nature. It makes the hydrolysate
composition more complex, potentially decreasing production rates and increasing
operational costs in subsequent fermentation and purification stages in industrial
settings. For example, sugar solutions from biomass contain cellobiose, xylose,
and various oligosaccharides from cellulose and hemicellulose fractions in
addition to glucose (Park, ef al., 2004). The presence of other oligosaccharides
can cause a feedback inhibition that reduce can reduce production yields in a
hydrolysis process (Yue et al., 2004). Additionally, bacteria and yeasts often
ignore oligosaccharides in a hydrolysate without utilizing them because they lack
the metabolic capability to use these carbon sources. Some microorganisms,
including fungi, can utilize oligosaccharides and pentose sugars, but digestion of
oligosaccharides presumably reduces production rates, and pentose sugars may
alter the microorganisms’ metabolic pathways, reducing the production of
desirable products and generating byproducts which complicate down-stream
purification processes (Park ef al., 2004). Therefore, sugar compositions of
hydrolysates have to be carefully monitored before fermentation, and their
suitability to the target microorganisms should be taken into account. For these
reasons, individual sugar content in hydrolysates must be examined to maximize

subsequent value-added chemical production. Cao (2005) described
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microenvironments in which exposure to immobilized enzymes affected enzyme
properties; in other words, hydrolysis conditions, including reaction conditions

and enzyme conditions, may change sugar profiles in hydrolysates.

In the following sections, hydrolysis conditions including temperature, pH,
ionic strength, storage duration, and recycling stages are examined. The objectives
are to examine the stability properties that the immobilized cellulases obtained

and to investigate how reaction conditions influenced their product compositions.

Both free C1 and C2 were able to efficiently hydrolyze cellulose at a wide
range of temperatures, even at 60°C; however, immobilized cellulases’ hydrolysis
activities at 60°C were reduced, meaning that immobilization reduced their heat
resistance capacity. Thermal stability is controlled by non-catalytic parts of the
protein (Cao, 2005); the absorption process on the silica particles’ surface might
damage the protein fractions that regulate thermal stability. On the contrary, many
researchers reported that immobilization increased thermal stability (Table 1.1;
Liang and Cao, 2012; Yu et al., 2012; Xu et al., 2011a; Zhou, 2010; Afsahi et al.,
2007). This is likely because their immobilization forces were covalent bonds.
Covalent bonds create rigid bindings between support and enzyme (Cao, 2005);
these bindings may protect the enzymes from heat denaturation. In this study, the
bonds were generated by the adsorption method and may not have been

sufficiently strong to maintain the protein structure under the effect of heat. In
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addition, the sugar composition analysis in this study showed that thermal
stability depended on a support-enzyme combination. Higher temperature resulted
in less cellobiose produced, meaning that the activity of B-glucosidases might be

accelerated at high temperature.

The pH condition directly correlates with the required amounts of acid or
base, which is ultimately reflected in product cost. Also, the usage of harsh
chemicals increases environmental burden. In this section, the influence of

immobilization on pH stability and product composition will be discussed.

Immobilization did not affect the optimum pH of the cellulases; it
remained identical to that of the free cellulases. Sandwick and Schray (1988)
mentioned that if the enzyme’s conformation in the enzyme-support conjugate
resembles that of native enzymes, the support likely stabilizes the enzyme without
altering the properties. However, C1S1 retained activity as high as pH 8.0,
meaning its pH stability was enhanced. Guisan (1988) stated that tightening the
enzyme conformation as a result of multipoint attachment sometimes enhanced
stability; therefore, the bindings between C1 and S1 might protect the enzyme
conformation from denaturation in the neutral pH, resulting in the improved pH

stability.

Increased pH stability due to immobilization generally comes at the cost of

reduced enzyme activity (Cao, 2005). For instance, Dinger and Telefoncu (2007;
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Table 1.1.) immobilized cellulases on chitosan beads coated with modified
polyvinyl alcohol using an entrapment method. The pH optima shifted from 4.0 to
7.0, although enzymatic activity fell to 87% of free enzymes. The current project,
however, has demonstrated that C1S1 retained high activity while gaining pH
stability. Improved pH stability could be greatly beneficial in a production
environment where careful pH balance is difficult or costly to maintain. However,
not all results were positive. Cellobiose production by C2S1 increased when pH
increased outside of the optima, suggesting that the immobilization inhibited -

glucosidase or that B-glucosidase did not bind to silica.

