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Abstract

Cellulose is a structural material that, through its association with lignin and hemicellulose, is
recalcitrant to degradation. Although the effectiveness of cellulose hydrolysis is usually assessed
via glucose release, typically, cellulase accessibility to the cellulosic substrate is the key limitation
that restricts effective enzymatic hydrolysis and has proven much harder to quantify. A novel
method, which has the potential to better elucidate the mechanisms involved, involves the use of
carbohydrate-binding modules (CBMs). In the work described here, CBM production was
optimized, yielding g.L* quantities of the specific proteins, which were subsequently used to both
characterize the surface morphology of lignocellulosic substrates and functionalize cellulose
surfaces. A combination of type A and type B CBMs (CBM2a and CBM17) were primarily
employed, as they showed binding preferences towards different morphologies within the
cellulosic structure. Compared to more established methods the CBM method more accurately
predicted enzyme accessibility, indicating that refining did not significantly improve enzyme
accessibility at the microfibril level of the cellulosic substrate. In subsequent work, fluorescence-
tagged carbohydrate binding modules (CBMs), which specifically bind to crystalline (CBM2a-
RRedX) and paracrystalline (CBM17-FITC) cellulose, were used to differentiate the
supramolecular cellulose structures in bleached softwood Kraft fibers during enzyme-mediated
hydrolysis. Quantitative image analysis, supported by 3C NMR, SEM imaging, and fiber length
distribution analysis, indicated that enzymatic degradation predominated in the more disorganized
zones during the initial phase of the hydrolysis reaction. This resulted in rapid fiber fragmentation

and an increase in cellulose surface crystallinity. Drying decreased the accessibility of enzymes to



these disorganized zones, resulting in a delayed onset of degradation and fragmentation. The use
of fluorescence-tagged CBMs with specific recognition sites provided a quantitative way to
elucidate cellulose morphology and its impact on enzyme accessibility. This in turn provided novel
insights into the mechanisms involved in enzyme-mediated cellulose deconstruction. As well as
using CBMs as an analytical tool, the affinity of CBMs for cellulosic surfaces was also used to
introduce functionality. When CBM2a-alkyne bioconjugation was used to link polyethylene glycol
(PEG) to CNC surfaces via Click reactions, the CBM-PEG modification of cellulosic surfaces

increased CNC redispersion after drying and improved suspension stability.



Lay Summary

The global drive towards “greener products” has highlighted interest in renewable materials.
Although many biofuels and biomaterials and biochemicals have used sugar or starch as the initial
feedstock the use of lignocellulosic residues as more sustainable feedstocks should be
advantageous from an energy and environmental perspective. However, effective deconstruction
of biomass-to-sugar is hindered by the recalcitrant nature of lignocellulosic materials. This limits
the efficiency of enzymatic deconstruction with the accessibility of cellulose to enzymes proving
to be a major contributor to recalcitrance. Highly specific cellulose binding modules (CBMs) were
used to better assess cellulose accessibility and to better correlate accessibility with the
effectiveness of enzyme-mediated hydrolysis. The CBMs were also used to confer functionality to

cellulose surfaces in a more environmentally friendly fashion.
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Chapter 1: Introduction

In the early 1900s, most dyes, solvents and synthetic fibers were produced from trees and
agricultural crops (Zhang, 2008). However, by the late 1960s, many of these bio-based products
had been displaced by petroleum derivatives. With an energy demand projected to grow by more
than 50% by 2025 in addition to finite petroleum resources, long term solutions are needed if the
world is to break free from its addiction to fossil feedstocks. To try to minimise the dramatic effect
that another petroleum crisis would have on the world’s energy security and environment, many
countries have invested in research into biomass conversion to biofuels, biochemicals and other
bioproducts. Shifting away from fossil carbon source to renewable biomass resources will be
crucial for the development of a sustainable industrial system and for better management of

greenhouse gas emissions.

The concept of a modern biorefinery can be imagined as a parallel to a present day petroleum
refinery, but where a sustainably produced feedstock (i.e. renewable polysaccharides and lignin)
are fractionated and converted into a mixture of products via different processes and products
(Agbor et al., 2011). This could include transportation fuels, co-products, direct energy and high
value materials (e.g. cellulose nanocrystals). Biomass conversion to value added products is
typically achieved by three different pathways: thermal, chemical and biochemical. Thermal
techniques such as pyrolysis and gasification typically convert biomass into solid (char), gas
(biogas) and liquid (biocrude/bio-oil) fractions (Ma et al., 2012). However, these techniques suffer
from the disadvantages of low selectivity and heterogeneous products. Alternatively, chemical

ways of converting biomass into high value-added chemicals are typically hindered by the cost of
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chemicals or catalysts as well as their environmental impact. In contrast, the enzyme or microbial
mediated “bioconversion” of biomass has the advantages of good selectivity and a low
environmental impact (Ragauskas et al., 2006). However, the relative low efficiency of this type
of conversion has often been attributed to the heterogeneity and recalcitrance (i.e. accessibility) of
the biomass substrate (Mansfield et al., 1999). Therefore, to better overcome these bottlenecks,

and to better understand the complexity of the biomass substrate would be beneficial.

As mentioned earlier, it is particularly challenging to characterize and measure the recalcitrance
of lignocellulosic substrates. Therefore, developing representative and reproducible methods that
would allow us to assess the potential hydrolyzability of a substrate would be of considerable value
(Mansfield et al., 1999). With the evolution of new microscopy techniques and an ever-growing
library of high selectivity probes selected from hydrolytic enzyme sequences, it is now possible to
map carbohydrate structures as well as quantify changes that may occur on the substrate surfaces.
These probes are called carbohydrate-binding modules (CBMSs) due their selectivity in binding to
various areas of the cellulosic substrate. Imaging and characterizing substrates with CBMs have
provided useful insights into cellulose modification and hydrolysis that will be discuss within the
thesis. However, although CBMs have considerable potential, they are not frequently due to the
limited availability of the proteins as well as the lack of standardized methods. In the work
described here CBM production and purification was optimized and a simple and efficient process
to promote their production was developed. A standardized protocol for their utilization to quantify
cellulose accessibility was also developed and applied to better understand the relationship

between refining, changes in substrate characteristics and overall cellulose hydrolysis. By using



fluorescent-tagged CBMs and confocal laser microscopy, an innovative qualitative and
quantitative technique for substrates characterization was developed. The technique is based on
the different specificity of two CBM probes that bind non-competitively to crystalline and
paracrystalline regions, allowing tracking of variations in the structural organization of the
substrate. With this technique, both micro-scale imaging and bulk experiments were conducted
leading to a better understanding of the enzymes and substrates behaviour. It was shown that
confocal microscopy methods together with the development of analytic codes for image
processing could be used to guide the development of cellulase cocktails. This, consequently,
greatly improved our understanding of the key mechanisms and rate-limiting steps that occur

during cellulose hydrolysis.

In addition to enzyme-mediated deconstruction of cellulose to sugars, another key product from
an effective biorefinery is to produce innovative, high performance biomaterials which will be
competitive with fossil derived products. This is exemplified by the significant, recent growth of
nanocellulose based materials (Dufresne, 2013). Over the last two decades, a growing number of
studies have reported the production and utilization of cellulose fibrils or crystals in the nanometer
range with applications from biomedical and drug delivery applications to the carbon fiber and
battery fields (Abitbol et al., 2016). However, cellulose nanoparticles tend to self-associate
because of the presence of interacting surface hydroxyl groups. This property, which contributes
to paper sheet strength, makes it challenging to disperse these cellulosic materials in a polymer
matrix. For example, these inter-particle interactions can cause aggregation during the preparation

of the desired material leading to lesser stability. For aqueous based applications (e.g. hydrogel,



biomedical and drug delivery) and emulsions, green and biocompatible modification is typically
required. Specific functionalization requires the drying of the cellulose and the use of organic
solvent, which is usually problematic due to the relatively inert nature of cellulose surface in water.
In the work described within this thesis, bioconjugated-CBMs were used to bring functionality to
cellulose surfaces in agueous media. As mentioned earlier, CBMs are compact, stable and high
affinity proteins that should prove ideal to functionalize cellulose surfaces. Nanocellulose-based
materials are typically carbon- neutral, sustainable, recyclable and non-toxic and have the potential

for many useful applications.

1.1 Enzymatic hydrolysis of cellulose

In this section, the enzymes and mechanisms involved in enzymatic degradation of cellulose are

briefly described. Enzyme factors that influence and limit hydrolysis are highlighted.

1.1.1 Enzymes involved in biomass/cellulose deconstruction

Cellulose hydrolysis can be catalysed by “simple system” enzymes such as exoglucanases (also
called cellobiohydrolases, CBHs), and endoglucanases (EGs), or by enzyme complexes called
cellulosomes (Zhang and Lynd, 2004). CBHs release cellobiose units from chain ends and degrade
cellulose in a processive manner. In comparison, EGs act more randomly along the cellulose chain,
creating new chain ends. Once cellobiose is released, B-glucosidases (BG) hydrolyse the cellobiose
to glucose. Cellulolytic enzymes often contain one (or more) carbohydrate-binding modules

(CBM) and at least one catalytic domain (CDs). These units are structurally and functionally



independent and are connected by an inter-domain linker peptide (Boraston et al., 2004). As
described in more details later (section 1.6), it is thought that carbohydrate-binding modules
promote hydrolysis by increasing the time of contact between the catalytic domain and the
substrate as well as specific targeting the substrate. Non-hydrolytic enzymes, such as lytic
polysaccharide monooxygenases (LPMO), add a new element to the classic view of hydrolytic
cellulose degradation (Hemsworth et al., 2015). It has been shown that the LPMO can attack
crystalline areas of the cellulose and oxidize the glycosidic bonds. They use an external source of
electrons, facilitating the degradation of crystalline region. In the presence of hemicellulose,

accessory enzymes, such as xylanases, are also required (Hu et al., 2011).
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Figure 1: Schematic representation of a simple cellulolytic system. The action of
cellobiohydrolase, endoglucanase and b-glucosidase working on their respective carbohydrate
substrate



It is commonly observed that the heterogeneous structure of cellulose gives rise to a rapid decrease
in rate as hydrolysis proceeds, even when the effects of cellulase deactivation and product
inhibition are taken into account (Zhang and Lynd, 2004). Explaining this observation at a

mechanistic level is an outstanding issue, with important fundamental and applied implications.

1.1.2 Enzyme factors influencing and limiting the hydrolysis of cellulose

Several factors associated with the nature of the cellulase enzyme system have been suggested to
be influential in the hydrolysis process. These include end-product inhibition of the cellulase
complex, thermal inactivation, and irreversible adsorption of the enzymes. The problems of end-
product inhibition have been largely dealt with through the addition of B-glucosidase, which
hydrolyzes cellobiose to glucose, thereby preventing inhibition of cellobiohydrolases by

cellobiose.

1.1.2.1  Synergism

Enzymatic synergism occurs when the combined action of two or more enzymes leads to a higher
rate of action than the sum of their individual actions. Quantitative representation of the extent of
synergism is usually expressed in terms of a ‘‘degree of synergism’’ (DS), which equal to the ratio
of the activity exhibited by mixtures of components divided by the sum of the activities of separate
components. Different types of synergisms have been proposed in the cellulose hydrolysis
literature that include: endoglucanases and exoglucanases; exoglucanases and exoglucanases;
endoglucanases and endoglucanases; and exoglucanases or endoglucanases and [-glucosidases

(Zhang and Lynd, 2004). It has also been shown that hemicellulolytic enzymes work
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synergistically with the cellulolytic enzymes (Hu et al., 2011). By removing the hemicellulose
shield these enzymes can enhance enzyme accessibility to the cellulose. Further, hemicellulases
and swollenins, (i.e. a non catalytic accessory enzymes) have been shown to exhibit some degree

of synergism.

1.1.2.2 Traffic Jam

The “roughness” of the crystalline cellulose surface has been shown to lead to the formation of
traffic jams of productively bound cellulases (lgarashi et al., 2011). Thus, flattening the surface,
removing hindrance, and/or increasing the number of active binding sites by means of pretreatment
or combined use of synergistically acting enzymes should reduce the “congestion”, improving the
kinetics of the cellulase molecules and increasing the efficiency of hydrolysis (lgarashi et al.,

2011).

1.1.2.3  Unspecific Adsorption

Unspecific adsorption is dependant on the substrate composition and enzyme physical properties.
Lignin and hemicellulose negatively influence the cellulose hydrolysis by irreversibly adsorbing
the enzymes, thus preventing their desired action (Palonen et al., 2004). In the case of lignin,
especially in steam-exploded substrates, high protein adsorption can be observed on condensed
lignin. In previous work where various lignin sources were studied, it was apparent that the extent
to which lignin adsorbs enzymes depends very much on the nature of the lignin (Palonen et al.,

2004). The work in this thesis expands on this theme in section 5.3, showing that, depending on



the substrates and enzyme loading, lignin predominantly acts as a barrier or as an irreversible

inhibitor.

When cellulases encounter lignocellulosic substrates, they need to overcome a hierarchy of
structural hindrance that restricts the enzymes ability to access and hydrolyse the cellulose. These
different structural levels will be described in section 1.6 on lignocellulosic substrates. The
“accessibility” in known to be a key factor that needs to be optimize for better cellulose hydrolysis.
However, methods to quantify “accessibility” present their limitations (section 1.8). That is why,
in this thesis work, we developed a novel method using CBMs to strengthen our understanding of

the changes affecting cellulose “accessibility” to enzymes.

1.2 CBMs: structures, roles and production

The first characterizations of CBMs were published in 1988 (Gilkes et al., 1988; Tomme et al.,
1988). Originally, the terminology “CBDs” (cellulose binding domain) was used. However,
studies showed that non-catalytic modules also bind to other carbohydrates (Boraston et al., 2004).
Thus, the more inclusive term of carbohydrate-binding modules (CBMs) was proposed (Boraston
etal., 2004). CBMs are named according to their family (e.g. the family 17 CBM from Clostridium
cellulovorans Cel5A would be called CBM17). The name of the organism and/or the enzyme can
also be included (e.g. CBM17 may be defined as CcCBM17 or CcCel5ACBM17). If a protein
contains more than one CBM, a number corresponding to the position of the CBM in the enzyme
relative to the N-terminus is typically included. For example, the first CBM is referred to as

CBMO00-1, the second as CBMO00-2, the seventh as CBMO00-7 and so forth (Boraston et al., 2004).
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1.2.1 Classification

As of 2018, 81 families of carbohydrate-binding modules (CBMs) have been isolated with
members of different families showing little if any homology concerning their amino acid
sequences (CAZy database). Members of the same family have primary and tertiary structures that
can be computationally aligned, suggesting that they are descended from common protein
ancestors (Carvalho et al., 2014). Fold similarities between CBM families have been demonstrated,
which is why “super families” called CBM “tribes” have been suggested. CBMs can also be
classified into 3 types according to their substrate specificity (Carvalho et al., 2014). Type A CBMs
bind crystalline cellulose, type B CBMs bind amorphous cellulose, type C CBMs bind soluble
carbohydrates. The diversity of substrates recognized by CBMs suggests several binding

mechanisms (Boraston et al., 2004).

1.2.2 CBM Structures

In nature, CBMs are produced by bacteria and fungi as the binding module of an enzyme that
attacks cellulose or hemicellulose. While the amino acid sequences can be very divergent between
bacterial and fungal CBMs, the 3D structures are often quite similar, especially regarding the
binding site (Blake et al., 2006). Comparisons between similar CBMs from bacteria and fungi have
also been studied previously (Tomme et al., 1995). For example, comparisons between CBM1
from Cbhl (fungus) and CBM2 from Cex (bacteria) showed that both CBMs had an affinity to
bind to crystalline cellulose. However, the binding affinity for bacterial CBM2 was observed to be

twice as strong as fungal CBM1 (Tomme et al., 1995).



In this section of the thesis different types of CBMs as well as the specificity of binding of each
type are described. The two main CBMs used in the thesis work, CBM2a and CBM17, are

discussed in more detail below.

1221 Type ACBMs

It has been shown that type A CBM s bind to insoluble, crystalline cellulose and/or chitin. Although
many CBMs display aromatic amino acid residues at their binding sites, type A CBMs exhibit a
planar binding site, which is complementary to the flat faces presented by cellulose crystals.
However, the exact location of CBM binding to the cellulose fiber is controversial and may be
influenced by the nature of the cellulosic substrate. Tormo et al. (Tormo et al., 1996) proposed that
the binding occurs on the hydrophobic 110 surface, while McLean et al. (McLean et al., 2000)
have contested this claim, saying that in a perfect cellulose crystals, the surface area presented by
the 110 surface is too small for the binding site of CBMs. In contrast, the authors proposed that
the binding sites are more likely to occur on the 110 and 010 surfaces. A study by Lehtio et al.
(Lehti6 et al., 2003) used transmission electron microscopy to probe the location of the CBM
binding site on crystalline cellulose. They also concluded that CBM1 and CBM3a bind to the
hydrophobic 110 surface and suggested that these regions are often disrupted, thus providing a
larger surface area that could be more accessible. Although there is no consensus on where type A
CBMs exactly bind, it is accepted that they will have a greater affinity for the most hydrophobic

cellulose surface.

The binding of CBM to insoluble microcrystalline cellulose is influenced by its structure and the

lack of conformational freedom of the substrate. As the conformation of each cellulose chain on
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the fiber surface of crystalline cellulose is essentially fixed, the chain is unlikely to undergo a loss
in conformational entropy upon binding to CBMs. This, combined with the negative ACp (heat
capacity) values that indicate a significant dehydration effect, provides an explanation of the large
favorable AS° (standard entropy) observed for type A CBM adsorption to crystalline cellulose
(Boraston et al., 2004). This factor indicates the fundamental difference between binding of soluble
and insoluble polysaccharides and might explain why type A CBMs have a low affinity for soluble
carbohydrate. As the tight binding of soluble oligosaccharides requires a loss in conformational
entropy and the type A CBM binding surface is not flexible, Creagh et al.(Creagh et al., 1996)
proposed that, when the water molecules released from the protein when CBMs bind to their target,
this increases the entropy of the system. It has also been shown that thermodynamic forces (Van
Der Waals) play an important role at the CBM/cellulose interface (Creagh et al., 1996). Van Der
Waals interactions stabilize the CBM/fiber binding through a number of hydrogen bonds and C-
H/m interactions. However, it has been suggested that, if there is a physical blockage (by lignin,
hemicellulose or other enzymes) along the cellulose surface, the Van Der Waals interactions
prevent the diffusion of the CBM from the fiber surfaces, causing a decrease in enzyme
processivity (lgarashi et al., 2011). The binding of type A CBMs can be considered to be
irreversible since its constant of dissociation is a lot smaller than that of the binding constant
(McLean et al., 2000). Advances in analytic chemistry, such as neutron crystallography and
neutron reflectography, have allowed researchers to better understand the interaction between a
protein and insoluble substrate. Recently, neutron crystallography work has suggested that water
molecules play a key role in the binding site for different CBMs (Fisher et al., 2015). Atomic force

spectroscopy/microscopy has been used to elucidate the substrate recognition of CBM3a and the
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binding energies for some CBMs (King et al., 2015; Nigmatullin et al., 2004; Zhang et al., 2013a;
Zhang et al., 2014). However, the exact mechanism has not yet been completely resolved because
direct analysis in aqueous media is still a challenge. In the described work, CBM2a was chosen as
the probe for crystalline cellulose as, 1) it has such a strong affinity for crystalline cellulose and
its binding is considered irreversible. 2) Previous studies concerning its expression, production,
and interaction with cellulose provided a base of knowledge which will be advantageous for further
development. Furthermore, 3) engineered CBM2aH6 (his-tagged) were available for the project
and presented an alternative to native CBM2a for an easier purification (Boraston et al., 2001;

Hasenwinkle et al., 1997; McLean et al., 2000).

1222 TypeB CBMs

Unlike type A CBMs, which show a greater affinity towards crystalline cellulose, type B CBMs
preferentially interact with single polysaccharide chains and have a higher affinity for the
amorphous regions of cellulose. As a result, the binding site for type B CBMs is also different.
NMR studies and X-ray crystal structures have revealed that the carbohydrate-binding sites of
Type B CBMs are extended, shaped as “grooves” or “clefts”, and are comprised of several “sub-
sites” that are able to accommodate the individual sugar units of the polymeric ligand (Notenboom
etal., 2001). The depth of the binding sites is also flexible and can vary from very shallow to being
able to accommodate the entire width of a pyranose ring (Boraston et al., 2004). For type B CBMs,
the binding energy is correlated to the degree of polymerization (DP) of the carbohydrate substrate.
For example, type B CBMs do not bind with substrates equal or smaller than three glucose units.
However, the increase in binding energy with an increase in cellulose DP reaches a maximum and

12



plateaus after 6 glucose units. Similar to type A CBMs, aromatic residues also play a role in ligand
binding and the orientation of these amino acids are key to influencing CBM specificity. Direct
hydrogen bonds also play a key role in defining the affinity and ligand specificity of Type B glycan
chain binders (Zhang et al., 2013a). The binding of type B CBMs is thought to be enthalpy driven,
which means that the substrates and enzyme structure are flexible and the binding is driven by the
Van der Waals interactions (Boraston, 2005). In the work described here CBM17 was chosen to
probe the amorphous cellulose region as CBM17 is known to have high affinity for the amorphous

region and it its interaction with the substrate has been studied before (Notenboom et al., 2001).

1223 Type C CBMs

In contrast to type B CBMs, that cannot bind to carbohydrates with less than 3 glucose units, type
C CBMs demonstrate binding specificity for one to three sugar units (Boraston et al., 2004). The
distinction between the structure of Type B and Type C CBM s is often subtle, as they both exhibit
a groove-like binding site. Nevertheless, despite folding similarities, crystallography study has
shown that the hydrogen bond network between protein and ligand is more extensive in Type C
CBMs than in Type B modules. In addition, C-H/x interactions (e.g. interactions between the

cellulose and aromatic residues) also play a smaller role in the binding of type C.

1.2.3  The details of CBM2a and CBM17 bindings

As CBM17 and CBM2a have been well studied, previous modeling, binding isotherms and ITC

data was able to indicate how these proteins would function and the rationale behind their
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specificity (Abbott and Boraston, 2012; Boraston et al., 2000; Boraston et al., 2001; Boraston,

2005).

1.2.3.1 The binding of CBM2a

It has been shown that the binding of CBM2a to crystalline cellulose is irreversible yet dynamic
(McLean et al., 2000). It has been shown that the CBMs move in two dimensions over the cellulose
surface without ever fully dissociating from it. This is typical for type A CBMs (Boraston et al.,
2004). The type A CBM’s constant of association (Ka) is around 106 M for insoluble cellulose.
The binding capability of CBM2a to the cellulose surface is attributed to six amino acid residues
on the binding face of the module (Figure 2). Of those residues, three tryptophans (W17, W54 and
W?72) are thought to be of particular importance to the cellulose binding capability of CBM2a.
Oxidation studies, which targeted solvent exposed aromatic residues, demonstrated that oxidation
of any tryptophan residue led to a decrease in binding capability (McLean et al., 2000).
Furthermore, when complete oxidation of all three tryptophan residues was achieved, CBM?2a
could not bind to cellulose anymore, even though the 3D structure of CBM2a remained the same.
The results of this oxidation study support the hypothesis that the hydrophobic tryptophan residues
play an important role in the binding reaction. In addition, site-directed mutation and Langmuir-
type adsorption isotherm analysis were also used to help determine the role of the other
neighboring residues that contribute to the overall energetics of CBM2a binding to cellulose
(Boraston et al., 2001; Boraston et al., 2002). Through this study asparagine residues (N15 and
N18) were shown to participate in binding via hydrogen bonds and it was suggested that the glycine

residue (Q52) might also play a similar role (McLean et al., 2000).
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Figure 2: Structure of CBM2a (adapted from McLean et al., 2000), the main amino acid residues
involved in the binding are represented here: 3 tryptophans (W, blue), 2 asparagines (N, green), 1
glutamine (Q, black)

1.2.3.2 The binding of CBM17

CBM17 is a type B CBM and, as mentioned earlier, binds preferentially to non-crystalline
cellulose with an optimal binding affinity for single cellulose chains of at least 6 glucoses units.
Recent analysis of the crystal structure of CBM17 has shown that binding occurs in a cleft on the
surface of the molecule that involves two tryptophan residues and several charged amino acids
establishing hydrogen bonds (Figure 3). Thermodynamic binding studies and alanine scanning
mutagenesis allowed mapping of the CBM17 binding site. In contrast to the binding groove
characteristic of family 4 CBMs (another type B CBM), the family 17 CBMs appear to have a very
shallow binding cleft that may be more accessible to cellulose chains in non-crystalline cellulose
than the deeper binding clefts of family 4 CBMs. The structural differences between these two

modules may reflect different binding sites on cellulose surfaces (Notenboom et al., 2001).
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Figure 3: The structure of CBM17 is composed mainly of B-sheet (arrows). CBM17 requires a
sodium ion (black sphere) for its stable conformation and optimal binding (adapted from the
CAZy database).
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1.3 Roles and functions of CBMs

Carbohydrate-binding modules play two essential roles: They both increase enzyme concentration
on the carbohydrate surface (proximity effect) and they also preferentially bind to specific
substrate characteristics (substrate targeting). Although it has been disputed, it has also been
suggested that CBMs play a role in amorphogenesis (fiber disruption, enzyme mediated
accesshility). In addition to these mechanisms, CBMs have been suggested to have play other roles
in cell metabolism, energy storage, antibiosis and immunological recognition (Levy and Shoseyov,

2002). However, the contribution of CBMs to these mechanisms are still debated.

1.3.1 Non catalytic activities

It has been reported that CBMs increase the effective concentration of the enzymes hydrolytic
unit(s) on the surface of the carbohydrate substrate (proximity effect) (Boraston et al., 2004). As
mentioned, during hydrolysis, CBMs assist in substrate recognition (targeting) and increase the
contact time between cellulases and the substrate. However, CBMs are not mandatory for cellulose
hydrolysis to occur. Varnai et al. (Varnai et al., 2013) showed that an increase in hydrolysis yield
could still be achieved when using cellulases without CBMs by increasing the substrate
concentration. The improvement can be explained by the faster equilibrium between free and
bound enzymes without CBMs, avoiding non-productive and irreversible binding by the CBMs
and, therefore, allowing for more efficient reuse of the enzymes (Varnai et al., 2013). It is
important to point out that the authors used pure amorphous cellulose for their studies, which is
very different from more complex lignocellulosic substrate. CBMs binding studies have mainly

used model substrates such as Avicel® or amorphous cellulose, which does not represent the
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complexity of real lignocellulosic substrate. One of the goals of the thesis, after careful
optimization and calibration of the methodology on model substrates, was to expand the CBM
binding study to substrates that are more complex. In this way we hoped to obtain increased

knowledge concerning biomass recalcitrance and hydrolysis (see section 5.2).

1.3.2 Fiber disruption

Fiber disruption has been suggested to occur during cellulose depolymerisation and CBMs were
thought to have an effect on cellulose fiber disruption (Din and Al, 1991; Gustavsson et al., 2005;
Kataeva et al., 2002; Wang et al., 2008). However, this claim is controversial and numerous papers
have contradicted this hypothesis (Carrard et al., 2000; Herve et al., 2010; Josefsson et al., 2008;
Vérnai et al., 2013). In 1991, when Din et al. used electron microscopy and fluorescent probes to
try to demonstrate that CBMs were able to disrupt the substrate, they noticed a production of small
particles when they stirred cotton fibers with CBM (Din and Al, 1991). However, no proof at the
molecular scale was brought to support the hypothesis. Other results that were published
supporting this claim were often not reproducible or had some flaws in the experimental design
(e.g. using X-ray to measure crystallinity in a dry state, or questionable control for Quartz Crystal
Micro-Balance (QCMB)). These contradictory observations were largely a result of the limitations
of current analytic techniques to be performed for liquid/solid interfaces. This has limited the
accuracy of measurements on the effect of CBMs on the cellulose structure. However, since then
researchers have tried to develop new tools and methods to characterize the interface of insoluble

cellulose and water-soluble enzyme (King et al., 2015). To our knowledge of the latest literature,
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it seems that the CBMs do not play a role in fiber disruption, leaving the substrate surface

unchanged after binding.

Due to their specificity and non-hydrolytic behaviour, CBMs have the potential to be a useful tool
to help us better understand the complex structure of lignocellulosic substrates. They can be used
to understand the mechanism of hydrolysis as well as the topology of substrate surfaces, (discussed
in section 5.2 and 5.3). CBMs have been used for several applications and present significant

potential for new biomedical application such as bioassay, drug delivery or biomaterials.
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1.4 CBMs: powerful analytic tools

CBM specificity and strong affinity to carbohydrate structures make them ideal probes for
lignocellulosic substrates. As shown within this thesis, they can be used to measure substructure

ratios or to “map” changes to the cellulosic surface.

1.4.1 Surface characterization: crystallinity/paracrystallinity

Gourlay et al. (Gourlay et al., 2012) used carbohydrate-binding modules, which preferentially bind
to specific cellulosic substructures to assess the distribution of crystalline and paracrystalline
cellulose at the fiber surface. In addition, CBMs were also used to track changes in surface
morphology when Swollenin was added, a protein thought to induce amorphogenesis (Gourlay et
al., 2015). Gao et al. (Gao et al., 2014) used CBM adsorption on Avicel® at different time points
during the enzymatic hydrolysis reaction to indicate that most of the amorphous cellulose is inside
the Avicel® particles and thus could not be readily accessed by the cellulases during the first stage
of hydrolysis. This observation supported the proposed “layer by layer” deconstruction mechanism
(section 1.1) (Gao et al., 2014). These authors described the relationship between the crystallinity
index (Crl) and the hydrolysis rate using Avicel® as a model substrate. They suggested that the
Crl might be a misleading concept because it requires a drying step prior to the measurement.
Monitoring changes of cCAC (crystalline) and aCAC (amorphous) clearly suggested that during
the whole hydrolysis period a significant fraction of amorphous cellulose was hydrolyzed
simultaneously with crystalline cellulose rather than in a two-step process. The authors further
suggested that the accessibility of cellulose to cellulases was far more important than the Crl in

determining the hydrolysis rate (Gao et al., 2014).
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1.42 CBM adsorption and measurement of cellulose accessibility: kinetics and

measurement

As mentioned earlier, the quantitative determination of cellulase enzyme accessibility to cellulose
can be measured with CBMs, with or without fluorescent tags (Gao et al., 2014; Gourlay et al.,
2015). There are two key experimental approaches for quantifying CBM/insoluble polysaccharide
interactions: (1) the adsorption assay, and (2) isothermal titration calorimetry (ITC). As discussed
below, the kinetics of binding and equilibrium constant are important parameters that will have to

be determined if CBMs are to be used to measure enzyme accessibility to cellulose.

1.4.2.1 Adsorption assay

The methodology describe below is derived from the general binding equation:

H+G GH

H = Host (cellulose), G = Guest (protein) and HG = CBM-carbohydrate complex. At the

equilibrium, the association constant is given by:

Abott and Boraston suggested this nomenclature because it provides some flexibility to represent

the different CBM—carbohydrate interactions (Abbott and Boraston, 2012).

Considering:
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[Heota]= [H] + [GH]

(Where [H] represents the unoccupied cellulose and [Hiot] the total cellulose sites). We can

rearrange the previous equation:

Where [GH]/[Htt] is the fraction bound.

Adsorption assays are a simple method used for qualitative and quantitative assessment of CBM
interactions with insoluble carbohydrates. For example, cellulose powder can be easily weighted,
resuspended in buffer and then analyzed. To perform the experiments, variable CBM
concentrations [G] were added at identical cellulose concentrations [H]. The range varies between
1/10 of the dissociation constant to 10 times excess, which ensured substrate saturation.
Furthermore, the protein samples can then be used as a baseline or control to compensate for
unspecific adsorption and protein precipitation (Abbott and Boraston, 2012). Following binding
equilibrium, the samples were centrifuged. The supernatant was removed and analyzed
qualitatively by UV absorbance. The protein concentration in the liquid can then be determined at

280 nm using a CBM extinction coefficient. Similar principles apply to the use of fluorescence
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spectroscopy to monitor CBM-carbohydrate interactions rather than measuring changes in

tryptophan or tyrosine absorbance.
From the previous equation, we can rearrange to the equation below:

[GH] _  Kq[G]

[Heoe]l 1+ Kq[G]

In saturation conditions, it can be written:
[Pror] = [P] + [PH]

Where we write [P] instead of [G] for more clarity. [Htwt] correspond to the total concentration of

available binding site, which is named No. So, under saturation conditions, the equation is:

[PH] _  Kq[P]

N, 1+K,[P]

Under conditions where there are two non-interacting CBMs with significantly different binding
affinities, the following two-site binding model can be used:

NolKal[P] NOZKaZ [P]

[PH] = 17 Ka[P] 1+ K[P]

Where No1 and Kaz represent the binding parameters for one class of binding site and No2 and Ka2
the binding parameters for the other (Abbott and Boraston, 2012). Thus, this equation should be
able to model CBM2a and CBM17 competitive binding. In theory, we should be able to quantify

disruption areas on the surface of a given substrate.
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1.4.2.2 Isothermal titration calorimetry

Calorimetry measures heat changes during a chemical reaction. Constant improvements to
microcalorimeters have allowed researcher to refine the methodology (Dam and Brewer, 2002).
Isothermal titration calorimetry (ITC) measures the increases (exothermic) and decreases
(endothermic) in temperature within a solution, which correspond to the titration of ligand (i.e.,
carbohydrate, G) into acceptor (i.e., protein, H). It is possible to use ITC to determine Gibb’s free
energy, enthalpy, entropy and the stoichiometry of a designated interaction. In addition, reaction
series at varying temperature can be performed to determine the heat capacity of the system. This
method is mostly applied to soluble carbohydrate as it is challenging to measure insoluble

substrate.

In the work described within the thesis, we developed an analytic method using CBM adsorption
and CBM imaging to measure enzyme accessibility to cellulose and to better understand the
structural differences that occur on the cellulose surface. We were able to produce new
biomaterials, using bioconjugated CBMs to bring functionality to the cellulose surfaces. Thus, for
background, the nanostructures of cellulose and their properties are described below as well as

cellulose chemical reactivity.

1.4.2.3 Inactivated enzyme adsorption

Similar to the CBM adsorption, researchers have used cellulases to differentiate between specific
substructures of cellulose. There are three main approaches for cellulases adsorption: low

temperature, mutant or inhibitor (Lee et al., 1982). Low temperature adsorption typically involves
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incubating either a mixture of cellulases or a purified cellulase with the substrate and quantifying
the total amount of protein adsorbed. Although this technique may give an accurate representation
of the amount of accessible surface area of the substrate, there are two key problems. First, the
adsorption study needs to be carried out at 4 °C to prevent any hydrolysis. However, this
complicates the experimental set up, especially if microscopy is required. It is possible that
cellulase inhibitors could be used to prevent substrate hydrolysis during protein adsorption
experiments at relevant temperatures (i.e. 50 °C), however, the inhibition of several cellulases of
an unknown commercial cocktail can be tedious. Finally, mutagenesis of a key amino acid in the
catalytic site can be performed, making the hydrolysis impossible. This method is mostly used to
actually investigate cellulase mechanisms and the use of the mutated enzyme as a probe for
lignocellulosic substrate is limited by the little availability of the mutated enzyme and the different
field of expertise required. In general, CBMs are more compact and stable than cellulase and a
stock solution can be kept in the fridge for an extended period of time; they offer a great versatility

without additional work.

1.4.3 CBMs and visualization techniques: targeting effect

The use of CBMs as an analytical tool was first introduced when a bioassay was developed for
characterizing pulp fiber surface using cellulases (McCartney et al., 2004). Novel molecular probes
for the detection of polysaccharides in plant cell walls were developed using different types of
CBMs. In their approach, recombinant CBMs were fused to polyhistidine tags and anti-
polyhistidine antibodies were used to detect polysaccharide-CBM interactions (Jamal-Talabani et
al., 2004). In the same year, Jamal-Talabani et al. (Jamal-Talabani et al., 2004) proposed that
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CBMs could be used for mapping the ‘“glyco-architecture” of plant cells. Considering their
specificity towards different substrate characteristics, CBMs were proposed to be capable of
mapping wood tissue and lignocellulosic fibers. Therefore, CBMs were conjugated or fused with

a fluorescent tag and then imaged using confocal microscopy.

1.4.3.1 Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy (CLSM) is often used in combination with fluorescent-tagged
protein to image aqueous system, and has been previously utilized with CBMs to image wood
tissue and fibers (Hidayat et al., 2015; Zhu et al., 2011). The CLSM method is described in more
detail in section 5.3 where a quantification method was developed using sub-structure specific
fluorescent CBM and automated data analysis. The CLSM provided the capacity for non-invasive

imaging in 2 and 3 dimensions.

1.4.3.2  Atomic force microscopy

Atomic force microscopy (AFM) provided image resolution to the fraction of nanometer scale.
The AFM imaging was used in combination with CBM and quantum dots to gain insights to CBM
binding onto nanocellulose structures (Arslan et al., 2016; Henriksson et al., 2007; King et al.,
2015; Lee et al., 2000). With AFM it is also possible image single molecule and scan molecular

defect in a given substrate.
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Table 1: Summary of previous work that used carbohydrate-binding modules (CBMs) to better
elucidate enzyme-mediated changes in cellulose

CBMs

Primary goal of work

Ref

CBM2a(H8) (C. fimi)

CBM3 (C.
thermocellum)

CBM4-1 (C. fimi)

CBM15 (C.
japonicus)

CBM17 (C.
cellulovorans)

CBM28 (C.
cellulovorans)

CBM44 (C.
thermocellum)

CBM27 (C.
cellulovorans)

Tag Substrates
NA Avicel, PASC, cotton
fiber, CNC, cellulose
Iland 111
GFP Awvicel, Kraft pulp,
cellulose Il
* Cotton fiber
mOrange2 Kraft pulp
Non, CFP Auvicel, Kraft pulp
mCherry

CFP Organosolv pretreated
hardwood, cellulose 11

NA Avicel, PASC, cotton
fiber, CNC, cellulose

Iland Il

CFP Kraft pulp

Influence on hydrolysis, tracking

changes in cellulose accessibility

to enzymes during fiber swelling

Tracking of changes in cellulose
accessibility to enzymes during
hydrolysis

Tracking paracrystalline
structures

Monitoring the xylan

Monitoring transition structure
and paracrystalline cellulose

Monitoring transition structure
and paracrystalline cellulose

Tracking of changes in cellulose
accessibility to enzymes during
fiber swelling

Monitoring the mannan

(Ali etal., 2001; Hu
etal., 2016a; Kljun et
al., 2011)

(Gao et al., 2014;

Hong et al., 2007;

Kljun et al., 2011,
Siroky et al., 2012)

(Kljun et al., 2011)

(Hebert-Ouellet et al.,
2017)

(Gao et al., 2014;
Gourlay et al., 2012;
Hebert-Ouellet et al.,

2017; Kljun et al.,

2011)

(Kawakubo et al.,
2010; Siroky et al.,
2012)

(Gourlay et al., 2015;
Hu et al., 2016a)

(Hebert-Ouellet et al.,
2017)

NA: not applicable, CFP: cyan fluorescent protein, GFP: green fluorescent protein.

* Some CBMs have been implemented with His-tags and have been analyzed using immunology-based
methods.(Kljun et al., 2011)
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1.5 Other CBM applications

CBMs have been used in several research fields, mainly as a fusion partner to another protein. The
biotechnological applications of fused CBMs have been reviewed. In this section, the major

concepts and breakthroughs are reported (Oliveira et al., 2015).

1.5.1 CBMs and protein engineering

The potency of CBMs as analytical tools has also been demonstrated when fused with another
protein. For example, in biomedical diagnostics, CBMs were fused with transmembrane protein to
immobilize cells. Additionally, Shoseyov (Shoseyov, 1999) developed a system based on CBMs
for rapid detection of pathogenic microbes in food samples. Using this method, CBMs were
conjugated to a bacterium binding protein such as an epitope-specific monoclonal antibody and
then loaded onto a cellulosic matrix. Ofir et al. (Ofir et al., 2005) also published a new strategy for

the production of microarrays based on CBMs/cellulose for HIV diagnosis.

The most developed application of CBMs is the application for protein purification strategies.
Because large-scale protein purification is often very costly, it is important to effectively isolate
and purify specific biomolecules of interest. That is why a methodology which used CBMs to
“tag” proteins was developed (Boraston et al., 2001). This strategy consists of fusing the CBM to
the biomolecules of interest via an easily cleavable linker. During the purification steps, the
mixture containing the molecule of interest is then filtered through a cellulose-based column
(Lowe, 2001). Cellulose presents a great advantage as a purification media: it is inert, it does not

bind non-specific protein, it is inexpensive and it is biocompatible (Oliveira et al., 2015). As a
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result, the specific affinity of CBMs for cellulose will result in the retention of the molecule of
interest within the column, which can then be eluted at high purities and recovered by breaking

the linker (Levy and Shoseyov, 2002).

Fusion of proteins with CBMs have also been used in cell immobilization technology, for
applications from ethanol production and phenol degradation to mammalian cell attachment and
whole-cell diagnostics (Levy and Shoseyov, 2002). Whole-cell immobilization to cellulosic
materials was first demonstrated using bacterial CBMs (Kleinman, 1987). CBMs successfully
helped cell adhesion to cellulose, leading to a good proliferation on carbohydrate-based

biomaterials that can be used for biomedical applications (Mordocco et al., 1999).

Another example of application for fused CBM was demonstrated when different enzymes were
fused with CBMs to increase their catalytic activity (Zhao et al., 2013). CBMs have been fused to
cellulases and lipases to enhance reaction yields (Tang et al., 2014). The enzyme combined with
the CBMs allowed for a longer contact time of the enzyme with the cellulosic substrate. Fox et al.
(Fox et al., 2013) reported that multiple CBMs coupled to the same cellulase can lead to a
synergistic effect on cellulose hydrolysis, suggesting that optimization of substrate targeting

improves hydrolysis.