In industrial settings, substrates might contain a high amount of salts from
the pretreatment processes. Therefore, it is important to know the extent to which
immobilized cellulases can resist salt solutions. C1S2 possesses a higher
resistance against high ionic strength than C1S1; its ionic strength stability was
not affected by immobilization. Immobilization on S1, however, resulted in a
decrease in sugar yield at high salt concentrations, possibly due to modification of
C1’s protein fractions that regulate ionic strength resistance. C2, by contrast,
naturally loses activity at the high ionic strength, and the same tendency was
observed in C2S1, meaning that immobilization did not affect the stability of ionic
strength. C2S2 performed the worst, with stability loss even at low ionic

strengths; total hydrolysis values decreased at 0.05 M and 0.4 M. As shown in
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Table 1.1, none of researchers reported positive results of ionic stability. Thus,

stability might be relatively difficult to maintain.

In the sugar composition analysis, free C1 relatively maintained constant
individual sugar production, but immobilized C1 on S1 and S2 showed higher
oligosaccharide and cellobiose values as ionic strength increased. When protein
configurations at non-catalytic sites of enzymes are modified, stability is often
disrupted (Cao, 2005). Thus, the interaction between the silica and the individual
enzymes, which decompose oligosaccharides to monosaccharides, might have
altered the protein structures which control salt resistance of those enzymes. In the
case of C2 enzymes, free C2 only produced glucose, but the immobilized
cellulases produced glucose and cellobiose. Thus, the immobilization might

disrupt the enzymes that convert cellobiose to glucose as well.

Industrial application requires that pre-prepared immobilized cellulases
maintain activity during storage to achieve high production. Other studies have
demonstrated that immobilized cellulases retain activity levels longer than free
cellulases. For example, Andriani et al. (2012) immobilized cellulases from
Bacillus subtillis TD6 on calcium alginate beads. They found that the
immobilized cellulases could be stored at 4°C for 12 days without losing enzyme
activity. Ince et al. (2012) compared stored free cellulases with immobilized

cellulases which were on polyanilline coated poly(styrene-divinylbenzene) grafted
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polysterene for 8 weeks. The free cellulases completely lost enzyme activity while
the immobilized cellulases maintained 47% of the original enzyme activity. Xu et
al. (2011a) directly immobilized cellulases on magnetic nanoparticles and
retained 70% enzyme activity for 21 days (Table 1.1.). Likewise, the results of
the storage experiments here showed that both C1 and C2 enzymes maintained
consistent hydrolysis yields and sugar compositions throughout the whole storage
duration period in this experiment, with no significant change in hydrolysis yield
after being stored for 3 weeks at 4°C, which is a relatively favorable result
compared to other studies. A future experiment that discovers the absolute storage
limit of immobilized enzymes at room temperature would be extremely useful for
industrial applications, which can benefit greatly from mass-prepared, long-term

storable reagents.

Finally, the greatest advantage of immobilization is that it enables
enzymes to be reused, which is a feature that free enzymes do not normally
provide. Immobilization reduces the total quantity of enzymes that have to be
used, extends their life span, and ultimately reduces production cost. All
immobilized cellulases tested here improved reusability. C1S1 had the lowest loss
of activity per recycle of the four systems and retained approximately 28% of
initial activity level even at the 9™ cycle, which is a desirable characteristic for

continuous operations of a long duration. These results are in line with several
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reports that have looked at enzyme reusability. Wu et al. (2005) examined
immobilized cellulases on a PVA membrane treated with glutaraldehyde vapour.
The enzymes retained 36% of the initial activity at the 6™ cycle. Liao et al. (2010;
Table 1.1.) immobilized cellulase R-10 on PV A/Fe,0O3; magnetic nanoparticles,
and the enzyme retained 40% of its initial activity level at the 4™ cycle. Compared
to those studies, enzyme reusability obtained in this research was favourable.
Although several studies reported higher reusability, the experimental conditions
were substantially different from this study. For example, Tébéka et al., (2009;
Table 1.1.) found that immobilized cellulases originating from 7richoderma viride
immobilized on silica wafers maintained 100% of the initial activity for 6 cycles;
however, the reaction period was 0.5 hours, which differed substantially from the
reaction period in this study. Alahakoon et al. (2012; Table 1.1.) immobilized the
cellulase cocktail on magnetic particles and maintained approximately 76% of the
initial activity for 10 cycles; however, their cycles for enzyme reuse were at 4 °C
for 24 h without substrate. Because the conditions were so different, direct

comparison is impossible.