In other research, the fusion of graphene binding proteins with two CBMs was used in applications
such as self-assembly nanofibrillar cellulose (NFC) (Varjonen et al., 2011), construction of
nanocomposites of graphene and NFC, and the preparation of drug nanoparticles and their

immobilization in NFC for increased storage stability (Valo et al., 2011).
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In the past, CBMs have mainly be used in tandem with another protein, helping purify the other
protein or its activity. More information on fusion proteins with CBMs can be found in the review
by Oliveira et al. (Oliveira et al., 2015). However, bioconjugation, which involves the chemical
modification of the protein, have not been studied as much. As will be described in more detail in
the proposed thesis work, the bioconjugation technique is a versatile method. It can bring a variety
of functionalities onto a protein such as fluorescent tags, polymers, or cross-linker, without any
genetic modification. In the next section, the way that fused and bioconjugated CBMs have been
used to improve physical properties of cellulose fibers is described as this will be the focus of the

proposed work in section 5.4.

1.5.2 CBMs and cellulose modification

Although only a few studies have reported the use of CBMs for fiber modification or material
improvements, this field may increase in coming year considering the increasing interest in
carbohydrates-based materials (Abdul Khalil et al., 2014; Babu et al., 2013). Pala et al. (Pala et al.,
2001) demonstrated that applying CBMs to secondary paper fibers improved their drainability and
resulted in paper with improved mechanical properties. They proposed that CBMs affect the
interfacial properties of the fibers in both fiber-water and fiber-air interactions. Bioconjugated
CBMs have also been shown to improve other cellulose based materials. Researchers reported on
the production of a novel papermaking reagent by covalently linking anionic polyacrylamide (A-
PAM) to a CBM originating from Trichoderma viride (CBM-A-PAM) (Kitaoka and Tanaka,
2001). They observed that the tensile strength of paper prepared from CBM-A-PAM was
increased. Other studies reported the construction of a bifunctional cross-linking molecule
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composed of starch and cellulose binding modules (Levy et al., 2002). As expected, the molecule

was able to bind soluble and insoluble starch to cellulose.

1.6 Lignocellulosic substrates: composition and structure

Cellulosic substrates should be a particularly attractive feedstock for the production of biofuels,
chemicals and materials because of their relatively low cost, abundance and sustainable supply
(Ragauskas et al., 2006). Although biomass conversion has been a major focus of research and
development over the last 40 years (Alonso et al., 2010; Zhang, 2010), the enzyme-mediated
conversion has been hindered by substrate recalcitrance that protect the carbohydrate components
from degradation (Arantes and Saddler, 2011). In this first section, the lignocellulose architecture
and composition are described with the emphasis on the substrate characteristics that limit
enzymatic hydrolysis. In the following section, the methods that were developed to counter this
natural recalcitrance are discussed. As covered in more detail, to expose the cellulosic component
to enzymes, the substrate usually needs to be pretreated. Drying, which is often required for
efficient biomass transportation, has been shown to negatively influence substrate accessibility.
Drying is particularly problematic when choosing a substrate to model enzymatic hydrolysis. As
will be described in more detail, pulp and paper procedures used to generate substrates were

showm to be more representative of realistic substrates than model substrates such as Avicel®.

31



1.6.1 Lignocellulose constituents

Biomass is composed mostly of cellulose, hemicelluloses and lignin. The ratio of cellulose,
hemicelluloses and lignin depends on the plant species (softwood, hardwood, agricultural residue)
(Caietal., 2017). Cellulose is a long chain of cellobiose monomers, formed by 1-4 linked glucose
units. Glucose rings adopt the “chair” conformation, where all substituents and the glycosidic
bonds are in the equatorial position (Trache et al., 2016). The cellulose chains are organized in
supramolecular chains of microfibrils with nanometer-scale diameters and micrometer-scale
lengths. A cluster of microfibrils forms the macrofibrils, which are the building block of the plant
cell walls (Figure 4) (Rubin, 2008). The cellulose structure is embedded in the hetero-matrix of
plant cell walls, which also includes lignin and hemicellulose. While cellulose is a long linear
polymer, hemicelluloses are branched polysaccharides with low degrees of polymerization (100
200 units) (Girio et al., 2010). Hemicelluloses are made from different sugars such as glucose,
mannose, galactose, and xylose and their ratio depends on the plant species (Girio et al., 2010).
The hemicellulose connects the lignin to the cellulose to form lignin-carbohydrate complexes.
Although lignin is a non-linear polymer made of monolignols, its complete structure is not yet
fully elucidated (Ponnusamy et al., 2019). The lignin composition in monolignols varies depending
on the plant source. While the polysaccharide components of plant cell walls are highly
hydrophilic, and thus permeable to water, lignin contains hydrophobic groups, which make it much
less hydrophilic. As a result, lignin protects the cellulose fibers from degradation and restricts

water absorption into the plant cell walls (Rubin, 2008). Hemicellulose and lignin play important
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roles in the lignocellulose biomass recalcitrance by restraining the cellulose accessibility to

enzymes and binding to the enzymes (Mansfield et al., 1999).

1.6.2 Lignocellulose structure and level of organization

As briefly described in the previous section, there are several scales of biomass organization, from
the fiber to the nano-structures of the microfibrils with each affecting enzymatic hydrolysis. The
fiber represents the largest scale of organization for pretreated substrates. At this scale, the cell
lumen allows the diffusion of enzymes (Meng and Ragauskas, 2014), which is not a critical barrier
because its size is normally in the range of micrometers. At the intermediate level or the mesoscale,
the macrofibrils are arranged into sheets within the plant cell wall. Pores and cracks are typically
only 20-100 nm and can represent a barrier to enzymes, limiting their penetration inside the
substrate (Esteghlalian et al., 2001). Depending on the lignin type and hemicellulose content, the
enzyme diffusion can be slow (Luterbacher et al., 2013a). Within these macrofibrils, adjacent
microfibrils are held together through complex interactions involving hemicelluloses and lignin.
It is at the level of the microfibril that the accessibility is the most restricted (Mansfield et al.,
1999). At this point, it is important to clarify the vocabulary used. Depending on the field where
they are encountered, the microfibril can be called nanofibril (material science) or elementary fibril
(plant biology). In this thesis we will use microfibril in the context of the bioconversion (section

5.2 and 5.3) section and nanofibril for the nano-material section (section 5.4).
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Figure 4: Diagrammatic representation of relative size of a typical pulp fiber, macrofibril,
microfibril and cellulose chain (glucan chain) in comparaison to CBM2a and CBM17.

1.6.3  Lignocellulose pretreatments, pulping and drying and summary of their effects on

substrate morphology

Substrate-related factors which inhibit the hydrolysis are thought to be a major bottleneck in
lignocellulose valorization and limited enzyme accessibility to the cellulose (Rahikainen et al.,
2013a; Rahikainen et al., 2013b). In this section, a general summary of different pretreatments and
pulping techniques with their effects on the substrates are summarized, as well as the effects of

drying.

1.6.3.1 Pretreatments

Numerous physical and chemical pretreatment methods have been developed to try to overcome
biomass recalcitrance, including dilute acid, “organosolv” process, steam explosion (STEX),
mechanical refining, ionic liquid or ammonia fiber expansion. The changes in lignocellulosic
structure during these commonly applied pretreatment technologies have been reviewed (Kumar
et al., 2009). Although the chemicals and mechanisms of each pretreatment are different, the final

objective is the same, increasing cellulose accessibility to enzymes by opening up this complex
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structure. Although, cellulose accessibility could be increased by delignification, the goal is to

develop cost-effective pre-treatments for commercially feasible process (Zheng et al., 2009).

Steam explosion and mechanical refining pretreatment make use of little or no chemicals and
therefore should have the lowest recycling and environment cost (Dou et al., 2016; Grethlein and
Converse, 1991). After steam explosion treatments, the particle size generally decreases.
Furthermore, higher steam temperatures and longer retention times result in more homogeneous
fiber-like material. In the case of high severity factor, hemicellulose can be lost in the liquid faction
and lignin can recondensed into droplet at the surface of the fiber. The mechanical refining of the
fibers leads to their fibrillation, which is important to a number of applications (Abdul Khalil et
al., 2014; Varjonen et al., 2011). Although fibrillation of the substrate increases the specific surface
area, in many cases, lignin is still problematic in mechanically refined substrate as it reduces

cellulose accessibility, leading to poor hydrolysis yield.

1.6.3.2 Pulping methods and pulp characteristics

To remain viable, traditional producers of pulp and papers need to increase revenue by producing
bioenergy and biomaterials in addition to wood, pulp, and paper products. In the so-called
“integrated products biorefinery”, the traditional products of the pulp and sector could be
increasingly valorized by the development of new product lines. As an example, during the last
century, the pulp and paper sector acquired tools to better characterize their substrates, particularly

methods related to pulp and paper making. However, these methods also provide useful indicators
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regarding substrate property, which are often complementary to other existing characterization

methods.

From another point of view, studying enzyme characteristics and structural effect of pretreatment
on a system may require the simplification of the substrate to limit the many factors that can
influence data interpretation. However, oversimplification may lead to inaccuracy in
measurements. For example, microcrystalline cellulose Avicel® is commonly used to represent
lignocellulosic substrates. However, many characteristics of Avicel® like its size, fiber structure
or homogeneity is far from the types of more realistic substrates that will be used in a biorefinery,
likely leading to inaccurate predictions. Therefore, it is crucial to choose model substrate that will
keep as many identical properties as a “biorefinery” substrate (e.g. hemicellulose content, dried or
not, particle size). As the research in this thesis focussed on the interaction of specific proteins
(CBMs) with their cellulosic substrate, particular attention was paid to the different cellulosic
substrates that are commonly used to model enzymatic hydrolysis and protein/substrates
interaction. One ongoing challenge was to select a model substrate is representative of the more

complex lignocellulosic structure

1.6.3.2.1  Mechanical pulping

In mechanical pulping processes, fibers are separated from one another by mechanical energy
applied to the lignocellulose matrix. This causes the bonds between fibers to break gradually and
leads to the release of fiber bundles, single fibers and fiber fragments. This physical treatment
leads to an increase in surface area, which often correlates with accessibility. It has been reported

that enzymatic treatment can improve the mechanical pulp properties for paper making. For
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example, laccase preparations, an enzyme that modifies pulp lignin, was shown to increase fiber
bonding to enhance other strength properties of handsheets (Wong et al., 2000). However, studies
on the conversion of mechanical pulps to monomeric sugars generally require a step for lignin
removal or modification (Caitriona et al., 1998). It has been shown that mechanical refining is a
promising post-treatment to increase cellulose accessibility and improve the bioconversion of

lignocellulosics, which can help decrease enzyme loading (Park et al., 2016).

1.6.3.2.2  Chemical (Kraft) pulping

In the chemical pulping processes, the fibers are freed from the cell wall matrix as the lignin is
dissolved into the chemical solution at a high temperature. The two chemical pulping methods that
predominate use sodium sulfate (Kraft) and sodium sulfite. Today, the Kraft process is the
dominant chemical pulping process due to the pulp superior strength properties compared with the
sulfite process. Kraft pulp can be bleached to increase their brightness and remove the residual
lignin. In bleached Kraft pulp, the carbohydrates are free from the lignin but still conserve some

pore structures and are therefore more accessible to enzymes (Mansfield et al., 1997).

1.6.3.2.3  Dissolving pulp

To make a dissolving pulp, the lignocellulosic substrate is hydrolysed with low acid to remove the
hemicellulose, yielding a relatively pure cellulosic substrate. Past studies have shown that enzyme
treatments can be used to decrease the viscosity and reduce the amount of chemical used in the
next steps. Dissolving pulps have been used to produce nanofibrillated cellulose (NFC) with

enzyme pretreatment facilitating disintegration of cellulosic wood fiber pulp into nanofibers by
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enhancing mechanical shearing in an environmentally friendly process. The enzymatically
modified MFC showed more favorable structures than nanofibers resulting from fibers subjected

to hydrolysis by strong acid (Henriksson et al., 2007).

1.6.3.3 Drying

To obtain reductions in the cost of transport, lignocellulosic substrates are sometimes dried.
However, drying often leads to a collapse of the pore structure and a consequential decrease in
accessibility (Esteghlalian et al., 2001). Past studies have indicated that there are significant
changes in the pore structure of fibers during drying, some of which are reversible by rehydration,
and some of which are not (Welf and Venditti, 2005). When modeling enzymatic hydrolysis on a
pure cellulosic substrate, it is important to take into consideration how the substrate may have been
dried as it greatly influences enzymatic efficiency. For example, it is known that internal porosity
depends on the size and distribution of interfibrillar spaces created by the association of lignin and
hemicellulose with cellulose microfibrils. Larger pores, such as the cell lumen or the pit aperture,
can more easily accommodate attack by enzymes (Welf and Venditti, 2005). In contrast, the cell-
wall capillaries can seriously restrict accessibility to cellulose. Cell-wall capillaries include inter-
microfibrillar spaces as well as the interfibrillar defects produced by the removal of hemicellulose
and lignin during the pretreatment (e.g. delignification). The collapse or reduction of these internal
pores due to drying has been shown to decrease the extent of synergism among enzyme

components and reduce the hydrolytic potential of the enzymes.
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1.7 Cellulose and cellulosic substrates: structures, properties and model substrates

The hydrogen bond network makes cellulose a relatively stable polymer and results in high axial
stiffness. The cellulose fibrils are the main reinforcement material for trees, plants, some marine
creatures (tunicates) and algae. To gain insights on the factors influencing the enzymatic
hydrolysis, some researchers have carefully selected “model” substrates depending on their
structures and properties. Therefore, in this next section some cellulose-based nanomaterials are

described emphasising their unique characteristics (e.g. cellulose nanocrystals).

1.7.1  Cellulose allomorphs and crystal structures

Pure cellulose can be found or generated in different allomorphic forms (Moon et al., 2011).
Several different crystalline structures of cellulose are known, corresponding to different
arrangements of hydrogen bonds between and within chains. Natural cellulose is cellulose I, is
produced by bacteria, algae and plants. Regenerated cellulose produced from mercerisation of
cellulose I fibers is termed cellulose 11. With various chemical treatments, it is possible to produce
the structures cellulose 111 and cellulose 1VV. However, the work described here primarily focussed
on the allomorphic forms of native cellulose (cellulose I). Cellulose chains in native cellulose
crystallizes in two variations of parallel formation, called cellulose Io and IB. The Io/Ip ratio
depends on the origin of the cellulose. Cellulose If is more common in plants whereas cellulose
Ia is more dominant in organisms such as bacteria or algae. Cellulose Ia has a triclinic unit cell,
which includes one chain whereas Ip has a monoclinic unit cell that includes two parallel chains.
The If form is thermodynamically more stable than the Ia form (Moon et al., 2011). Highly

organized regions of cellulose are called crystalline regions, whereas less organized regions are
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called paracrystalline regions (previously amorphous). Crystalline cellulose microfibrils have two
or three distinct faces, which expose different groups and can therefore engage in different Van

der Waals interactions.
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Figure 5: Schematic representation of the supposed arrangements of spruce cellulose microfibrils.
(A). Diamond shape. 24 chains, overall dimensions 3.2 x 3.9 nm. Weighted-mean column lengths
normal to lattice planes (002) 2.7 nm; (1-10), 3.2 nm, (110), 2.6 nm. (B). Rectangular shape. 24
chains, overall dimensions 3.2 x 3.1 nm. (Adapted from Fernandes et al. 2011)

In crystalline cellulose the three lattice planes correspond to I lattice planes (110)t, (010);, and
(100)t and Ip lattice planes (100)m, (110)m, and (1-10)m respectively (Figure 5) (Nishiyama et al.,
2003; Sugiyama et al., 1991). Several different description of these faces can be found in the
literature and the properties of the faces also differ (Oehme et al., 2015). The microfibril crystal

structures also vary depending on their source.

1.7.2  Cellulose crystallinity

While originally thought to play a major role in limiting hydrolysis, cellulose crystallinity seems
to be less critical (Mansfield et al., 1999). In many studies where the crystallinity was suggested

to be important, the substrates used were mechanically pretreated lignocellulosic materials (e.g.
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ball milling) or chemically treated (phosphoric acid swollen), therefore the decrease in crystallinity
was invariably accompanied by a decrease in other substrate characteristics such as particle size
and an increase in available surface area (Yeh et al., 2010). However, even if the degree of
crystallinity does not appear to significantly affect hydrolysis yields, it does appear to play a key
role in the kinetics of hydrolysis. For example, the paracrystalline region has been shown to
generally hydrolyse faster than the highly crystalline region (Beckham et al., 2011). Even at the
microfibril level, models have shown that the different cellulose chain constituents of the
microfibrils have different energy associated with the hydrogen bond network. Therefore, the
thermodynamic barrier will be different when the enzyme is working on a corner cellulose chain

compare to a middle chain (Beckham et al., 2011).

X-ray Diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic
resonance (NMR 3C solid state) are all often used to measure crystallinity. FTIR is often used as
a method for comparison purposes, while the crystallinity index values are more accurately

determined by XRD and NMR analyses (Park et al., 2010).

Considering that XRD and NMR are the most used methods to determine cellulose crystallinity, it
is important to have a cautious interpretation of what is actually measured. Especially when this
data is compared to hydrolysis progress and yields. First, these techniques measures the “bulk
substrate” as an average while the enzymes only interacts with the substrates surface. Changes on
the surface structures that generally represent 1-2% of the whole substrates (depending of the
method used), are often impossible to track with XRD or NMR where these changes will fall into

the region of experimental errors. Second, other substrate characteristics affect the NMR or XRD
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results. For example, particles size, salt content, fibrillation and macroscopic organization all
influence the crystallinity measurement. Therefore, developing a new complementary method such
as CBMs adsorption may lead to better substrate characterization and provide new insights on the
mechanisms of cellulose hydrolysis. It should be noted that these “classic” techniques require
drying the substrate, which can lead to undesirable substrate changes, such as the collapse of pores
and structures. More recently, the ratio of amorphous and crystalline surface, which is accessible
to the enzymes, have been measured using CBM adsorption in agueous environment (Gourlay et

al., 2012).

1.7.3 Cellulosic substrates

Although some cellulosic substrates might have a similar chemical composition, often they have
a distinct size, aspect ratio, morphology, crystallinity, crystal structure and properties. Thus, it is
often very difficult to isolate one parameter of interest from other properties and it is important to

take in account the whole picture while interpreting data.

1.7.3.1 Cotton

Cotton and derivatives are naturally occurring cellulose in almost pure form and have often been
used as model substrates for enzymatic hydrolysis comparisons (e.g. Gourlay et al., 2012). These
long fibers are usually used for the textile industry, they and cotton linters have often been used as
model substrates. Cotton linter are short fibers containing 80% of holocellulose and are relatively
homogenous and are consequently used for many cellulose-based products (i.e. cellulose acetate)

(Morais et al., 2013).
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1.7.3.2  Wood fiber, Pulp fiber

Wood fibers are the main materials used for the paper, textiles and biocomposites industries
(Ramamoorthy et al., 2015). The fibers (i.e. bleached Kraft pulp, dissolving pulp) are microns in
diameter, millimetres in length and contain a high percent age of cellulose. As these wood fibers
conserved their cellular organization (e.g. fiber, macrofibril, microfibril), pulp and paper
techniques have been used to “tune” these substrates to match desired characteristics (e.g. lignin
content, fibrillation) (Liu et al., 2016). Wood fibers represent a credible, realistic substrate for a

“modern” biorefinery (Ragauskas et al., 2014).

1.7.3.3  Bacterial microcrystalline cellulose (BMCC)

Bacterial microcrystalline cellulose (BMCC) is secreted by various bacteria. The purified
microfibrils are microns in length, have a large aspect ratio (e.g. 50) with a morphology depending
on the specific bacteria and culturing conditions (Esa et al., 2014). BMCC hasbeen used as a model

substrate for enzymatic hydrolysis due to their purity and homogeneity (Luterbacher et al., 2013b).

1.7.3.4  Algal cellulose

Algal cellulose microfibrils are extracted from the cell wall of various algae by acid hydrolysis
and mechanical refining. The resulting microfibrils are microns in length, have a large aspect ratio
(greater than 40) with a morphology depending on the source of the algae (e.g. Valonia and
Micrasterias) (Lehti6 et al., 2003). They have proven to be ideal substrates for studying processive
enzymes due to their long microfibrils and are easily imaged using different microscopy techniques

(Henrissat et al., 1985).
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1.7.3.5 Microcrystalline cellulose

Microcrystalline cellulose (MCC) is a commercially available material (one brand name is
Avicel®) used for applications in the pharmaceutical and food industries, and is prepared by acid
hydrolysis of wood fiber, neutralized with alkali, and spray-dried (Trache et al., 2016). The
particles are porous. Often considered mostly crystalline, MCC also contains accessible

paracrystalline region (Gao et al., 2014).

1.7.3.6  Micro- and nanofibrillated cellulose (MFC and NFC)

Microfibrillated cellulose (MFC) can be produced via mechanical refining of delignified Kraft
fibers. The MFC particles are considered to contain multiple microfibrils. They have a high aspect
ratio (10-100 nm wide, 0.5-10 mm in length), and contain paracrystalline and crystalline regions

(Lavoine et al., 2012).

NFC are reminiscent of the microfibrils. They can be obtain chemically with tempo oxydation and
sonication or with high energy homogeniser. They have a high aspect ratio (4-20 nm wide, 500—
2000 nm in length) (Missoum et al., 2013). The differentiation of NFC from MFC is based particle
diameters. However, in the literature, the MFC and NFC terminology are sometimes used
interchangeably, which may lead to some confusion. In the work reported here, we refer to NFC

fibers as having diameters of 5-10 nm. Bigger fiber are considered to be MFC.
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1.7.3.7  Cellulose nanocrystals (CNCs)

Also named nanocrystalline cellulose or cellulose whiskers, CNCs have a high aspect ratio (3-5
nm wide, 50-500 nm in length), are 100% cellulose and highly crystalline (Klemm et al., 2018).
CNCs have been suggested to be representative of the crystalline regions within the microfibrils
of the wood and plant cellulose biosynthesis process. They consist of 36 cellulose chains arranged
in IB crystal structure and have a square cross-section. However, alternative models have also been

proposed (Yoo and Youngblood, 2016).

1.7.3.8  Phosphoric acid swollen cellulose (PASC)

Usually produced to mimic a mostly paracrystalline substrate. Usually 100 units long with a low
crystallinity index and very high surface area 240 m?. g%, it is commonly acknowledged that PASC
hydrolysis is easy and fast, due to its high accessibility and disorganized structure. However,

nanocrystalline structures have been identified within PASC (McLean, 2002).

1.8 Substrate characterization: cellulose accessibility to enzymes and how to measure it

Choosing the best pretreatment conditions to increase cellulose accessibility to enzymes is crucial
to improving hydrolysis yields. However, measuring cellulose accessibility has been challenging
for researchers and some methods often do not represent the real substrate morphology. In the
following section the different techniques that have been used to try to relate cellulose accessibility
are described. In the literature, cellulose accessibility often refers to its specific surface area (SSA)
(Meng and Ragauskas, 2014). However, for deconstruction of lignocellulose substrates only the
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carbohydrate surface needs to be measured. Because lignin often covers the cellulose macrofibrils,

unspecific measurement can be inaccurate, and the data needs to be interpreted with caution.

1.8.1 Pulp and paper methods that relate to cellulose accessibility

Methods borrowed from the pulp and paper field, such as water retention value (WRV) and fiber
quality analyser (FQA), are often used to assess the approximate behavior of the substrate
surface area. These techniques are usually fast and easy but are to crude to effectively measure
accessibility or predict hydrolysis behavior as they are heavily influenced by other factors such

as charge groups (i.e. carboxylic groups).

1.8.1.1 Water retention value (WRV)

The water retention value (WVR) provides an indication of fibers' ability to take up water and
swell. In some cases, the WRV has been used to measure accessibility with various degree of
success (Aissa et al., 2019; Arantes and Saddler, 2011). However, as discussed in section 5.2, this
value provides a different physical phenomenon that cannot be directly correlated to enzyme
accessibility to cellulose. The limitations of this technique includes the heavy dependence of the
calculated WRVs on test conditions combined with its inaccuracy for analyzing highly swollen
pulps due to the different factors involve in the hydrophilicity of a substrate. Additionally, the
nature of the protocol make it a very crude method, which prevents the application of this technique

for quantifying minor subtle changes in the degree of swelling.
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1.8.1.2  Fiber quality analyzer (FQA)

The fiber quality analyzer is a technique that can be used to quantify macroscopic properties of
lignocellulosic fibres. The fibre samples is suspended in water and passed through a flow cell,
where images are captured and analyzed using image analysis software (Clarke et al., 2011). The
length and width of the fibres passing through can then be determined. While this technique is
simple and easy to use, it measures the particle size average, which often relate to the surface area.
Although fiber quality analysis could potentially be used to detect macroscopic swelling or
fragmentation of the substrate, it is unable to give information on internal surface area and
microstructures. For example, fiber modifications, such as pitting and roughening of the fibre
surface could greatly enhance accessibility, without necessarily altering the macroscopic fibre

dimensions.

1.8.2 Techniques to measure cellulose accessibility

The surface area of fibers can be divided into interior surface area (e.g. crack, pores), and exterior
surface area (e.g. particle size and fibrillation). The various methods commonly used to asses these

parameters are summarised below.

1.8.2.1  Nitrogen adsorption

Nitrogen adsorption is one of the most common methods used to measure the total surface area of
cellulose substrates (Wiman et al., 2012). This method requires drying, degassing and cooling of
the samples in the presence of nitrogen gas, allowing nitrogen gas to condense on the surfaces and

within the pores. The Brunauer-Emmett-Teller (BET) model is used to correlate the physical
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adsorption of gas molecules on solid surface. However, the drying step is problematic, because, as
shown by Esteghlalian et al. (Esteghlalian et al., 2001), it can modify the structure of the fibers
and thus change the substrate. It was also shown that more than 88% of the nitrogen accessible to
cellulose is not accessible to cellulases as the pores are too small for the proteins to diffuse into
(Gao et al., 2014). Therefore, nitrogen adsorption is not representative and should not be used to

measure enzyme accessibility to cellulose.

1.8.2.2  Mercury porosimetry

Similar to nitrogen adsorption, mercury is added to dried and degassed biomass samples and an
increase in pressure is used to force mercury into the cellulose pores. The volume of mercury
entering the pore is measured as the pressure increased, indicating the cumulative volume of all
available pores (Westermarck, 2000). As with the nitrogen adsorption, mercury porosimetry
requires a drying step, and therefore introduces a bias. Considering the high toxicity of mercury,

this technique is not recommended.

1.8.2.3  Solute exclusion

This technique measures accessibility of probe molecules of different sizes to the substrate pores.
The method uses a known concentration of a solute molecule solution that is added to the substrate.
The probe molecule solution is diluted by water that is contained in the substrate (Lin et al., 1987).
The water present in the pores that was not accessible to the probe molecules does not contribute
to the dilution. As a result, the substrate pore size and volume distribution can be determined using

the concentration of a set of different solute solutions with various molecule sizes. This method is
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known to be very tedious, unspecific to cellulose and does not measure the external surface area

(Wang et al., 2012).

1.8.2.4 Simons’ stain

The Simons’ stain method involves the use of a blue and an orange dye, which are differentially
adsorbed by the lignocellulosic substrate. The blue dye has a low molecular weight, 100Da, and
binds to every constituent regardless of its structure. The orange dye has a high molecular weight,
and a higher affinity towards the cellulose structure. The Simons’ stain methods was further refined
by Chandra et al. (Chandra et al., 2008) to improve the throughput and sensitivity of Simons’ stain
method using the Langmuir isotherm with the orange dye. The modifications to the original
technique greatly reduced he incubation time required for dye impregnation. Based on this method,
structural changes in the biomass, induced by pretreatment, were successfully measured (Chandra

and Saddler, 2012).

1.8.25 Nuclear magnetic resonance (NMR)

This technique has been used to determine pore size distribution, taking advantage of the formation
of small crystals within pores. The internal crystals melt at a lower temperature than the bulk
liquid. This phenomenon is known as melting point depression, which can be related to the pore
size through the Gibbs—Thompson equation (Ostlund et al., 2013). NMR-relaxation experiments
can provide information on the molecular mobility within a porous system. However, the pore size
determination range is limited by the temperature control and NMR techniques require expensive

and complex set up and long experiment times (Meng et al., 2013).
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In general, the methods used to measure cellulose surface area have been adapted from other fields
(e.g. material science), where they are used to measure the specific surface area of different
materials. Thus, most of these methods are not specific to cellulose, which is problematic for the
measurement of carbohydrate surface in a multi-component substrate. Therefore, this was one of
the major reasons that motivated the development of the novel, specific method (differential CBM

binding) used to measure cellulose accessibility to enzymes.
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Table 2: Summary of analytic method to measure cellulose accessibility

Techniques Measures Advantage and disadvantage ref
(Guetal.,
Water retention e Substrates Fast and easy set up 2018; Hoeger
value (WRV) interaction with x  Crude etal., 2013;
water Nakagaito and
Yano, 2004)
Fiber quality Substrates average Fast and easy set up (Clarke et al.,
analyzer (FQA) sizes x  Crude 2011)
Nitrogen Surface Area v Allows pore size analysis (Westermarck,
adsorption accessible to a v' Versatile 2000)
nitrogen molecule x  Measure dry sample
x  Overestimate the accessible
surface area for enzyme
Mercury Surface Area v Allows some pore analysis (Westermarck,
porosimetry accessible to x  Toxic 2000)
Mercury x  Tedious
Solute exclusion Internal surface v" Measure in wet stage (Linetal.,
accessible to the x  Tedious 1987; Wang et
probe used % Only internal surface al., 2012)
x  Affected by pore size and
osmotic pressure
Simons’ stain The ratio of dye v" Measure in wet stage (Esteghlalian
adsorbed can be used x Not fully quantitative etal., 2001;
to calculate x  Depends on dye quality Yuetal.)
accessible surface  x  Depends on substrate
area composition
Protein Accessible surface v Only method specific to (Kawakubo et
adsorption area to proteins cellulose al., 2010;
(CBMs) v" Measure in wet stage Wang et al.,
v Fully quantitative 2012)
x  May required lignin blocking
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Chapter 2: Objectives, work hypothesis, background

The thesis work tackles four milestones: 1) CBMs production and purification, 2) the use of CBMs
to measure accessibility, 3) following the structure changes of cellulose surfaces during the initial
stage of the hydrolysis using fluorescent CBMs and 4) functionalization of cellulose surfaces with

bioconjugated CBMs.

2.1 CBM production, purification and modification

Typically, the production of CBMs have been a major bottleneck in their utilization. Thus, we
focused on the production of heterologous protein from modified E. coli. A successful protein
production needs to address different problems such as expression lost. Higher production
efficiencies and, and consequently lower costs of the final product are needed for obtaining a
commercially viable process. Common problems in recombinant protein production were
addressed (e.g. IPTG concentration) and strategies for their solution were discussed. To continue
our work, we chose the CBMs that were produced in large quantities and that were easily

conjugated (i.e. CBM2a and CBM17).

2.2 CBM adsorption to measure accessibility and predict enzymatic hydrolysis

Following the production of CBMs, a reproducible and accurate methodology to quantify cellulose
accessibility, a key parameter in enzymatic degradation of lignocellulose substrates, was

developed. The standardization of depletion assays was conducted with different model substrates.
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Thus, the method was compared to other commonly used method used to determined cellulose
accessibility. The method was applied on a case study where, a type A (crystalline cellulose) and
a type B (paracrystalline) CBMs were used in parallel with microscopy, fiber analysis and water
retention values to determine if the observed and anticipated changes in differentially prepared

microfibrillated cellulose (MFC) substrates were similar.

2.3 Visualization of cellulose surface with fluorescent CBMs using CLSM

The quantification of accessible cellulose and cellulose substructures was further refined using a
fluorescent marker on the CBM probes. Fluorescence-tagged CBMs were used to differentiate the
cellulose substructures during enzyme-mediated hydrolysis. Differences in CBM adsorption were
elucidated using confocal laser scanning microscopy (CLSM) and the structural changes occurring
during enzyme-mediated deconstruction quantified via the relative fluorescence intensities of the
respective probes. Quantitative image analysis, supported by **C NMR, SEM imaging, and fiber
length distribution analysis, showed that enzymatic degradation predominates at these zones
during the initial phase of the reaction, resulting in rapid fiber fragmentation and an increase in
cellulose surface crystallinity. The use of fluorescence tagged-CBMs with specific recognition
sites provided a quantitative way to elucidate cellulose structures and their impact on enzyme
accessibility. This in turn provided novel insights into the mechanisms involved in cellulose

deconstruction.
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2.4 The use of CBMs to functionalize cellulose surface

Chemical functionalization has been shown to improve the overall utilization of cellulosic
polymers. Although a wide variety of reactions for cellulose modification have been studied
(Cunha and Gandini, 2010) common use of solvents increase cost and environmental challenges.
In this part of the thesis, CBM2a (crystalline cellulose) was functionalized with NHS-alkyne
making use of the terminal amine. Following this bioconjugation, a Click reaction with
polyethylene glycol (PEG) was conducted to modify CNC surfaces. This provided a strong and
non-covalent modification of cellulose surfaces. It had the added advantage of being a “one-pot
reaction” in aqueous media. The CBM-PEG modification of cellulose surfaces was shown to
increase CNC dispersion after drying, thus, its improved suspension stability. It was apparent that
polysaccharide—protein hybrid and self- assembled nanoparticles could be effectively produced

with CBM providing a versatile vector for cellulose functionalization.
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Chapter 3: Material and Methods (Part 1) — Substrates characterization,

microscopy and bioconjugation.

3.1 Substrates used and their preparation (section 5.2)

Avicel was purchased from Sigma-Aldrich (St Louis, USA). Phosphoric acid swollen cellulose
(PASC) was produced from Avicel, as described previously (Gourlay et al., 2012). In brief, 4 g
Avicel was suspended in 100 mL of phosphoric acid. After stirring (1 h at 4 °C), the reaction was
quenched with 2 L of cold water. After stirring at 1 h at 4 °C, the extracted swollen cellulose was
collected by filtration. The swollen cellulose was washed four times with ultrapure water, and two

times with 1 % NaHCO:s for neutralization, and then 3 more times with ultrapure water.

The MFC substrates were produced by treating bleached kraft pulp with different refining energies
using an Aikawa single disc 14” refiner (Advanced Fiber Technologies Inc., Petaluma, USA).
Refining was performed with a of 3.5 % (w/v). During refining power levels of 20 kW for about
6 h total, the substrate consistency may drop to about 3 % (w/v) because of the added cooling
water. Each pass through the refiner added a refining energy of about 25 kWh.ton. The MFCO
sample was collected after 10 passes, corresponding to a refining energy of 250 kWh ton™. The
MFC2, MFC4 and MFC6 substrates were additionally treated 10, 30, and 50 times, resulting in

refining energies of 500 kWh.ton?, 1000 kWh.ton and 1500 kWh.ton™, respectively.
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3.2 Substrates and chemicals

All chemicals were purchased from Thermofisher Scientific (Massachusetts, USA) and Sigma-
Aldrich (st Louis, USA) (Unless mentioned differently), enzymes were provided by Novozymes
(Denmark). Soaked northern softwood Kraft pulp (NBSK) from handsheets and never-dried
bleached Kraft pulp were used as substrates. NBSK handsheets were soaked in water at 1%
consistency and the fibers redispersed non-disruptively with a standard disintegrator (Robert
Mitchell Company Ltd, QC, Canada) for 15 min at 3000 rpm (< 45000 revolutions, TAPPI T205
standard). Filtration and washes with 2 L of water for 30 min underwent under gentle stirring.
Afterwards the fibers were again filtered and washed with 2 L of water, and then manually pressed
out up to 40% dry matter content. Conductivity measurements were performed in the wash
fractions to confirm the absence of soluble salts in the NBSK. The never-dried softwood Kraft
pulp was prepared as described previously (section 1.7). The chemical composition of two
substrates was determined following the protocol of the National Renewable Energy Laboratories

(NREL).

3.3 Cellulose nanocrystals

CNC suspensions were prepared as follows: cellulose powder (40 g of dried Whatman cotton
powder) was added to 64% w/w sulfuric acid (700 mL) and allowed to react with stirring at 45 °C
for 45 min. To quench the reaction, the reaction mixture was diluted with deionized water. To
remove the excess of acid the CNC were placed in a dialysis membrane and stirred for 48 hours

with regular change of the external media (deionized water) (Karaaslan et al., 2013). The
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suspension was sonicated (Watt) repeatedly (5 cycles of 7 min at 15% output) to create cellulose
crystals of colloidal dimensions. During the ultrasonic treatment, the suspension was cooled in an
ice water bath to avoid overheating and the sonication process was performed in a plastic beaker
to avoid possible ion release from the glass containers. The carboxylic groups were calculated via
titration following the procedure of Kloser et al. 2010. The width and length of CNC were

calculated using AFM based on the selection of 50 CNC and averaging their dimensions.

3.4 Compositional analysis

The chemical composition of the microfibrillated cellulose were determined following the two-
step sulphuric acid hydrolysis method. Glucose, xylose, galactose, arabinose, and mannose were
quantified by a high-performance liquid chromatography (HPLC; 1CS-3000, Dionex, Sunnyvale,
USA) equipped with a CarboPac PAL anion exchange column (Dionex). Nanopure water was used

as isocratic eluent at a flow rate of 1 mL.min. All analyses were performed in triplicates.

3.5 Measurement of the aspect ratio

The aspect ratio represents the ratio of fiber width versus fiber length. The aspect ratio was
determined using an Optest Hi-Resolution fiber quality analyzer (LDAO2-series, OpTest
Equipment Inc., Hawkesbury, Ontario, Canada). About 5000 fibers were collected to calculate the
average length over the range of 0.07 and 10.0 mm. For fibers between 0.5 and 10 mm length, the

average width was calculated over the range of 7 to 60 pum.
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3.6 Fiber length analysis

The fiber length distributions of the hydrolysis samples were measured by a HiRes Fiber Quality
Analyzer (LDAO02-series, OpTest Equipment, ON, Canada). The sample size was 10000 fibers and
the data acquisition range was bounded by the lower detection limit, 0.07 mm, and 2.5 mm.
Observations outside the data range was censored during data analysis. The arithmetic mean,
median, and a non-parametric skewness (Pearson’s second skewness coefficient) of the fiber
length distributions were derived from the resulting frequency tables (histograms). Data processing
was performed in MATLAB R2017a (MathWorks Inc., MA, USA), using the statistics and

machine learning toolbox.

3.7 Accessibility techniques

3.7.1 Measurement of the Water Retention Value (WRV)

The Water Retention Value (WRV) represents the amount of water retained by fibers after
centrifugation relative to the dry weight of the substrate. It was determined and calculated using a
slightly modified version of TAPPI UM 256 (Water retention value (WRV), Useful Method UM
256 (2015)). In brief, 0.1 g of MFC was incubated in water for 2 h, then centrifuged at 900 g for

30 min and finally oven-dried at 105 °C for 3 days to reach constant weight.
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3.7.2 Simons' Stain

The Simons' Stain method is derived from a staining technique used in the pulp and paper industry
to examine changes in the physical structure of pulp fibres. It was adapted to try to estimate the
overall surface area of cellulosic materials. It was performed according to the modified procedure
of Chandra et al. Pontamine fast orange (direct orange) and Pontamine fast blue (direct blue) dyes
were used (Pylam Products Co. Inc., Garden City, NY, USA). Fractionation of DO was performed

according to Esteghlalian et al. 2001 (Esteghlalian et al., 2001).

3.7.3 NMR analysis

Solid-state NMR performed on a Bruker 500-MHz instrument (Milton, Ontario, Canada) and **C
CPMAS experiments were performed on a 2.5 mm HCN MAS probe, using RAMP-CP. Spinal-
64 was used during the decoupling. All spectra were acquired with 10240 scans, a recycle delay
of 45,2 90° 1H pulse of 2.75 pus and a cross-polarization time of 3 ms. The spectra were processed

with a line broadening of 50 Hz and referenced to external adamantane.

3.8 Fourier Transform Infrared Spectroscopy (FT-IR)

Qualitative analyses of CNC and modified CNC were conducted by FT-IR transmission spectra
deposing 25 pl on a Zirconium support. (FTIR Spectrum 100, PerkinElmer, Waltham, MA, USA)
All spectra were collected per sample vary from 450 to 4000 cm™* with a resolution of 4 cmtand

10 scans.
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3.9 Enzymatic hydrolysis

3.9.1 Analysis of hydrolyzability

The substrates MFCO, MFC2, MFC4, and MFC6 were hydrolyzed using the commercial enzyme
mixture Cellic Ctec3 (novozymes). The substrate and enzyme loading used was 1 % (w/v) dry
mass and 5 Filter paper units per g* of substrate dry mass, respectively. Reactions were performed
in sodium acetate buffer (20 mM, pH 4.8) in 250 mL screw cap Erlenmeyer flasks. The reaction
was weighted at 50 g. The substrate suspensions were autoclaved, and the enzyme solution was
added aseptically. Incubation was at 50 °C, 200 rpm for 24 h in an orbital incubator shaker (IST-
4075, Thermo Fisher Scientific, Hampton, USA). During hydrolysis samples were taken regularly.
Immediate sample work-up included boiling (100 °C, 10 min) and centrifugation (17,000 g, 5 min,
accuSpin Micro 17, Thermo Fisher). The supernatant was stored at -20 °C prior to quantification

by HPLC, as described above. Hydrolysis was evaluated by the amount of glucose released (in

g.LD.

3.9.2 Enzymatic hydrolysis of NBSK and never-dried pulps

The hydrolysis reactions of the substrates were performed in 100 mL screw cap shake flasks with
25 g total reaction weight. Incubation was at 50 °C and 150 rpm in an incubator shaker (25 gIST-
4075, GMI Inc, MN, USA). Never-dried pulp was hydrolyzed in 2 mL screw cap tubes with 1.5 g
total reaction weight at 50 °C in a thermo-block. The reactions were stirred hourly by vortexing.

All reactions were performed in 20 mM sodium-acetate buffer (pH 4.8) at a substrate loading of 1
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% (w/w). The commercial enzyme mixture used was Ctec3 (total cellulase and B-glucosidase
activity of 205 FPU.mL?® and 6400 CBU.mL™, respectively). The enzyme loading of all
experiments was 10 FPU.g™ dry mass. To stop the reaction, the mixtures were brought to 100 °C

for 10 min, and then stored at -20 °C for future analysis.

3.9.3 Analysis of enzymatic activities and glucose concentrations and determination of

hydrolysis yields

Total cellulase activities (FPU) were measured as described by Ghose et al. [-glucosidase
activities were determined with p-nitro-phenyl p-D-1.4-glucopyranoside as substrate, following a
previously established protocol. Released glucose was analyzed using a YSI Biochemistry

Analyzer (2700 Select, Fisher Scientific, MA, USA).