Important to note is that the sugar compositions of the hydrolysis changed
during recycling with the enzymes immobilized on S2. Therefore, the hydrolysis
product composition analysis was essential. Sugar compositions did not change

with S1.
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4.8. Influence of Substrates on Hydrolysis Yields and
Hydrolysis Products Using Immobilized Cellulases with
Highly Retained Enzymatic Activity

There are many studies that have reported on immobilized cellulases, but
the majority used pure substrates such as microcrystalline cellulose or
carboxymethyl (CMC) cellulose to evaluate the retained enzymatic activities of
immobilize cellulases. However, it is well known that the hydrolysis abilities of
cellulases depend on the characteristics of the substrate (Kabel ef al., 2006).
Indeed, Mandali and Mandali (2010) reported that their immobilized cellulases on
glass beads showed different retained activities on various substrates. For
example, the retained activities of the immobilized cellulases on Avicel were 43-
61%. However, those on xylan and corn stover were 8.0-19% and 7-14%,

respectively.

In this experiment, five pure substrates and two types of crude
lignocellulose biomass were used: microcrystalline cellulose and crystalline
cellulose II to represent the crystalline regions of cellulose fiber; commercial
cellophane paper and phosphoric acid swollen cellulose (PASC) for that of
amorphous regions; xylan for that of the hemicellulose fraction; and wood and
waste office automation (OA) paper for a crude lignocellulose biomass. The

reason why wood was selected as an example of lignocellulose was because
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Canada is one of the world’s largest forestry product producers. The net profit for
exports of wood products exceeds $17 billion each year, second only to oil and
gas exports (2012, Forest Products Association, Ottawa, ON, Canada). Harvesting
and processing wood generates a significant amount of available cellulose
resources, including sawdust and sustainably harvested wood (Kumar et al.,

2009a).

Paper represents another potential lignocellulose biomass because the pulp
and paper industry is also one of Canada’s important industries. According to the
Forest Products Association, the annual export of pulp was $7.5 billion and paper
was $9.8 billion (Ottawa, ON, Canada, 2012). Producing pulp and paper generates
a significant amount of paper sludge waste (Lou ef al., 2012). Paper sludge
contains approximately 25% cellulose fiber, 10% clay, and 65% water (Prasetyo,
Kato, and Park, 2010). It is traditionally landfilled for its disposal. However, as
public awareness of environmental issues increases, landfill becomes problematic.
Therefore, researchers have started to seek an alternative use for paper sludge. For
example, some researchers focused on the high cellulose content of the paper
sludge, which can be a suitable material for biorefineries (Prasetyo, Kato, and

Park, 2010; Kerstetter et al., 1997).

The objectives of this study were to examine the hydrolysis of the

immobilized cellulases on different substrates using seven different materials:
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microcrystalline cellulose, crystalline cellulose, commercial cellophane paper,
phosphoric acid swollen cellulose (PASC), xylan, steam-exploded wood, and

waste office automation paper.

Crystalline cellulose was examined as a control for the rest of the
experiments. In microcrystalline cellulose and crystalline cellulose II hydrolysis,
CI1S1 and C2S1 retained either higher or equivalent yields levels compared with
their respective free forms (C1 or C2). This result corresponded with the results of
the previous section (Figure 3.4.1), meaning that its reproducibility was high.
These results determined that the immobilized cellulases were suitable for
crystalline cellulose hydrolysis. Because immobilization processes often
compromise the enzymatic activities (Zhou, 2010; Afsahi et al., 2007), the
discovery that immobilized cellulases retain the full efficiency of their free forms

is especially noteworthy.

The hydrolysis product analysis from microcrystalline cellulose showed
that the support type affected glucose production: immobilized cellulases on S1
tended to produce higher amounts of glucose than those on S2. This is likely
based on the different characteristics of the silica particles between S1 (non-
porous small particles forming a 3D matrix) and S2 (large particles with porous
surfaces), which directly influence substrate accessibility. In both crystalline

cellulose hydrolyses, the immobilized cellulases produced relatively higher
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amounts of cellobiose, indicating that the immobilization might have negatively

affected the cellobiose conversion (detailed discussion in 4.5.).