3.10 Microscopy

3.10.1 SEM imaging of the MFCs

The oven dried MFC substrates were mounted on aluminum stubs using double-sided tape. After
sputter-coating with 10 nm Au/Pd (Gold/Palladium, 80:20 mix), the MFCs were imaged using

scanning electron microscopy (SEM, Hitachi S-2600 VP-SEM, Tokyo, Japan).
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3.10.2 Sample preparation for confocal laser scanning microscopy (CLSM) imaging

In samples taken from enzymatic hydrolyses, enzymes bound to the cellulose fibers were removed
prior to CBM binding. The fibers were washed three times, by centrifuging (5000 rpm, 10 min),
and subsequently re-suspended in deionized water. After the last run, the fibers were taken up in
sodium dodecyl sulfate solution (SDS, 1 % w/v) and incubated for 15 min at 85 °C. After cooling,
the substrate samples were washed two times with absolute ethanol and one time with water. The
washed samples were then suspended in PBS buffer (8 g.L* NaCl, 0.2 g.L? KCI, 1.44 g.L*!
NazHPOa4, 0.24 g.L ™t KH2PO4) and stored at 4 °C for CLSM analysis. Shortly before imaging, the
fluorescence-tagged CBMs were mixed with the fibers, resulting in a protein loading of
approximately 5 pg of each CBM per g dry mass substrate. After a short incubation period (~15
min), excess protein in the supernatant was removed by centrifuging the fibers and resuspending
them in PBS buffer. A small amount of sample was then mounted on objective glass, covered with
a cover slip, and sealed with paraffin wax. Sample preparations and sample storage before CLSM

imaging were conducted in the dark to prevent fluorescence quenching.

3.10.3 Confocal laser scanning microscopy (CLSM) imaging

Confocal laser scanning microscopy (CSLM) imaging was performed using an Olympus FVV1000
(Olympus, Japan), a 10x (NA 0.3-0.4) air objective and a Zeiss 710 LSM (Carl Zeiss AG,
Germany), using a 10x (NA 0.3-0.4) air objective and a 40x (NA 1.2) water objective. Following
the specifications of the dyes, CBM17-FITC (green) was excited at 570 nm and emissions detected

at 590-650 nm. The excitation and emission of CBM2a-RRed X signal (red) was at 490 nm and
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510-550 nm, respectively. Images were acquired in 5-6 pum (10x) and 0.4-0.5 pum (40x) thick
optical sections. Bleed-through of fluorescence emission was tested and can be neglected for the

presented image quantification method.

3.10.4 Quantitative Confocal laser scanning microscopy (CLSM) image analysis

Quantitative image analysis of the acquired CLSM images was performed to assess changes in
concentrations of fluorophores and the distribution of structural features in the specimens with
increasing cellulose conversion. High throughput could be achieved with a high degree of
automation of the image analysis. The image analysis was performed in a Python environment
(Build 2.7.10, Python Software Foundation) using open source image processing toolboxes. A
detailed description is given in the Supplementary Information. In brief, the red and green
fluorescence layers of the acquired CLSM images were imported to the processing environment,
the background values of the layers were subtracted from the fluorescence intensity data, and the
data was scaled by the laser intensities. Point features, i.e. negative and saturated pixels, in the
layers were removed from the corrected intensity data sets. Fibers were identified by semi-
automated detection of the region of interest (ROI). In brief, a median filter with a 7x7 aperture
was applied to reduce spatial noise in each layer. The filtered layers were segmented based on
contrasting intensities between fibers and background by unsupervised thresholding using Otsu’s
method for the red layer and the triangle method for the green layer. The triangle method was used
for increased robustness for the latter because of the weaker bimodality of the intensity histogram.

The ROI was defined as the union of the identified fiber subset of each layer. The ROl was used

63



to mask the corrected fluorescence intensity layers and the overall red to green ratio (R/G-ratio)
was calculated as the arithmetic mean of the spatially distributed ratios of the masked intensity

layers.

3.10.5 Analysis of pulp/fibers by Scanning Electron microscopy (SEM)

Hydrated samples were washed and freeze-dried to prevent dehydration artifacts prior to imaging.
Samples were mounted on aluminum stubs (VWR) using double-stick carbon tape and sputter
coated with 7 nm of iridium. Scanning Electron microscopy (SEM) imaging was performed using

a FEI Quanta 400 FEG with accelerating voltages ranging from of 10-15 keV.

3.10.6 Atomic force microscopy (AFM)

Images of CNC samples were captured using Multimode AFM Nanoscope-VIII from Veeco
Instruments (Santa Barbara, CA, USA) with PeakForce Tapping mode. A freshly cleaved mica
was chemically modified with a cationic polymer (3-Aminopropyltriethoxysilane (APTES)
according to the previously described method (Karaaslan et al., 2013). Briefly, a droplet of 0.1%
w/v APTES aqueous solution was placed on a cleaved mica surface for 1 min, thoroughly rinsed
with nanopure water and dried with pressurized air. Small aliquots (30 pL) of 1% w/v CNC
suspensions was dropped on the modified mica surface and rinse with 1 ml of nanopure water and
dried under vacuum in an oven operating at 40 °C. AFM images were captured with scan rate of
0.7 Hz and at a scan size of 3 * 3 um, 1*1 um and 300 * 300nm using RTESPA-150 cantilever

probes with a nominal spring constant of 2.45 N.m™. The AFM images including height, peak
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force error, adhesion and deformation channels were analyzed using NanoScope Software 8.10
(Veeco, Santa Barbara, CA, USA). Peak force tapping mode was calibrated using sapphire

standards.

3.11 Click reaction chemistry

CBM-alkyne were mixed with CuSO4 (0.05 mol%) and THPTA, then sodium ascorbate (50 pL,
100 mM) was added the completion of the reaction was monitored on polyacrylamide gel, XT-
MES buffer (biorad). conjugated CBM2a-PEG was purified using a desalting column HiPrep

26/10 eluted with 50mM phosphate buffer (pH 7).

3.12 Other Chemicals

Propargyl-N-hydroxysuccinimidyl ester (NHS-propargyl), Methoxypolyethylene glycol azide
(PEG-azide), Tris(benzyltriazolylmethyl)amine THPTA, copper sulfate (CuSQOs), sodium

ascorbate were purchased from (Millipore Sigma, St Louis) and used as it is.
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Chapter 4: Materials and Methods (Part 2) - CBM production and utilization

The aim of this thesis section was to design a robust production process that can be easily
reproduced in different laboratories, which will allow the use of CBMs across the bioenergy and
biomaterial fields. Escherichia coli (E. coli) was the organism of choice for the expression of a
wide variety of recombinant protein for diagnostic and industrial applications. First, shake-flask
cultures were used to screen parameters to select optimal growth condition. The CBM production
was then scaled up using a fed-batch approach. The CBM2a and CBM17 from Cellulomonas fimi
and Clostridium cellulovorans, respectively, were utilized. The CBM2a and CBM17 genes were
on pTug and pET expression vectors, respectively, and transformed into the host strain Escherichia
coli BL21. The strains were denoted BL21-CBM2a and BL21-CBM17. The E. coli strains IM101,
BL21 and R1360 have been used to produce wild-type CBMs and histidine-tagged CBM2a. The
kanamycin resistant E. coli strains were graciously provided by Prof. Withers (UBC, Faculty of

Science).

4.1 Seed and starter cultures

All chemicals were from Fisher Scientific. The BL21-CBM2a and BL21-CBM17 were stored in
20 % (v/v) glycerol stocks at -80 °C. Prior to cultivations, 50 uL of stock was streaked on LB-Kan
plates (10 g.L* tryptone, 10 g.Lt NaCl, 5 g.L* yeast extract, 15 g.L"*agar, 50 pg.mL* kanamycin)
and incubated at 37 °C overnight. One colony was then used to inoculate 25 mL TB-Kan medium
(12 g.L! tryptone, 24 g.L* yeast extract, 2.3 g.L "t KH2PO4, 12.5 g.L K;HPO4, 50 mg.L?* Kan)

with 5 g.L? glycerol (TB-Kan) in 250 mL baffled shaken flasks. The flasks were incubated
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overnight at 37 °C and 150 rpm in an orbital shaker. Cells were then transferred to 50 mL of TB-
Kan medium in 250 mL baffled shaken flask. The starting ODeoo Was 0.05. Incubation was at 37

°C and 150 rpm until an ODeno of 0.5 was reached.

4.2 Shaken flask cultivation

Shake flask cultures were run in batch, all components were already added at the start of the
cultivation. There was no monitoring and control of pH or the level of dissolved oxygen. The CBM
production in shaken flasks was optimized following a standard protocol of one single colony
selected form a petri dish used to inoculate 25 mL of terrific broth media in a 100mL shaken flask
(French et al., 1996). Terrific broth (TB), an enriched medium, helped the recombinant strains of
E. coli maintain an extended growth phase. This media was developed especially to increase cell
yields (Krause et al., 2010). Glycerol was added as a carbon source (4.0 g/L) as it is known to
reduce the accumulation of overflow and fermentative metabolites (Lowry et al., 1971). Potassium
phosphate buffer (pH 7) was added to prevent acidification of the medium by excessive acetic acid
formation. In order to prevent the E. coli from losing the plasmid and to protect E. coli cultivation
from contaminant, a constant concentration of the antibiotic Kanamycin (50ug/mL) was

maintained during each step of the production.
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Table 3. Media composition for 1 L of terrific broth, final pH 7.2+0.2 at 25°C

Component Amount (g)
Tryptone 12.0g
Glycerol 409
Yeast Extract 2409
Potassium Phosphate, Dibasic 94¢

Potassium Phosphate, Monobasic 2.2

From the intermediate cultivation, a 10 mL cell suspension was then added to 1 L baffle flask
containing 300 mL of TB media. It was found that more volume led to a decrease in protein
production, which was likely due to a lack of oxygen in the media (Losen et al., 2004). Once the
optical density at 600nm (ODsoo) reached its desired value, isopropyl p-D-1-thiogalactopyranoside
(IPTG) was added to induce the CBM production. Previous work demonstrate that the time of

induction can be crucial to optimize heterologous protein expression (Hasenwinkle et al., 1997).

4.3 Fed-batch approach to CBM production

A primary goal of fermentation optimization was the cost-effective production of desired products.
Biotechnology companies have been producing protein through high cell densities culture (HCDC)
to improve their productivity (Johnston et al., 2002). It also provided other advantages such as a

reduce culture volume, enhanced downstream processing, reduced wastewater, lower production
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costs and reduced investment in the needed equipment (Lee, 1996). Fed-batch culture uses inocula
growing at the maximum specific growth rate that can be sustained using the nutrients initially
present in the fermenters. Heterologous protein production in fed-batch processes should provide
high cell density, high protein production and good protein quality (Lee, 1996). In practice, it is
often more complicated to reach these goals due to several challenges such as heat and mass
transfer issues, which affect the oxygen level and pH control. This typically needs to use low
induction cell densities to impact protein yields (Krause et al., 2010). In this section, the various
challenges of HCDC were investigated (e.g. oxygen level, time of induction) to establish an
efficient CBM production. This was a key requirement if the thesis project was to succeed as
efficient production will allow CBMs to be used for larger scale applications or as routine

analytical tools.

As mentioned earlier, CBM17, CBM2a and CBM2aH®6 have been successfully expressed in E. coli
host BL21 from pET and pTug vectors, respectively (Boraston et al., 2000; McLean et al., 2000).
Using the established strains and previous shake-flask screening, a fed-batch approach with
predetermined exponential feeding was designed. In contrast to previously published work
(Hasenwinkle et al., 1997), this strategy eliminated the need for complex feed-back control. The
cultivations were run in two steps, a batch phase that allowed unregulated cell growth (Jsree)
followed by a fed-batch phase, in which the growth rate was controlled by carbon-source limitation

at approximately 0.12 h™* (uset, see materials and methods).

Bioreactor cultivation: For bioreactor cultivations, Applikon bioreactor system was used

equipped with an ADI-1025 BioConsole and ADI-1010 controller (2 L, Applikon Biotechnology,
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Delft, Netherlands). The cultivation was run in two phases, a batch followed by a fed-batch phase.
For the batch phase, 1 L TB-Kan medium with 20 g.L™* glycerol (TB-Kan) was prepared and
inoculated with cells from the starter culture to an ODeoo 0f 0.05. Initially the cultivation conditions
were 37 °C, pH 7, and 30 % dissolved oxygen (pO2). The regulation was performed with a
cascaded controller on agitation and aeration with pressurized air or pure oxygen. At ODeoo 0f 0.7,
protein expression was induced with 0.3 mM IPTG (Corning, New York, USA). At the same time
the temperature was reduced to 30 °C and the pO2 increased to 60 %. During batch phase, samples
were taken regularly to measure the growth rate as determined by the increase in ODsoo. The batch
phase was continued until the glycerol was depleted. Growth was calculated assuming a specific
glycerol update rate (qGlycerol) of 2.67 g.g* cell dry weight.h and a cell dry weight to OD600
ratio of 0.52. After modelling, the calculated feeding trajectory was used to program the peristaltic
feed pump. A 10-fold concentrated TB-Kanamycin medium containing 100 g.L™ glycerol was
used as feed. The fed-batch phase was run at 30 °C, pH 7, and 60 % pO2. To keep the latter stable

throughout the fed-batch phase, the air inflow was fortified with pure O, (Aissa et al., 2019).

4.3.1 Oxygen level

The bioreactor was adjusted to sustain a consistent oxygen level during the entirety of the
cultivation. Oxygen is an important nutrient that is used by microorganisms for growth,
maintenance and metabolite production, meaning that the scarcity of oxygen will affect the process
performance. In initial tests, the oxygen levels in the fed-batch cultures were insufficient and

challenging to control. Despite increasing agitation and with a gas stream of pure oxygen, the
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oxygen level stayed too low to provide optimal cell growth. To solve this issue, the bubble
diameters and geometric parameters of the bioreactor were optimized. In mechanical agitated
bioreactors, the stirrer is the main gas-dispersing tool and stirrer speed and design both had a
pronounced effect on mass transfer (Garcia-Ochoa and Gomez, 2009). Two flat blade paddles were
installed instead of a single curved blade paddle to increase the oxygen level in the bioreactor
(Garcia-Ochoa and Gomez, 2009), which was especially problematic at the latter stages of the
cultivation. Because the interfacial area is key for efficient oxygen transfer, the system was
improved to create smaller bubbles, increase their numbers and their residence time. Thus, three
fixed baffle paddles were installed to maintain a turbulent flow and a larger sparger was added to
generate more and smaller bubbles. These improvements successfully provided the cells with

enough oxygen for their growth.

4.3.2 Acetate inhibition

As mention previously, E. coli produces acetate in oxygen-limiting conditions or in the presence
of an excess of glucose. Concentration of acetate over 5 g.L reduces growth rate and biomass
yield (Luli and Strohl, 1990). The expression of the recombinant protein was also greatly affected
by the acetate concentration, even though it is unclear what are the exact mechanisms involved
(Lee, 1996). The designed fed-batch process allowed the recombinant E. coli to be continuously
fed with a substrate solution so that one substrate was growth rate limiting. The latter approach
has been shown to effectively prevent acetate formation caused by the overflow-metabolism and

favours protein production (Korz et al., 1995). To further slowdown metabolic rates and thus,
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decrease the likelihood of the onset of the bacterial Crabtree effect, glycerol was used as carbon
source (Korz et al., 1995; Luli and Strohl, 1990; Yee and Blanch, 1992). In order to control the pH
that may decrease due to residual acetate formation, the system was equipped by ammonium
chloride control line that increased the pH in the media in case of acidification. However, the
designed glycerol feed efficiently prevents this phenomenon. Therefore, the system only required

one-pump to be operational.

4.4 Protein stability and IPTG concentration

A substrate-limited fed-batch cultivation was used, comprising of a batch process continuously fed
with a substrate solution so that one substrate component is growth rate limiting. In this way, the
growth rate was controlled to match the oxygen transfer rate, allowing the cultivation to be run in
aerobic cultivation mode. Controlling the growth rate was particularly important because
uncontrolled growth is often associated with uncontrolled protein synthesis rate and incorrect
protein folding. Thus, high local concentration of recombinant protein may lead to formation of
insoluble protein aggregates (inclusion bodies). This problem is commonly addressed by reducing
the protein synthesis rate by the use of lower IPTG concentrations and/or lower induction
temperatures. To ensure ideal refolding IPTG concentration and the time of induction were also

investigated for the fed-batch approach.

We next investigated different strategies for CBM isolation from the biomass and media. As some
CBMs bind irreversibly to cellulose and others bind reversibly, different separations and

purifications were required.
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45 Purification of CBMs

The isolation methods used to purify soluble protein depended on their intrinsic physiochemical
property. Therefore, each CBM purification is described below. In this work, we focused on
CBM2a (with and without an affinity tag) and CBM17. Interestingly, CBM2a was found inside
and outside the cells, while CBM2a-His and CBM17 were almost exclusively inside the cell
membrane. Although the fed batch approach resulted in excellent protein yields, it brought new
challenges downstream with regard to protein purification. The quantity of cells generated was
problematic to the extraction of the desired protein and it was important to develop a method that
only requires ‘“‘standard” equipment that will not request a massive investment for “regular”

laboratories.

4.6 Cell disruption and CBM purification

Cell disruption on small scale (<10 mL) was performed chemically with a BugBuster (Sigma
Aldrich), following the instructions of the manufacturer. Larger scale cell disruption was
accomplished by sonication using a Q500 Sonicator (Qsonica, Newtown, USA) equipped with a
19 mm tip. Sonication was run with settings of 45 % amplitude and 15 sec and 45 sec on- and off-
time, respectively. Cells were continuously kept on ice. After cell disruption, the cell debris was
separated from the crude cell extract by centrifugation (6,600 g, Avanti, Beckman Coulter, Brea,
USA). The CBM17 from the E. coli crude cell extract was purified with Avicel applying a ratio of
100 mg protein per 25 g Avicel. Binding was performed at 4 °C overnight. The Avicel was then

collected by filtration and the CBMs eluted by washing sequentially with PBS buffer (50 mM
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phosphate, 100 mM sodium chloride, pH 7). Sodium phosphate buffer (50 mM, pH 7) and
nanopure water. The CBM2a-histidine tagged was purified by affinity chromatography from the
E. coli crude cell extract using Ni-NTA beads (Thermo Fisher) using 500 mM Imidazole as elution
buffer. For both CBMs, the final step was a buffer exchange (HiPrep Desalting 16/20 column, GE
Healthcare Life Sciences, Little Chalfont, UK) performed on an AKTA prime (GE Healthcare)
with 5mL min-1 PBS buffer. The preparation of the bacterial lysate is a critical step as optimal
conditions maximize cell lysis and the fraction of the recombinant protein that is extracted while

minimizing protein oxidation, unwanted proteolysis and sample contamination.

4.6.1 Breaking cells

For the smaller volume cultivation, we opted for a commercial lysis product, bugbuster®
(Millipore). This protein extraction reagent is formulated for gentle disruption of E. coli cell wall
to liberate active proteins. It provides a simple, rapid, way of releasing expressed target protein in
preparation for purification or other applications. The proprietary formulation utilizes a Tris-buffer
based mixture of non-ionic and zwitterionic detergents that is capable of cell wall perforation

without denaturing protein.

Two physical methods were tested for larger volume, high pressure homogenization and
sonication. Because the volumes handled were often over 250 mL, these methods were really
challenging. During homogenization, we installed a loop system allowing the cells to go through
the homogenizer three times. This should lead to the complete rupture of the cell membrane.

However, the protein yield obtain after purification were 20% inferior to the bug buster® treatment.
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The heat generated during homogenization, which can damage the protein, may explain the yield
drop. It was found that the homogenizer over-heat during the process, which may have led to
protein degradation. Therefore, we investigated the sonication technique, in which the temperature
was controlled using an ice bath. The volume treated needed to be divided in 100 mL increments
to achieve maximum membrane rupture. The lysis buffer should contain a strong buffer (50-100
mM phosphate or HEPES) to overcome the contribution of the bacterial lysate, high ionic strength
(equivalent to 300-500 mM NacCl) to enhance protein solubility and stability. However, CBMs are
compact protein that are not particularly sensitive to protease, at least in short term. To confirm

this assumption protease inhibitor was added to the cell lysate, without affecting yields.

Breaking the cells lead to the release of DNA that drastically increased the viscosity of the lysate.
It was important to add the benzonase to facilitate the handling of the material. The lysate was
centrifuged and clarified before affinity column or extraction. For the CBM2a cultivation, the

supernatant and cell clarified cell lysate were combined to maximize CBM recovery.

4.6.2  Affinity extraction of CBM2a (type A)

Microcrystalline cellulose (25 g/L) was added to the supernatant of the E. coli culture and the cell
lysate, the mixture was stirred for 4 hours at 4 °C. The cellulose was centrifuged down (4500 rpm)
and washed with phosphate buffer (more details can be found in material and method). As the
CBM2a binding is “irreversible” (kon >> Koff), its elution required the denaturation of the protein.
The denatured protein is thought to go through a “molten globule” state, a compact denatured state

with a significant amount of secondary structure but with substantially disordered tertiary
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structures. Guanidine-HCI is the most popular protein denaturant because it is thought to stabilize
this molten globule state and allow maximum recovery of the refold protein. For the case of
CBM2a, 6 M guanidine were used to further linearize the protein. The CBMs were refolded slowly

by adding, dropwise, the phosphate buffer (50 mM).

Several attempts of affinity cellulose column showed promising results. Ideally, swollen cellulose
should be used as is has a high binding potential (250 mg/g). However, the pressure inside the
column was not stable with this packing material, and ultimately was not functional. Therefore,
homogenous microcrystalline cellulose was used. However, with the large volumes, due to the

extracellular proteins, we opted to “fish out” the protein instead.

4.6.3  Affinity extraction of CBM17 (type B)

In contrast to type A CBMs, Type B CBMs bind reversibly to cellulose in mild condition. As a
result, they can be eluted by decreasing the ionic force of the eluent. The CBM17 was eluted with
nanopure water from the cellulose substrate. The intrinsic salt concentration acted to shield the
ionic interactions affecting macromolecular stability as well as intermolecular binding reactions.
Without salt, the proteins were unstable and might rapidly precipitate. It was essential the keep the

eluted CBM17 in an ice bath and add the concentrated buffer after elution.
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4.6.4  Affinity extraction of CBM2a-His (type A)

High capacity affinity column is often the favoured method for recombinant protein purification.
It is simple and rapid compared to alternatives. These procedures make use of a particular property
of a protein moiety or short amino acid sequence that is fused to the recombinant protein as a 'tag'.
Development of nitrilotriacetic acid (NTA), which has four chelating sites, allows a stable
interaction between Ni?* and column matrix leaving two metal coordination sites free to interact
with functional groups of proteins. A stretch of 6 histidine residues (His-tag) linked to the N- or
C-terminal part of the recombinant protein is enough to allow a high affinity interaction with the

NiZ*-NTA resin.

Characterizing the purified protein in some detail reduces the risk of wasting resources on protein
material of inadequate quality. It also provides a means to ensure that different batches of the same

protein have similar properties.

4.7 SDS-PAGE analysis

After protein purification, the samples were resolved by denaturing SDS-PAGE. When stained
with Coomassie brilliant blue, the intensity of the bands approximates the amount of protein. This
allows an estimation of the purity of the sample and confirms the purified proteins molecular
weight. The polyacrylamide gel was performed on precast gel (4-12% Criterion™ XT Bis-Tris

Protein Gel, 18 well, 30 pl, Bio Rad, Hercules, CA, USA) using XT-MES buffer, XT reducing
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agent (Bio Rad) The gel was run at 200V, 2A for 40min. Proteins where revealed using brilliant

comassie blue (Bio Rad) and destaining solution.

4.8 Protein concentration using UV absorption spectroscopy

To quantify the amount and concentration of purified protein, the simplest and most common
method is the Bradford assay, which measures the binding of Coomassie brilliant blue to the
protein. However, better measurement were obtained using the CBM extinction coefficient at
A280, which were previously reported in the literature (McLean, 2002). By taking a UV absorption
spectrum, it was also possible to uncover contamination with DNA or RNA, or reveal common

co-purifying cofactors (for example, NAD, FAD) (Structural Genomics Consortium et al., 2008).

4.9 Protein storage

To avoid CBM loss due to the freeze-melt cycles and precipitation, aliquots of the protein were
stored, frozen in liquid nitrogen and stored at —80 °C. Concentrated protein (>1 g/ml) aliquots were
unstable at 4 °C and tend to be less stable to freeze-thaw cycles. We opted to store the CBM under
diluted conditions and concentrated using centrifuge-driven filter devices with adequate molecular
weight size cut-offs when needed. When we explored the stability of the protein to concentration
and freeze-thaw cycles before processing the entire batch it was difficult to assess any trends or
factors that would impact the protein. The frozen and thawed sample was compared with never-
frozen proteins for biochemical activity. The CBMs were stored at 4 °C in PBS buffer with the

addition of protein stabilizer (Millipore). The proteins were stable for several weeks (10 weeks
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minimum) before any loss of binding. Before utilization, buffer exchange was performed to
minimize any impact, likely due to the stabilizer. Overall, depending on the frequency of use of
the protein, we recommend either 4 °C storage + stabilizer (high frequency) or -80 °C aliquots for

longer storage.

4.10 CBM quantification

The concentrations of purified CBM17 and CBM2a were determined spectrophotometrically at
280 nm (Cary50 Bio, Varian, Palo Alto, USA), using a calculated molar extinction coefficients of

31010 M-1 cm-1 and 27625 M-1 cm-1, respectively.

4.11 CBM adsorption assays

The amount of bound CBMs was determined using depletion assays. Triplicate samples of CBMs,
at concentrations ranging from 0.5 to 15 uM, were incubated in 1.5 mL tubes with 1 to 10 mg of
insoluble cellulose in a final volume of 1 mL in PBS buffer. This ensured saturation of the substrate
sites. Samples were incubated for 30 min at room temperature. The substrates were centrifuged
(17,000 g, 20 min), the supernatant was collected and measured spectrophotometrically at 280 nm

(Cary 50 Bio).
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4.11.1 CBM adsorption on hydrolysed substrates analysis

The fibers were washed with SDS to remove bound enzymes, as described earlier. Afterwards a
depletion assay using CBM2a and CBM17 was performed, as detailed later. In brief, CBMs (0.5
to 15 uM) were added to the NBSK (10 mg dry mass) in a final volume of 1 mL in PBS buffer.
Samples were incubated for 30 min at room temperature, the supernatant separated from the fibers
by centrifugation, and the concentration of CBMs in the supernatant quantified
spectrophotometrically at 280 nm (Cary 50 Bio, Agilent Technologies, CA, USA). The molar
extinction coefficients of CBM17 and CBM?2a were 31010 M cm—1 and 27625 M cm™,

respectively.

4.11.2 CBM adsorption on Cellulose nanocrystals

Carbohydrate-binding Module (CBM), Polyethylene glycol (PEG), (CBM-PEG) and CNC were
mixed in a 10 mmol phosphate buffer and gently stirred for 1hour. Close to 100% of the CBM was

adsorbed, based on the concentration of CBM left in the solvent after the removal of the CNC.

4.12 Bioconjugation

CBM2a (10 mg.mL™) were conjugated with Propargyl-N-hydroxysuccinimidy! ester (1.2 eq) in
sodium carbonate buffer (pH 8.3) with 100 mM sodium chloride for 1 hour. The conjugated

CBM2a-alkyne was then purified using a desalting column (HiPrep Desalting 16/20 column, GE
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Healthcare Life Sciences, Little Chalfont, U.K.) performed on an AKTA prime (GE Healthcare)

eluted with 5 mL.min"* 50 mM phosphate buffer (pH7).
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Chapter 5: The use of CBMs for characterization and functionalization of

cellulose surfaces

5.1 Production optimization of CBMs

CBM production was optimized, yielding g.L ™ quantities of the specific proteins, which were
subsequently used to both characterize the surface morphology of lignocellulosic substrates and

functionalize cellulose surfaces.

5.1.1 Flask cultivation optimization

Typically, the induction time should be between 0.6 and 0.8, which was consistent with the data
obtained. It was found that CBM2a was produced in higher yields when the induction time was
closer to an ODeoo 0f 0.6 while CBM17 was produced consistently at ODesgo 0.6 or 0.8. It seemed
that there was little variation between the two strains. However, as will be described in the next

section, the fed-batch cultivation was more sensitive to the induction time.

Next, IPTG concentrations were investigated, as they have been shown to influence protein yields
(Donovan et al., 1996). If too little IPTG is added this can result in the failure to initiate protein
production while too high IPTG concentration can inhibit cell growth, and therefore, the
recombinant protein yields. For both CBM2a and CBM17 the optimal yields were obtain for IPTG
concentration of 0.5 mM (Figure 6), This was consistent with the previous literature (Hasenwinkle
etal., 1997). Because IPTG is costly, it may be better to only use 0.3 mM as the production is only
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slightly lower. Once induced, the cultivation was allowed to stir for 24 hours before removing the
cells from the media via centrifugation. At the end of the cultivation, the pH was determined to be
close to pH4, indicating that the initial buffer was consumed by “overflow metabolites” such as
acetic acid. E. coli cells produce acetic acid as an extracellular co-product of aerobic fermentation.
The rate at which acetate forms is directly related to the rate at which the cells grow or the rate at
which they consume their carbon source. To maintain an optimal pH of around 7 for cell growth,
increments of 5 mL of phosphate buffer was added at 5 hours, 10 hours and 12 hours of cultivation.
Although the final pH was determined to be pH6, there were no improvement in protein yields.
This result can be explained by the fact that the maximal cell growth was reached before the pH
decreased, and only the final stage of the protein production correlate with the pH drop. Acetate
formation is even more critical during high cell density cultivation. In the next section, the fed-
batch strategy chosen to minimize the effect of acidification and to obtain high yields with a

relatively simple design is discussed.
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Figure 6: Influence of the Optical Density at the time of induction on CBM2a (black) and
CBM17 yields (grey)
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Using shaken-flask cultivation, a range of CBMs were produced (50-100 mg/L) . The shaken-

flask parameters were optimized and provided the groundwork for the fed-batch approach.

5.1.2 Fed-batch process optimization for CBM production

In the designed set up, E. coli was successfully cultivated to high cell densities by applying the
fed-batch principle. The growth rates, the final cell ODeoo, and the CBM vyields are summarized in
Table 4. In both cases the piset Was reduced to below 0.2 h' and a final ODggo of 105 (CBM17) and
145 (CBM2aH6) was obtained, resulting in successful, high cell density cultivations (Luli and

Strohl, 1990; Riesenberg et al., 1991; Yee and Blanch, 1992).
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Figure 8: a) Schematic representation of the fed-batch reactor, the glycerol solution is
exponentially fed to the cultivation, calculated in function of the estimated cell growth (Aissa et

al., 2019). b) Glycerol feed during cultivation.
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Like the shaken-flask cultivation, IPTG concentration was ideal around 0.5 mM. However, the
time of induction seems to be more sensitive in fed-batch cultivation. Ideally, the IPTG should be
added to the culture when the OD is no more than 0.6. On average, the designed fed-batch
cultivation produced 10 times more CBMs that the shake-flask cultivation, with biomass yields

also 10-fold higher that shake-flask.

After cultivation, the CBM concentrations were estimated using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) prior to purification. The CBMs sizes were
between 11 kDa and 28 kDa. Therefore, the gel and elution were calibrated to separate relatively

small proteins.
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Figure 9: Influence of the time of induction on CBM Yyields, comparison between shaken-flask

(black line, left axis) and fed-batch (grey line, right axis)

86



Table 4. High cell density fed-batch cultivation for CBM production. Summary of sree, Uset,
final ODsoo, and CBM Yyields

Strain uree (batch) [h1]  pset (fed-batch) [h Final CBM yield? [g L]

CBM17 1.34 0.12 105 1.04 (0.10)
CBM2a 1.26 0.14 136 1.00 (0.05)
CBM2aH6 1.11 0.16 145 0.32 (0.05)

a) Corresponding CBM Yyields achieved in shaken flask cultivations are shown in brackets

The fed-batch cultivation allowed the production of 0.5-1 g.L™ of CBMs, using a minimalized
system that should be easily accessible. We developed an easy purification and stable storages of
the proteins that facilitated the use of CBMs as analytic probes and as a vector of functionality

for cellulose surfaces.
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5.2 The use of CBMs to elucidate the relationship between structure, hydrolyzability, and

accessibility of cellulosic substrates

One of the major impediments limiting the commercialization of enzyme-mediated processes for
conversion of biomass to sugars, fuels, and chemicals is the relatively poor efficacy of the enzymes
and proteins that are required for the hydrolysis of the cellulosic fraction. Although the efficiency
of hydrolysis is often measured by the amount of sugar released, it is generally acknowledged that
it is the restricted enzyme accessibility to the cellulosic substrate that is the rate-limiting step
(Meng and Ragauskas, 2014). However, in-depth analysis of cellulose accessibility to enzymes
(CAE) is challenged by the lack of quantifiable, reproducible, and relatively easy methods that
allow gquantification of CAE (Chandra et al., 2008). Previous work has used methods such as water
retention (Bendzalova, 1996), microscopy (Daniel, 1994; Hildén et al., 2003; Nieves et al., 1991),
and fiber characterization (e.g. aspect ratio)(Mansfield et al., 1999) as ways of trying to predict
cellulose accessibility and, consequently, the effectiveness of enzyme-mediated hydrolysis.

In order to determine the role of accessibility at different levels of organization on influencing
enzymatic hydrolysis rates, five different techniques were used to quantify cellulose accessibility
on a range of pretreated biomass. These included Simons’ Stain, FQA, water retention value, CBM

adsorption, and nitrogen adsorption. These techniques have been described in previous sections.

5.2.1 Substrate characteristics

Substrate preparation will influence the structural parameters that influence enzyme-mediated

hydrolysis. Model substrates were prepared with minimal amount of lignin to focus on the
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carbohydrate structures. However, several parameters will still influence the hydrolyzability of
cellulosic substrate including the degree of organization (paracrystalline vs crystalline region), the
degree of hornification due to an eventual drying step, the particle size (FQA) and the amount of
residual hemicellulose. For lignin-containing substrate, the previously cited parameters still play
an important role in the substrate hydrolyzability. However, their respective effect can be
undermined by the lignin properties and distribution. In addition to the hindrance effect, lignin can
introduce bias in the measure of accessibility, mainly through unspecific adsorption or leeching
effects. Thus, we wanted to develop a method using CBMs applied to “realistic biorefinery

substrate” to try to determine the influential role of lignin.

The following section is divided between carbohydrate-only (model) and lignocellulosic
substrates. With the model substrates, we standardized the method to provide consistent results,
normalizing the CBM adsorption on Avicel and PASC. We also compared our results with
previously published work. The CBM method was used to elucidate the relationship between
fibrillation, hydrolyzability and accessibility of cellulosic substrates. After this initial work,
lignocellulosic substrates were prepare using steam explosion pretreatment (STEX) or

thermomechanical pulp (TMP) and refined mechanical pulp (RMP).

5.2.2 “Model” substrates including phosphoric acid swollen cellulose (PASC),

microcrystalline cellulose (Avicel) and nanocrystalline cellulose (CNC)

CBM depletion assays, using type A (CBM2a) and a type B (CBM17) CBMs were initially used

to compare CBM binding onto crystalline (Avicel) and more paracrystalline (PASC) cellulosic
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substrates. Thus, it was possible to compare the reproducibility of their binding and the production
quality between batches and with the previous literature (Table 5) (Boraston et al., 2001;

Notenboom et al., 2001).

Table 5: CBM17 and CBM2aH6 adsorption on microcrystalline cellulose (Avicel) and
phosphoric acid swollen cellulose (PASC)

Substrates Adsorption CBM2a Adsorption CBM17 (mg.g?)
(mg.g™*)
Avicel 29 (Boraston et al., 2001) 5.2 (Boraston et al., 2003)
269 469

PASC/Ball-milled 178 (Boraston et al., 2001) 171 (Boraston et al., 2003)/ 96 (Araki
cellulose 2249 et al., 2009)

196/ 849
a) Data measured in this study, as described in the material and method’s section

It is important to connect the binding mechanism of the two CBMs (i.e. CBM2a and CBM17) to
Avicel, CNC and PASC structures. The binding of CBM2a to crystalline cellulose is considered
irreversible in a strict thermodynamic sense. The dilution of free CBMZ2a does not lead to the
release of the already bound CBMs, which suggests a kinetic barrier to their desorption (McLean
2002). Given the demonstrated specificity of CBM2a for crystalline cellulose (Boraston et al.
2001), it is possible that its binding to PASC is restricted to highly accessible microcrystalline
surfaces within the sample. PASC probably contains a high surface area of microcrystalline
regions while exhibiting relatively low bulk crystallinity (McLean 2002). This would explain the

binding capacity of the PASC to CBMs that specifically bind crystalline cellulose. Designing an
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insoluble cellulose | substrate that would be completely paracrystalline (disorganized) will be
difficult to achieve because the interaction between the cellulose chains will lead to a new
arrangement in water to try to find a thermodynamically favorable state. In contrast, CNC represent
a close to purely crystalline substrate, exhibiting no affinity for paracrystalline specific CBM17.
With regard to the binding site of CBM17, the cellulose chain interacts is accommodated in the
groove of the binding site. Thus, these differing binding site architectures are responsible for the

ability of the CBMs to distinguish fine paracrystalline structure in cellulose.

Substrates with controlled swelling were prepared to confirm CBM specificity. Kraft fibers were
swollen with different phosphoric acid concentration. As the Kraft fibers swell, the hydrogen-
bonding network is disrupted, loosening cellulose chains. At a 64% acid concentration, the binding
of the CBMs significantly increase (Figure 10). As it is likely that some less organized structures
within the Kraft fiber are more sensitive to the acid treatment, the substrates will therefore display
an apparent increase in accessibility. At 78% phosphoric acid, features such as peeling and
delamination, roughening and fibrillation are apparent (SEM pictures, Figure 11). The NMR
spectra also indicated a decrease of crystallinity of the substrate (i.e. Crl goes from 62 to 40)
(Figure 11). Although the Crl decreased significantly, it seems that the measurement indicated a
trend which was also be influenced by other factors (e.g. salt concentration, degree of
polymerization). In the introduction X-ray Diffraction (XRD) and nuclear magnetic resonance
(NMR C solid state) were described as the most common methods to measure cellulose
crystallinity. Several studies have questioned how the cellulose crystallinity varies during

hydrolysis with various, sometimes contradictory conclusions, with the different type of substrates
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as well as the analytical methods employed contributing to the lack of resolution. Furthermore, as
mentioned earlier, in situ measurements of cellulose structure under reaction conditions (aqueous
buffer) are challenging for these methods. Another element of why these methods cannot clearly

elucidate this phenomenon is due to their non-specificity, with only “bulk” information obtained.

In the present work (section 5.2), we analyzed the reliability of the CBM adsorption to estimate
the substrate crystallinity (i.e. organization) on carefully prepared model substrates. In the section

5.3, we hoped to better elucidate how the cellulose organization actually varies during hydrolysis.
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Figure 10: Adsorption of crystalline cellulose-binding CBM2a (black) and paracrystalline
cellulose-binding CBM17 (grey) to Kraft fibers swollen with a range of phosphoric acid
concentrations. The yellow line represents the ratio of the two CBMs. Experiments were run in
triplicate and error bars represent one standard deviation from the mean.
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Figure 11: 13C NMR (left) and SEM pictures (right) of Kraft fibers treated with a range of
phosphoric acid concentrations. Red 1 and blue 2 are represents respectively the crystalline and

paracrystalline peaks used to calculate the crystallinity index (Crl). Scale bar (yellow) is 10 um.

Further investigation, on CBMs binding specificity was conducted by mixing PASC and CNC

(Figure 12). As expected, the CBM17 did not bind to CNC and CBM2a bound to around 30

mg.g* of substrate. Trying different ratios of these two substrates, the increase of binding of the

two CBMs was almost linear. Similar to the swollen Kraft fibers, PASC exhibited a high binding

capacity for type A and B CBMs (=190 mg.g™?). It seems that mixing the two substrates did not

influence the binding of the CBMs compared to their adsorption on each substrate separately. It

was concluded that there is little to no interaction between the PASC and CNC that would block

the CBM binding to their respective substrates.
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Figure 12: Adsorption of crystalline cellulose-binding CBM2a (black) and paracrystalline
cellulose-binding CBM17 (grey) to PASC and CNC. The yellow line represents the ratio of the
two CBMs. Experiments were run in triplicate and error bars represent one standard deviation from
the mean.

5.2.3 CBM adsorption to elucidate the relationship between fibrillation, hydrolyzability,

and accessibility of cellulosic substrates

The primary goal of this part of the thesis was to investigate the relationship between fibrillation,
accessibility and hydrolyzability. To minimise the influence of components such as lignin and
hemicellulose on substrate accessibility to enzyme, a range of NBSK pulps were prepared. The
substrates were differentially refined with increasing refining energy to provide various

microfibrillated cellulose (MFC) substrates (Hu et al., 2011; Mansfield et al., 1999). As indicated
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in Table 6, very little lignin was present in any of the MFC substrates and the overall carbohydrate

composition remained largely unchanged.

When each of the MFC substrates was assessed by SEM, the increased fibrillation was apparent

with higher refining energy (Figure 13). The unrefined MFCO substrate was primarily composed

of longer, intact fibers with few “wrinkles”. The refined MFC substrates appeared to contain

increasing amounts of fibrillated fibers and the proportion of thin thread-like fibrils increased

significantly from 500 kWh ton™ (Figure 13.b) to 1000 kWh ton * (Figure 13.c) and were highest

at 1500 kWh ton ! refining energy; at this refining energy the original fiber structure almost

disappeared (Figure 13.c). The increase in apparent fibrillation of the MFC substrates, as shown

by the SEM images, suggested improvements in accessibility and hydrolyzability (Nieves et al.,

1991).