Because the immobilized cellulases could hydrolyze crystalline cellulose
well, which is more difficult to be digested than amorphous cellulose, I expected
that the immobilized cellulases could also hydrolyze amorphous cellulose well.
However, the immobilized cellulases did not hydrolyze the amorphous celluloses
as efficiently as the free cellulases. This is because of the characteristics of
amorphous cellulose’s structure: compared to crystalline cellulose, cellulose
chains in amorphous regions are loosely packed and have fewer hydrogen bonds.
The immobilized cellulases might have had difficulty to move around on the
loosely packed chains. Another possibility is that the immobilization may have

modified the protein structure of the enzymes that cleave the amorphous region.

Another result was that the cellobiose conversions to glucose tended to be
lower with the immobilized cellulases; immobilization may disrupt the enzymes
that convert cellobiose to glucose, or the enzyme desorbed from the support.
Whatever the reason, the immobilization systems or the reaction conditions might
have to be modified and optimized when amorphous cellulose is used as a
substrate. Future experiments determining the reason behind the poor digestion of
amorphous cellulose and the reduced cellobiose conversion would be greatly

beneficial.
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Next, the effects of hemicellulose on the immobilized cellulases were
examined, using xylan as a model substrate of hemicellulose. Xylan is one of the
major hemicellulose compounds, existing along with and penetrating cellulose
microfibers. Steam-exploded poplar and shredded waste OA paper contain
approximately 25.44% and 10.4% hemicellulose fractions (Mascoma Canada Inc.,

ON, Canada; Sosulski, 1993).

Hemicellulose must normally be removed before cellulose degradation to
allow cellulases to attack cellulose fibers. Thus, examining hemicellulose
hydrolysis is important to investigate to properly evaluate the ability of the

immobilized cellulases.

Both immobilized C1 and C2 demonstrated lower xylan hydrolysis yields
than their free forms, except C1S1. Immobilization may modify the
hemicellulases activity to cleave xylan. Hemicellulose also has an amorphous
structure, which was shown above to be difficult for the immobilized cellulases to
cleave (Section 4.8.2.). Some reports in the literature have reported xylan
hydrolysis using immobilized lignocellulose decomposing enzyme cocktails with
similar results to those shown here. For example, Xu ef al. (2011b) reported that
the immobilized cellulase cocktail (NS50013, NOVOZYMES) on Eudragit L-100
(Evonik Degussa Investment) retained 59% of xylanase activity. Also, Sardar et

al. (2000) immobilized xylanases originating from Aspergillus niger on Eudragit
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(TM) L-100 and hydrolyzed xylan. The retained specific enzyme activity of the
xylanase was 60%. An ideal enzyme cocktail, which efficiently hydrolyzes both

cellulose and hemicellulose, must be developed.

Finally, the influence of actual lignocellulose biomass was examined.
Wood and paper were selected as target lignocellulose biomasses for industrial
purposes. Steam-exploded poplar samples and shredded office automation (OA)

paper were also applied as a substrate to represent wood and paper samples.

In the steam-exploded poplar and waste OA paper hydrolyses, the yields from
all the immobilized cellulase systems were significantly lower than from the free
cellulases. The poplar sample contained both amorphous and crystalline cellulose
fractions; Section 4.8.1. and 4.8.2 discussed how the immobilized cellulases
efficiently hydrolyzed crystalline regions, but not amorphous regions. Therefore,
the lower hydrolysis ability of immobilized C1 and C2 in this experiment might
be a result of inefficient hydrolysis of the amorphous fraction. However, the
retained enzyme activities were higher, compared to Xu ef al.’s (2011a) (32.9%;
Table 1.1.). That group used steam-exploded corn stalks and bagasse; the different
substrates may explain differences in retained enzyme activity. In addition, the
hydrolysis product composition analysis indicates that all immobilized cellulase
systems hydrolyzed the hemicellulose fraction as efficiently as their

corresponding free cellulases, a result that conflicts with the result from the
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hemicellulose hydrolysis experiment. This might be because the amount of
hemicellulose in the wood samples was much lower than that in xylan hydrolysis
experiment, or because the chain length of hemicellulose fractions in
lignocellulose biomass may be much shorter than that of raw xylan. In any case,
the results show that the hydrolysis for the lignocellulose has to be optimized,

with more attention to successfully hydrolyzing amorphous cellulose.