Table 6: The chemical compositions of the microfibrillated cellulose (MFC) substrates 2.
Glucan, xylan, galactan, mannan and lignin are expressed in % of dry mass. Data represent the
mean value and standard deviation of triplicates

Glucan Xylan Galactan Arabinan Mannan Lignin
MFCO 80.4+0.7 87%x0.1 04+0.0 0.8+0.0 6.6+0.1 2.310.1
MFC2 80603 85%0.1 05+0.0 0.8+0.0 6.6 +0.2 1.9+0.2
MFC4 783+21 81+0.2 04+0.0 0.7+0.0 6.4+0.2 1.9+1.2
MFC6 81.0+05 8.6x0.1 0.5+0.0 0.8+0.0 6.8+0.2 2.0+0.2

3) The MFCO sample corresponds to a refining energy of 0 kWh.tont. The MFC2, MFC4
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Figure 13: The impact of the refining energy on the fiber morphology. Scanning electron
microscopy (SEM) images of MFCO (panel a, 0 kWh.ton!), MFC2 (panel b, 500 kWh.ton%),
MFC4 (panel ¢, 1000 kWh.ton?), and MFC6 (panel d, 1500 kWh.ton). The white scale bars
represent 100 pm.

To further evaluate the impact of refining on the substrates, the MFC substrates were characterized
with regard to their overall fiber dimensions (here given as the aspect ratio, i.e. fiber width vs. fiber
length) and the ability to swell by measuring the water retention value (WRV). These two
parameters have been shown to influence accessibility and have been successfully used to analyze

and predict hydrolyzability (Ali et al., 2001; Arantes and Saddler, 2011).

As shown in Figure 14, the WRV of the substrates increased from 18 g.g™* to 23 g.g%, going from
low (MFCO) to high (MFC6) refining energies. Based on the SEM images and the observed
increase in fibrillation, this was anticipated (Liu et al., 2016). The aspect ratio of the MFCs, also
follows a disparate trend (Figure 14) decreasing with increasing refining energy. The combined
results of these two assays seemed to confirm the SEM observations that the accessible cellulose
surface area continuously increased with higher refining energies. This suggested that an increase
in accessibility could be anticipated to result in a convergent trend in hydrolyzability. The

enzymatic hydrolysis efficiencies were thus expected to increase from MFCO to MFC6.
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Figure 14: Determining the likely cellulose accessibility of the various microfibrillated cellulose
(MFC) substrates by changes in Water Retention Value (black bars) and the aspect ratios (light
grey bars). Data represent mean values of triplicates, the error bar indicate the standard deviation.

5.2.3.1 Enzymatic hydrolysis of the MFC substrates — analysis of initial rates and yields

The impact of refining on the MFC substrates hydrolysis was analyzed and the initial rates as well
as the yields after 24 h of reaction are summarized in Figure 15. A threshold for improved
hydrolysis efficiency with increased refining energy has been suggested previously (Liu et al.,
2016; Park et al., 2016), where limited or only incremental improvements in hydrolyzability were
achieved with further refining above 4000 revolutions of PFI refining. As the initial
characterization of the MFC substrates showed a continued increase in apparent fibrillation (SEM,
WRYV, and aspect ratio), the levelling-off of the enzymatic hydrolysis was unexpected. However,
although these characteristics can affect accessibility(Mansfield et al., 1999) it does not provide

evidence of the ability of the enzyme to actually access the binding site on the microfibril.
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Figure 15: The impact of increasing refining energies on ease of enzyme mediated hydrolysis of
the microfibrillated cellulose (MFC) substrates. Comparison of the initial glucose release rates
(black bars) and cellulose hydrolysis after 8 h (dark grey). Data represent mean values of
duplicates, error bars show the spread. Data represent mean values of duplicates, error bars show
the spread.

To analyze if accessibility was affected by refining, binding studies with a type A (crystalline

cellulose) and a type B (paracrystalline cellulose) CBM were performed.

5.2.3.2 CBM adsorption studies

The CBMs were used to investigate the various MFC substrates to see if their binding was
convergent with the results obtained previous methods (e.g. WRV, SEM), or if they followed the
observed hydrolysis profiles. CBM2a with histidine tag (CBM2aH6) was used for this study. The
histidines have been shown to not affect the CBM2a binding. The results are summarized in Figure

16.
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Figure 16: The impact of increasing refining energies on carbohydrate-binding module (CBM)
accessibility to the microfibrillated cellulose (MFC) substrates. The extent of CBM17 (black bars)
and CBM2a (grey bars) binding to the increasingly refined MFC substrates is indicated. Data
represent mean values of triplicate experiments. Error bars show the standard deviation.

It was apparent that the CBM2aH6 and CBM17 adsorption increased from 35 mg.g™ to 80 mg.g™*
and from 3 mg.g* to 9 mg.g?, respectively, when they were added to the MFCO and MFC4
substrates. However, increasing refining from 1000 kWh (MFC4) to 1500 kwh* (MFC6) did not
result in an increase in binding of either of the two CBMs. These results mirrored the hydrolysis
profiles of the refined substrates, where no increase in hydrolysis was observed between the MFC4
and MFC6 substrates (Figure 16). These results suggested that, although initially beneficial,
through the reorganization and dispersion of microfibrils, further mechanical refining did not
significantly increase the accessibility of the cellulolytic enzymes to the substrate at the nanoscale.
Furthermore, the consistency of the CBM17/CBM2a binding ratio suggested that mechanical
refining does not result in modification of the cellulose surface morphology (crystalline vs.

paracrystalline cellulose).
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Mechanical refining has been suggested as one way to overcome biomass recalcitrance (Jones et
al., 2013), facilitating biomass conversion by increasing the biomass accessibility and offering a
commercially proven and scalable “front end” for biorefining processes. It was apparent that the
never-dried NBSK pulps that were refined with increasing refining energies showed a significant
increase in fibrillation as indicated by SEM imaging, as well as WRV and aspect ratio
measurements. However, although beneficial for initial hydrolysis, no subsequent increase in
cellulose hydrolysis was observed in the pulps that were refined at energy intensities higher than
1000 kWh.ton't. When probes based on the selective adsorption of CBM2a and CBM17 were used
to assess the potential ease of hydrolysis of the various MFC substrates, their adsorption followed
the same trend as the hydrolysis profile. This suggested that refining results in a dispersion of the
microfibrils without affecting enzyme accessibility at the microfibril level (Figure 17). It seems
that an optimal beneficial treatment can be obtained with refining substrate and further energetic
increase would be inefficient. As a result this energy limit depends on the method used to refine

the substrate.
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Figure 17: result summary of the CBM investigation on the relationship between fibrillation,
hydrolyzability, and accessibility of cellulosic substrates

5.2.3.3 CBM adsorption on steam exploded corn stover (CS-STEX), steam exploded
lodge pole pine (LP-STEX), thermo-mechanical pulp (TMP) and mechanically refined pulp

(RMP).

Contrary to model substrates, such as Avicel or PASC, biorefinery substrates are likely to contain
at least some lignin. Depending on the lignin type and the pretreatment effects, the characteristics
and factors that will limit the hydrolysis will be quite different. Thus, four different types of
lignocellulosic substrates were adopted in this study, which had different lignin types and amount.
The depletion assays were conducted with and without prior treatment with bovine serum albumin
protein (BSA), which have shown to reduce the unspecific binding of enzymes to lignin. Previous
studies have shown the affinity of CBMs for lignin, which is particularly problematic for type A
CBM due to their exposed binding face. As described earlier, type A CBMs bind through their C-

H-m interaction with relatively flat and organized carbohydrate structures. Typically, non-modified
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lignin occurs in the RMP substrate and should have little affinity with CBM, while condensed
lignin (e.g. STEX substrates) will likely exhibit some unspecific binding. This is due to the
condensation of the lignin during steam explosion, likely leading to flatter lignin surfaces that
allow n-n bonds to be formed with the tryptophans of the proteins. For all substrates it appeared
that the BSA treatment effectively reduced unspecific binding, with minimal influence on the RMP

and TMP (Figure 18).
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Figure 18: CBM2a adsorption on lignocellulosic substrates with (grey) and without (black) BSA
treatment. Error bars show the standard deviation.

As expected, the reproducibility of the CBM adsorption proved to be more challenging than
previously achieved using model substrate with up to a 30% error. Even after several washes, it
seemed that some lignin was leeching from the substrate in the supernatant, interfering with the
protein concentration measurement. However, this problematic issue motivated the development
a method using fluorescent-CBM and CLSM to reduce the heterogeneity of the substrate and the

interference issue.
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5.3 Fluorescent CBM probes as a new quantitative method to study structure specific

accessibility and monitoring of cellulose surface changes during enzymatic hydrolysis

In the previous section, CBM adsorption was shown to provide a good estimation of cellulose
accessibility. The methodology provided an estimation of the substrate bulk behavior. However,
within each substrate, many heterogeneous structures exist at different levels of organization.
Being better able to assess these substructures will help us better understand the mechanisms
involved during enzymatic hydrolysis. As mentioned earlier, the overall cellulose structure is a
key parameter which influences accessibility with methods such as XRD and NMR, which are
often used to categorize cellulose into either crystalline or paracrystalline substructures, too limited

to fully picture what is happening at the enzyme level.

As discussed earlier, fluorescence-tagged CBMs have been successfully used to assess the glyco-
architecture of plant cell walls when combined with confocal laser scanning microscopy (CLSM).
As CBMs of different affinity do not compete for binding sites, they have the potential to be used
simultaneously to assess cellulose structures as well as its impact on enzyme accessibility with
previous studies illustrating the differential binding of CBMs to cellulosic fibers (Figure 19). It
was apparent that CBM44 (type B) are more specific for disaggregated cellulose regions while

type A CBM was bound along the entire fiber.
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Figure 19: a) Fluorescent imaging of delignified fiber with CBM3a-GFP (adapted from Filonova
et al. 2008), b) Fluorescent imaging of delignified fiber with CBM2a-blue and CBM44-tagged
(adapted from 2013), and yellow arrows represent dislocation zones.

Building on these previous studies, the work described below used two fluorescence tagged CBMs,
a type A (CBM2a) and a type B (CBM17) to assess lignocellulosic substrates using the CLSM
method. High throughput computer-aided image analysis was used to provide quantitative data to
track the changes happening and assess how key substrate characteristics might influence enzyme-
mediated deconstruction of cellulose. The CLSM images were complemented by SEM imaging,
13C NMR analysis and fiber length quantification. As described in more detail, the less organized
regions were shown to be more susceptible to rapid degradation, leading to fiber fragmentation

and the production shorter fiber fragments.

5.3.1 Imaging lignocellulosic substrate using CLSM

The pretreated substrates were imaged using one or two CBMs depending on the lignin

concentration in the substrate (Figure 20).
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a) Delignified pulp

Figure 20: CLSM imaging of differently pretreated lignocellulosic substrates. In red, crystalline
cellulose-binding CBM, in green, paracrystalline cellulose-binding CBM. The blue corresponds to
lignin autofluorescence a) delignified Kraft pulp, b) and ¢) mechanically treated hardwood fiber.

These images illustrated the influence of lignin on cellulose accessibility. The delignified pulps
showed red and green fluorescence without discontinuity all along the fiber while the RMP sample
(b) was entirely shielded by lignin. However, Sample (c) exhibited red fluorescence, suggesting
that the disruption of the fiber, through mechanical shear, had “freed-up” some of the cellulose.
The lignin exhibits fluorescence emission spectra that peaks at <360 nm on excitation at
wavelengths ranging from 240 to 320 nm. This can be explained by non-radiative energy transfer
from lignin substituted aromatics. In Figure 21, steam exploded substrates containing lignin
(=25% wt), were imaged with the two florescent CBMs. Like the delignified sample (Figure 20.a)
the fiber exhibit red and green fluorescence. However, for the STEX sample, black spots were
observed (yellow arrows), likely showing lignin droplets, which had recondensed on the surface
of the fiber. This was further observed using the autofluorescence, where the lignin spots showed

characteristic pattern (Araya et al., 2015; Donohoe et al., 2008; Shevchenko et al., 1999; Xiao et
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al., 2011). As the lignin after steam explosion treatment has been shown to lead to high
unproductive binding (Lu et al., 2016), BSA had been added earlier, likely explaining the absence
of fluorescence in these zones. These images showed that CBM2a and CBM17 bound specifically
to different lignin-containing substrates. In subsequent work we wanted to quantify the

fluorescence emitted by the CBMs.

Figure 20: Fluorescence imaging of steam exploded softwood, a) CBM17-, b) CBM2a-
Rhodamine and c) superposition of both channels. Yellow arrows indicate lignin droplets.
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5.3.2  Structure changes during enzymatic hydrolysis

Previous work has suggested that accessible regions within the cellulose wood and plant fibers are
more receptive to enzyme-mediated hydrolysis (Thygesen et al., 2011). These regions, sometimes
referred to as dislocation zones, have been shown to be mechanically weak points in the fiber
(Hidayat et al., 2012), consequently making them of ongoing interest to the pulp and paper sector
(Galbe and Zacchi, 2002). Polarized light microscopy (Clarke et al., 2011; Eder et al., 2008;
Hidayat et al., 2012; Thygesen et al., 2006) and scanning electron microscopy (SEM) (Eder et al.,
2008; Suchy et al., 2009) have been used to try to better understand the characteristics of these
disruptions. These less organised or so-called dislocation zones have been shown to vary from
reversible microcracks at the surface to deep holes across the fiber (Hidayat et al., 2012). However,
the exact nature of these disruptions is not clear. For example, the birefringence of these regions
has been interpreted as indicating high crystallinity (Thygesen et al., 2006) and that the microfibrils
continue unbroken through these regions. However, related work has suggested that these localized
areas of morphological changes are predominantly paracrystalline, based on their crystallinity
index (Hidayat et al., 2015) and susceptibility to acid (Ander et al., 2008) and enzymatic (Thygesen
et al., 2011) hydrolysis. An ongoing challenge has been to monitor changes of cellulose structures
as the enzyme-mediated deconstruction proceeds. As previously mentioned, the crystallinity of the
substrate during enzymatic hydrolysis is still debated and the proposed mechanisms of peeling,

delamination or swelling (amorphogenesis) are still debated.
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5.3.3 Fluorescence-tagged CBMs analyzed under CLSM to assess the intrafibrillar
structures of Northern Bleached Softwood Kraft pulp (NBSK) during the enzymatic

hydrolysis

Previous work has used photoactivated localization microscopy to try to the determine binding
selectivity of six CBMs, including CBM2a and CBM17. The work experiments on various
cellulosic substrates (Fox et al., 2013). As expected, the results suggested that CBM2a bound to
areas with a higher degree of structural organization than did the CBM17. However, CBM2a also
showed a high degree of binding promiscuity. Although it primarily targeted the cellulose crystal,
it also bound to less ordered paracrystalline regions. This observation is consistent with the
previous section results and can be explain by the diversity on structures within one substrate. As
discussed previously, CBM2a (type A) and CBM17 (type B) were covalently bound to
Rhodamine-Red X (red) and FITC (green) respectively to assess the supramolecular structure of

Northern Bleached Softwood Kraft pulp (NBSK) fibers.

When the two CBMs were used to follow the initial hydrolysis (Figure 21) it was apparent that,
at time 0 (Figure 21.a) most of the fibers were interspersed with green zones (CBM17-FITC).
Earlier work had suggested that these less organized regions (green) were where enzymatic activity

was most pronounced, resulting in their more rapid degradation (Hidayat et al., 2015).
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Figure 21: Changes in the morphology of Northern Bleached Softwood Kraft (NBSK) pulp
fibers after 0 h (a), 0.5 h (b), 1 h (c), 2 h (d), 4 h (e), and 6 h (f) of hydrolysis, visualized using

CBM17-FITC and CBM2a-RRedX binding with CLSM. (Scale bars represent 100 pum).

5.3.4 Quantifying fluorescence: high through-put image analysis

During the acquisition of digital images, the photons are converted to an intensity value and this
is correlated to the number detected photons. Thus, it is possible to use the digital images acquired
to calculate different spatial information such as distance and area as well as an intensity value.

With this intensity value, it is possible to determine local concentrations of a fluorophore.

Following these qualitative results, we assessed the concentration of fluorophores and their

distribution within the substrates during cellulose conversion by obtaining batch data and user
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supplied inputs retrieved from a spreadsheet of the acquired micrographs. This consisted of a 3-
step process involving pre-processing, segmentation and analysis. The workflow of the image
analysis is illustrated in Figure 22 with an example of “masking” of the bleached fiber. The
fluorophores intensities were extracted from the acquired 3D numpy array as separate grayscale
images. The background intensities of the red and green layers, acquired from blank slide

micrographs analyzed with ImageJ, were subtracted from the micrograph of interest.

It is apparent that, after 2 h (Figure 21.d), fiber fragmentation occurred. Concurrently, the red
fluorescence, which represents the binding of CBM2a-RRedX, proportionally increased while the
green fluorescence intensity (from the binding CBM17-FITC) decreased (Figure 23). This
confirmed that enzymatic activity was most pronounced in the less-organised zones, resulting in

their more rapid degradation and fiber fragmentation.
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Figure 22: Overview of the quantitative image analysis workflow and fluorescence imaging of
softwood delignified pulp and “masking” of the fiber highlighting the high intensity fluorescence
of CBM17.
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Figure 23: a) change in R/G ratio over time, and d) change in R/G ratio in residual substrates over
time. Duplicate experiments were performed. Data in a) and b) show mean values and the spread.
Data in a) and b) was derived from 8 to 10 image frames and mean values and the standard
deviations are shown.

5.3.5 The influence of enzyme-mediated cellulose hydrolysis on fiber size

When the length and skewness of the NBSK fibers during hydrolysis was assessed using a Fiber
Quality Analyzer (FQA) (Figure 24), the mean fiber length increased during initial hydrolysis,
likely due to the faster degradation of the smaller, “fines” particles. Over the same time period of
time the skewness plateaued and then decreased, indicating the fragmentation of the long fibers
into shorter more homogenous fibers (Figure 24). Once 25 to 30% of the cellulose had been
hydrolyzed, the mean-length of the fibers leveled out at ~0.2 mm (Figure 24). These results were
consistent with previous work (Clarke et al., 2011). The CLSM images indicated that the fiber
fragments were located approximately at the same distance between major structural defects,

suggesting that fiber fragmentation occurred at the disorganized zones in the different substrate

types.
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Figure 24: Monitoring of Kraft fibers size during the hydrolysis.

5.3.6 Quantifying changes in the cellulose structures during hydrolysis: image analysis,

CBM depletion assay and *C NMR

When the crystallinity of the pulps was assessed using 3C NMR, a crystallinity index (Crl) of 0.52
was calculated from the NMR spectra according to Park et al. 2010 (Figure 25). In addition, the
accessibility of the NBSK substrates was assessed using the CBM adsorption assay (Table 7). One
of the advantages of the CBM/CLSM method over the CBM adsorption and the NMR analysis is
that it can provide localized analysis of the fiber of interest (e.g. excluding fines), as well as spatial

distribution of the cellulose morphologies within the fiber.
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Figure 25: °C NMR analysis of NBSK fiber hydrolyzed for 0, 0.5, and 2h. After 2 h of hydrolysis,
the changes occurring in the substrate drastically changes its size and supramolecular organization.
The 3C NMR spectra will reflect these changes, making it impossible to attribute changes in the
Cl to the enzymatic deconstruction mechanism.

Table 7: The change of CBM17 and CBM2a adsorption on bleached Kraft fibers over hydrolysis
time

Time [h] CBM2a [Mgprotein Yeellulose -] CBM17 [MQprotein Jeellulose -]
0 249+05 243 +£0.04
0.5 21615 2.33+£0.01
1 21.0+£20 1.94+0.01
2 18213 1.55+0.02
6 15.2+0.9 1.55+0.02

Depicted are mean values and the standard deviation from triplicate experiments.

The most likely reason for the increase in the R/G ratio (Figure 25) was due to a loss in CBM17-
FITC binding with the CBM adsorption data in Table 7 also showing a faster decline in CBM17

binding as compared to the CBM2a binding. As an increase in the R/G ratio implied an increase
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in surface crystallinity, 3C NMR analysis was used to assess the crystallinity index of the various
samples. After 2 h of hydrolysis, the crystallinity had increased from 0.529 to 0.543, which is a

minimal change that may support the increased crystallinity observed.

5.3.7 Qualitative analysis of the fragmentation with SEM and CLSM

When CLSM (Figure 26) and SEM (Figure 27) were performed at higher magnification to
investigate localized morphological changes that resulted from the initial phase of digestion, with
increasing hydrolysis time these “cracks” appeared to increase in size, resulting in fiber shearing
and breakage. Similar observations could be interpreted from the SEM images (Figure 27). It
appears that the initial “nicks” had developed into larger cracks (Figure 27a to 27c), leading to

the fragmentation and disruption of the fiber.
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Figure 26: Visualization of fiber breakage of Northern Bleached Softwood Kraft (NBSK) pulp
fibers hydrolyzed for O h (a), 2 h (b-d), and 4 h (e-f) using CBM17-FITC and CBM2a-RRedX
binding with CLSM (Scale bars represent 50 pum).

Figure 27: Visualization (SEM) of disorganized zones after 0.5 h (a, a’), 1 h (b, b’), 2 h (c, ¢’),
and 4 h (d, d’) of incubation. Magnification of 2000x (a, b, ¢, d) and 5000x (a’, b, c’, d").
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Previous work that looked at the thermodynamics involved in enzymatic hydrolysis showed that
the energy required for degradation of crystalline cellulose is much higher than the energy needed
to hydrolyze a single glucan chain within paracrystalline cellulose (Beckham et al., 2011). Thus,
it would appear consistent that the disorganized zones were more quickly hydrolyzed, resulting in

the observed fiber fragmentation.