5. Conclusion

Cellulase immobilization, particularly immobilization on magnetic
particles, can greatly enhance the economic feasibility for industrial bio-
applications by allowing the recycling of expensive enzymes, enabling the ability
to mass-produce enzyme supports and store them until needed, reducing costs.
However, the interactions of enzymes on support surfaces typically result in the
loss of enzymatic activity, making immobilization impractical. The goals of this
dissertation were to develop improved immobilization methods and enzyme-
support combinations that retain high enzymatic activities for future applications.
Understanding the characteristics of the immobilized cellulases, including
production stability, yields, and sugar compositions under varied hydrolysis
conditions was another feature of this study. The results add a lot to our

knowledge of hydrolysis using immobilized cellulases.
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Twelve combinations of enzymes & supports were tested with various
immobilization methods to discover the best combination. The results showed that
weak interactions between the enzymes and supports were preferable because
strong cross-linking did not allow the active site of the enzymes to be flexible.
Supports with strong charges were shown to be detrimental, repulsing the
enzymes or interfering with their catalytic sites. From these observations, four
suitable systems were selected for the further experiments using the adsorption
method: C1S1 (cellulase cocktail 1 immobilized on fumed non-porous silica),
C18S2 (cellulase cocktail 1 on porous silica, C2S1(cellulase cocktail 2 on fumed

non-porous silica.) and C2S2 (cellulase cocktail 2 on porous silica).

Next, the characteristics of the immobilized cellulases under the following
conditions were carefully examined: pH, ionic strength, and, once the optimal
conditions were found, optimal enzyme-support ratios were determined. After
extensive experimentation, the four immobilized cellulases achieved
approximately 90% loading efficiency. Two of the systems, C1S1 and C2S1,
achieved levels of hydrolysis as high as their corresponding free cellulase
controls, which has never been achieved in other studies, proving that cellulases
on a silica support can retain high enzymatic activity. This is extremely promising

for future applications, since magnetic particles are often coated with silica.
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Stability of immobilized enzyme systems is a challenge for researchers.
Additional stability was achieved in one enzyme system, C1S1, which gained a
wider range of pH stability. The immobilized cellulases lost certain ranges of
thermal stability and ionic stability but appropriate support-enzyme combinations
mitigated the loss. Immobilization did not affect storage stability. The most
impressive result of the stability tests was that all the immobilized systems gained
reusability. The best result was with C1S1, which still possessed 30% of its
original activity even after the 9" cycle. This result is extremely promising for
future industrial applications, where enzyme cost could be greatly reduced by
reusing enzymes. One very important finding of the stability experiments is that
cellulase-support combinations can greatly affect enzyme activity, which changes
the sugar compositions produced during hydrolysis. Most studies tend to measure
total sugar production; this study also carefully measured the types of sugar
produced and found that under some conditions, significant levels of non-glucose
sugars were produced. Because these sugars could require an extra processing
step in a production environment, it is critical that further research carefully
consider not only the total sugar produced, but the quality of the sugar products as

well.

Because hydrolysis abilities depend on the characteristics of the substrate

(Kabel et al., 2006), the effects of substrate on the immobilized cellulases were
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examined. Most research has measured immobilized enzyme activity on a model
substrate; this paper took a different approach and tested real-world substrates.
The results showed that C1S1and C2S1 hydrolyzed crystalline cellulose as
efficiently as their corresponding free cellulases. However, when tested on
substrates that contained amorphous cellulose or lignocellulose, hydrolysis
activity dropped. While the results were promising, it is clear that optimization
will be necessary to deal with amorphous cellulose and lignocellulose, which is
likely in a real-world scenario. The immobilized cellulases that were developed
during the process of writing this thesis have advanced the potential to make

hydrolysis and pretreatment of lignocellulose more commercially viable.

6. Future Plans

The observations of hydrolysis product compositions in this dissertation
suggested that the immobilization altered individual enzyme activities, with the
result that glucose conversion was reduced. One future project I would like to
undertake is to compare the actual individual cellulose activities of free and
immobilized cellulases to explain these observations. Such a comparison would
reveal exactly which individual enzymes were affected by the immobilization
process and how their enzymatic activities were altered and which binding would

be better.
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This research resulted in successfully creating two types of immobilized cellulase
suitable for use in hydrolysis reactions. A good next step would be to apply this
immobilization method on silica-coated magnetic particles that could be
recovered, cleaned, and reused for further reactions, greatly improving the
reusability of the enzymes and moving the process a step closer to commercial

viability.
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