In consideration of the results observed, further investigation on the organization of the
microfibrils and changes on their surface (e.g. number of chain ends) is still required to understand
the extent of their influence to the fiber morphology. In the previous section, we showed that
apparent fibrillation does not always lead to an increase of cellulose accessibility, which was
reflected by both the enzymatic hydrolysis and the CBM adsorption. Here, we showed that the
simultaneous hydrolysis of crystalline and paracrystalline region in highly accessible zone led to
fiber fragmentation, leaving particles with higher surface organization. Although CBM probes
have demonstrated great potential to help us understand lignocellulose substrates and their
enzymatic degradation, the multifactorial nature of their structures requires a careful interpretation

of the results.

5.3.8 Conclusions

Fluorescence-tagged CBMs were successfully used with CLSM and quantitative image analysis
to show that, during initial hydrolysis, enzyme-mediated deconstruction predominated at localized
regions of cellulose showing lower degrees of organization. In these highly accessible regions, the

concentration of the green fluorescence (caused by pronounced CBM17-FITC binding) suggested
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readily available paracrystalline structures. When the **C NMR, SEM and fiber characterization
were combined with the CBM adsorption and CBM/CLSM data, it was apparent that fiber
fragmentation and the preferential hydrolysis of the more disorganized fiber regions occurred at
the same time. This work helps clucidate the nature of these zones; indeed, it was shown that
dislocation zones displayed high binding capacity for both types of CBMs. In these regions,
paracrystalline and crystalline nano-structures can undergo rapid degradation, which in turns lead

to fragmentation of the fiber.
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5.4 The potential of CBMs to functionalize cellulose surfaces

While the work described in the previous sections looked at the use of CBMs for imaging and
characterization of carbohydrate structures, the work described in the next thesis section explored
the potential of CBM to functionalize cellulose surfaces. As mentioned in the introduction,
previous work mainly modified the chemical and physical properties of cellulose materials using
CBM-protein fusion constructs. Notably, CBM-CBM construct was used to crosslink cellulose
fibers, increasing the strength of papers (Levy et al., 2002). In other work, CBM-hydrophobin
constructs were used to improve the compatibility of composite material, such as graphene-
cellulose (Laaksonen et al., 2011). Another research topic has looked at cellulose functionalization

using CBM for the development of biosensors (Pelton, 2009).

5.4.1 Challenges in cellulose surface modification

Nano-scale cellulose materials such as nanofibrillated cellulose or bacterial cellulose, are
promising candidates for the development of novel renewable products (e.g. biosensors) (Credou
and Berthelot, 2014). These new high-value materials are the subjects of ongoing research and
should be commercially interesting for the pulp and paper and agricultural sectors. However, one
of the major bottlenecks for the applications of this new material development is the necessity to
dry the cellulose and use organic solvent to modify its surface. However, carbohydrate binding

modules (CBMs) have the potential resolve some of these drawbacks.
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5.4.1.1 Reactivity of cellulose

The reactivity of cellulose hydroxyl groups varies according to the reaction medium in which
functionalization is done. For example, the order of reactivity for etherification performed in an
alkaline medium is OH-2 > OH-6 > OH-3 while the primary hydroxyl group (OH-6) is the most
active in esterification (Varshney and Naithani, 2011). The type, distribution, and uniformity of
substituent groups determine the properties of derivatives. The average number of hydroxyl groups
replaced by the substituents is the degree of substitution (DS). Chemical functionalization of
cellulose includes reactions of hydroxyl groups such as esterification, etherification,
intermolecular crosslinking reactions, and free radical reactions, particularly in the formation of
graft cellulose copolymers to increase the applications of cellulose by altering its properties
(Missoum et al., 2013). Cellulose modification can be performed via covalent link or adsorption,

both have advantages and inconveniences.

5.4.1.2 Covalent modification of cellulose

As noted previously, chemical grafting processes have to be mild to preserve the integrity of the
nanoparticle (Klemm et al., 2018). Furthermore, as mentioned earlier, the surface modification of
cellulose nanoparticles involves the surface hydroxyl groups. The most common surface chemical
modifications can be categorized into two groups: (1) substitution of hydroxyl groups with small
molecules, (2) polymer grafting. Although it allows an improvement in the dispersion of the
modified nanoparticles, it inevitably restricts the interactions between nanoparticles through

hydrogen-bonding which is the basis of the outstanding mechanical properties of nanocellulosic
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based nanocomposites. Although covalent modification of cellulose surface lead to more stable
nanocomposite, the processes required are costly and rarely environmentally friendly. If covalent
modification seems mandatory for bioplastics, it seems that a better way can be found for other

application, especially in aqueous media (e.g. biomedical application).

5.4.1.3 Non-covalent modification of cellulose

The surface of cellulose nanoparticles can be “tuned” using surfactants or polyelectrolyte
adsorption. Surfactants are usually amphiphilic organic compounds (i.e. containing both
hydrophobic groups and hydrophilic groups). For example, the anionic surface of TEMPO-NFC
can be modified with a cationic surfactant. Often the adsorbed layer is used to control the
hydrophobicity of cellulose nanofibrils. Lignin and tannic acid adsorption has been shown to
enhance cellulose surface hydrophobicity (Hu et al., 2016b). Another way to modify surface
properties of NFC is to use a polyelectrolyte solution (PEI). Researchers produced a
polyelectrolyte multilayer (PEM) using different polyelectrolytes to improve biocomposite
performances (Missoum et al., 2013). The combination of PEI and NFC in deionized water results
in the formation of regular layers of NFC and PEI. In this work, we combined the best of two
worlds by modifying the cellulose surface with specific and irreversible non-covalent adsorption

of functionalized CBMs.
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5.4.2 The use of CBMs to functionalise cellulose surfaces

In this application the cellulosic material was just used as the support for a detection kit as CBM-
antigens or CBM-antibodies are fixed on the paper to improve sensor sensitivity (Rosa et al., 2014).
The fusion approach restricts the cellulose modification only to polypeptides, which may be too
restrictive for the different application possible. For example, polymeric grafting on cellulose
nanocrystals (CNCs) have been shown to increase their stability as well as their dispersion (Araki

etal., 2001).

With the bioconjugation approach, CBMs can be used as a versatile platform for cellulose
modification. CBMs often present a free amine at the end of their amino acid sequence, which
does not affect the binding of the CBMs (Filonova et al., 2007). Furthermore, it is readily

accessible for nucleophile substitution.

Commonly, proteins are modified through their terminal amine or lysine residue. An amine-
coupling process can be used to conjugate with nearly all protein or peptide molecules as well as
a host of other macromolecules. The primary coupling reactions for modification of amines
proceed by one of two routes of acylation or alkylation. Most of these reactions are rapid and occur
at high yield to give stable amide or secondary amine bonds. For example, N-hydrosuccinimide
esters are one of the most common activation chemistries for creating reactive acylating agents.
NHS esters may also be formed in situ to react immediately with target molecules in aqueous
reaction media. NHS esters have a half-life on the order of hours under physiological pH
conditions. However, hydrolysis and amine reactivity both increase with increasing pH. At 0 °C

at pH 7.0, the half-life is typically 4 to 5 h., which may be problematic for long experiment times.
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In addition, a high protein concentration is often required for NHS bioconjugation. Thus, it is

challenging to achieve this in situ (Hermanson, 2013a).
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Figure 28: Nucleophile substitution of NHS ester with amine group yielding an amide covalent
bond and NHS leaving group

Click chemistry has been used to develop powerful, selective, and modular building blocks, such
as azide and alkyne, and this approach can be used at both a small and large scale. It is worth
noting that the unactivated azide-alkyne cycloaddition was first discovered by Huisgen in 1963,
but was only updated by Kolb et al. in 2009 by employing Cu(l) as a catalyst (Kolb et al., 2009).
These authors indicated that the Click reaction must be “modular, wide in scope, give very high
yields, generate only inoffensive by-products that can be removed by non-chromatographic
methods.”” The starting materials and reagents should also be readily available, and the reaction
should proceed under “friendly” reaction conditions, such as room temperature and a benign

solvent (i.e., water).

With the rise of cellulose nanomaterials and the increasing interest on carbohydrate-based
biomedical compounds, new ways to introduce functionality on the otherwise “inert” cellulose

surface would be beneficial (i.e. in water). In the work reported here we opted for a two-step NHS-
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Click strategy, which allowed the efficient, specific, as well as versatile functionalization of
cellulose. As mentioned earlier, cellulose nanocrystals (CNCs) are being increasingly used in
various fields due to their unique characteristics such as being renewable and having a high specific
surface area, high aspect ratio, low coefficient of thermal expansion, high thermal conductivity
and outstanding mechanical properties such as high strength and stiffness (Park et al., 2013).
CNCsuspensions have unique characteristics such as forming nematic liquid crystalline domains
and are known to stabilize emulsions due to the pickering effect (Zoppe et al., 2012). Aqueous
utilization of CNCs have shown potential in various fields of application such as medicine, food
and cosmetics (Nascimento et al., 2018). Although CNCs have shown great potential, surface
modification can further enhance their utilization (Tang et al., 2017). For example, grafting helps
redisperse agglomerated particles, e.g. grafting polymer chains (Khoshkava and Kamal, 2014).
This is an important characteristic as it is not easy to redisperse agglomerated CNCs, resulting
from the strong hydrogen bonding of the crystals. Grafting can also help reorganize the CNC
network within gels, consequently improving gel properties (Way et al., 2012). However, to date,
most cellulose surface modification methods that have been used require drying/solvent exchange
of the cellulose and the use of organic solvents which increases process costs and has a negative
impact on the environment (Missoum et al., 2013; Yoo and Youngblood, 2016). Although other
methods of functionalizing the cellulose surface in aqueous media have been reported, (such as the
use of oxidized cellulose materials (Zhang et al., 2013b)), these approaches have tended to result
in unspecific adsorption that lead to uneven surface modification or required strong alkaline

conditions (Kloser and Gray, 2010; Missoum et al., 2013).
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Thus, we hoped to utilize the strong and specific interaction of CBMs with cellulose to bring new
functionality to the cellulose surfaces using chemically modified CBMs to “activate”
nanocellulosic materials such as cellulose nanocrystals (CNCs). Although fusion CBMs have been
successfully used in the past (Shoseyov et al., 2006), bioconjugation offers several advantages
such as versatility, diversity and a tailored modifying agent. In addition to Click chemistry, it is
then possible to graft cellulose surfaces in water without prior modification of the cellulosic
material. As a proof of concept, polyethelene glycol (PEG), a water soluble polymer often used
for its biocompatibility, was grafted to the CBM, as it has been shown to have various positive

effects of CNC suspension (Araki et al., 2001).
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Figure 29: a) Chemical reactions involved in the two steps CBM2a functionalization. First,
NHS-ester bioconjugation in sodium bicarbonate buffer followed by the Click reaction between
alkyne-CBM and azide PEG in phosphate buffer b) schematic representation of a cellulose
nanocrystals (CNC) covered with CBM-PEG.
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5.4.3 Bioconjugation of CBM2a with NHS-ester

One of most versatile ways of functionalizing peptides and proteins involves the use of chemical
groups that react with primary amines (—-NH2) (Hermanson, 2013b). As a first step in CBMs
functionalization, alkyne groups were introduced at the terminal amine of the amino acid sequence
with propargyl NHS-ester with optimized conditions resulting in yields close to 90% after
purification. It was apparent that CBM concentration was a key parameter with concentrations of
10 mg CBM.mL, resulting in highest yields and reaction rates. As well as CBM concentration a
pH of 8.3 resulted in optimum bioconjugation yields (Figure 30.b). At these conditions it appeared
that the amine group on the CBM was fully available for the nucleophilic attack on the carbonyl

of the propargyl NHS-ester (Figure 30a).
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Figure 30: Optimization of CBM2a bioconjugation with NHS-propargyl (a) represent the yields
increase in function of the protein concentration (b) represent the reaction optimization function
of different pH and salt concentrations. Phosphate and carbonate buffer concentration used are
100mM. Sodium chloride (NaCl) concentration used is 2700mM.
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5.4.4 Click reaction

As mentioned previously, Click chemistry is a class of biocompatible small molecule reactions
commonly used in bioconjugation, allowing the joining of specific substrates with specific
biomolecules. The Click reaction has been used in a variety of areas such as pharmacological and
various biomimetic applications (Kolb et al., 2009; Pahimanolis et al., 2017). Following the
functionalization of CBMs through NHS-ester alkynes, reaction completion was indicated by the
disappearance of the CBM-alkyne band on polyacrylamide gels (Figure 31) and a 95% yield, after
purification. The water-soluble copper ligand, THPA was next used to catalyze the Click reaction
without the addition of co-solvent using nanomolar concentrations of catalysts (Presolski et al.,
2011). The CBM-PEG were purified using an FPLC column. The binding constant (Ka = 3.3 108
M-1) was close to the unconjugated CBM?2a constant (Ka = 3.6 x 10° M™)(McLean et al., 2000).
The strong affinity of the CBM2a to cellulose implied it was irreversible in water (Boraston et al.,

2001), and the PEG was subsequently grafted at a 1:1 molar ratio to the CBM.
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Figure 31: SDS-Page picture of carbohydrate-binding modules conjugation. The polyacrylamide
gel was performed on precast gel (4—12% Criterion™ XT Bis-Tris Protein Gel, 18 well, 30 ul, Bio
Rad, Hercules, CA, USA) using XT-MES buffer, XT reducing agent (Bio Rad) The gel was run at
200V, 2A for 40min. Proteins where revealed using brilliant Coomassie blue (Bio Rad) and

destaining solution.

545 CBM interaction with CNC

In this work, the CBMs were added at concentration of 1.4 mmol.g? of CNCs with the CBMs
likely binding to the most hydrophobic faces (Lehtid et al., 2003). Atomic force spectroscopy was

next used to assess possible CBM mediated changes at cellulose surfaces and interfaces (Eaton et
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al., 2000). The respective original and surface modified CNC were shown to have overall
dimensions of 152 +12 (length), 5.1 +0.2 (width) and 146 +£13 (length), 5.6 £0.4 (width). This
slight change appeared to confirm that functionalization had not dramatically affected the size or
shape of the nanocrystals (Table 8). However, the repulsive interactions or steric stabilization
between the CBM functionalized CNCs appeared to lead to a more dispersed CNCs sample when
preparing samples utilizing the same conditions (Figure 32a vs 32b). It is important to note that,
to obtain homogenous sample preparation, the mica was first coated with the cationic polymer
APTES. Therefore, little or no aggregation was observed in either sample. However, in the
absence of polymer coating, the original crystals formed bundle like aggregates. This phenomenon

was greatly reduced when the CNCs was coated PEG-CBM.
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Figure 32: AFM images of CNC used to determine particle size distribution on height profile. a)
control, b) modified sample with CBM-PEG, adhesion maps of individual CNC where the
adhesion profiles were superimposed onto the 3D height map of the control c¢) and modified d)
samples.

The molecular length of the PEG (2000 g.mol™) was estimated to be between 10-15 nm for its full
contour length. However, the PEG “tail” was likely somewhat rearranged to a more folded, coil
conformation (Araki et al., 2001). When the CBM-PEG functionalized CNC were assessed via the
adhesion channel of the AFM differences in adhesion forces (nN) were observed between the
samples reported in Table 8 and visualized in the 3-D map in Figure 32c and 32d (Peukert and
Gotzinger, 2003). In the AFM pictures, it was apparent that the outer surfaces of the CNC had
changed significantly, with a lower adhesion around the crystal, corresponding to a modified

environment of protein and PEG. This contrasted with the relatively homogenous control.
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Table 8. CNC dimension distribution analyzed by AFM and adhesion measurements

Length (nm)  Width (nm) Sample adhesion (nNN)* CNC adhesion (nN)

Conjugated

146 £13 5.6 £0.5 2.1240.3 0.5+0.2
CBM/CNC
Control 152 +12 5.1+0.2 1.68 +0.4 1.9+0.6

*Average adhesion of the whole sample, calculated with software. Other value were measured
on individual CNC using n=20, with at least 3 different images (1*1pum).

In higher concentration of CNCs distinct patterns were observed. It is likely that the observed
orientation of the CNCs was due to sample preparation (Figure 33), grafting or a combination of

these influences. The changes to the CNC surfaces were confirmed by the FTIR and AFM results.

00 Height 3.0 pm

Figure 33: AFM images of CNCs CBM-PEG grafted, height only, of the control (a) and
modified (b). Apparent orientation of the CNC network in high concentration during sample
preparation. Such pattern is occurring sporadically in the CBM-PEG grafted CNC. It only occurs
in high concentration of CNC, typically over 0.2% wit.
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5.4.6 Characterization of CNC with FT-IR

The CNC was analyzed with FTIR to determine the potential surface changes to the cellulose
surfaces (Li and Renneckar, 2011). The absorption peaks for the stretching vibrations at 3300,
2900 and 1000 corresponded respectively to the O-H, C-H and C-O bonds. The spectrum of CBM-
PEG grafted sample (Figure 34, grey line) resulted in new absorptions at 1600 cm™, corresponding
to amide stretching of the CBM peptide bond (arrow 2). Although the PEG showed characteristic
peaks between 750-1500 cm™ (Araki et al., 2001), corresponding to C-O bonds, only the stretching
absorption was apparent under the CNC spectra (arrow 3). At 2850 cm™ a more defined C-H

stretch appeared, likely attributed to the PEG (arrow 1).

4500 4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber cm™

Figure 34: FTIR spectra of ungrafted CNC (black dot) and grafted with CBM-PEG (grey line)
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5.4.7 Effect of the grafting on the CNC suspension

Grafted CNC suspensions were shown to be stable for several weeks and no precipitation of the
colloidal nanoparticles was observed (Figure 35, Samples 1 and 2). When the optical density at
600 nm was measured, (OD 600 = 0.6) no precipitation was apparent for these samples. Although
drying of CNCs will likely be required for material transport and storage, it is recognised that
drying is problematic as it commonly leads to irreversible aggregation (Figure 35). However, after
freeze drying, the grafted CNCs were redispersed in nanopure water without any need for
sonication, which was not the case with the control (Sample 4, Figure 35) of the combined CNC,
PEG and CBM without the Click reaction. It was apparent that, during the second freeze-drying
stage, the surface modified CNC’s were not redispersed while the control and samples were
unchanged after two stages freeze drying (Sample 3). This was likely due to the refolding of CBMs
in nanopure water. It should be noted that, likely because of reduced surface modification, a certain
amount of CNC became aggregated and sedimented compared to the fully surface modified sample

(Sample 2).
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Figure 35: 1) 2% CNC 2) CNC+CBMs-PEG after first freeze drying, 3) CNC+CBMs-PEG after
second freeze drying, 4) CNC after 1 freeze drying, 5) CNC after 2 freeze drying with PEG

This initial result suggested that the CNC-protein conjugated nanoparticles have considerable
potential for building multifunctional nano-biomaterials via controlled assembly techniques with
hybrid protein—polysaccharide nanoparticles likely leading to novel self assembly nanomaterials.
The unique properties of cellulose nanomaterials in conjunction with the biorecognition abilities
of CBMs offer particularly exciting opportunities in molecular imaging, biosensors, and
biomolecule delivery (Kang et al., 2015; Phelps et al., 1994; Shoseyov et al., 2006; Teeri et al.,
2007). For instance, nano-carriers which encapsulate doxorubicin and methotrexate and used in
physiologic conditions are another class of novel nanomaterials with promise in a variety of
biomedical applications including whole-blood immunoassays, cancer therapy (Rahimi et al.,

2017).

It was apparent that bioconjugated alkyne CBM2a could be successfully synthesized in high yield
(90%) and PEG, CBM and CNC could be combined in a one-step reaction to modify the cellulose
surface. The surface functionalization of CNC with CBM-PEG resulted in aqueous suspensions
that were stabilized by steric effects and prevented aggregation of nanoparticles during drying.
Subsequent AFM imaging, where adhesion maps are superposed onto the height profile, showed
an apparent modification of the nanocrystal surface with CBM-PEG addition improving CNC
redispersion in water. It was also apparent that the PEG-grafted CNC redispersion was influenced
by the CBM concentration, with a minimum loading of 25 umol.g™ required for total redispersion.
These initial results suggest that CNC-protein conjugated nanoparticles have considerable
potential for building multifunctional nano-biomaterials.
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5.4.8 Immobilization of liposomes on cellulose surfaces (ongoing)

Following the “proof of concept” by developing the Click-CBM, the possible immobilization of
liposomes on cellulosic surfaces was next assessed as liposomes and lipid layers are of ongoing
interest to the biosensor area. As biological samples (e.g. blood) are rich in physiological
information, it was beneficial to be able to analyze different analytes simultaneously. The
amphiphilic nature of lipids allows the incorporation of water-insoluble marker molecules in
aqueous environment and, once triggered, the marker can be released from the liposomes and

interact with the sample.

Alkyne-CBM, azide functionalized liposomes and cellulose were added simultaneously then
vigorously stirred four 1 hour. The cellulose was centrifuged and washed 3 times to remove
unbound liposomes. As fluorescein was incorporated during the making of the liposomes this

allowed the imaging of the liposomes and cellulose with CLSM (Figure 36).

a) b)

Figure 36: a) Fluorescein encapsulated in liposome, b) Imaging of liposomes immobilized on
microfibrillated MFC, ¢) Schematic representation of an encapsulated and functionalized
liposome.
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Figure 36 a and b showed that liposomes can be effectively grafted onto cellulose filaments using
CBMs. The fluorescence of the FITC can be revealed with UV excitation and under confocal
microscopy and CLSM imaging showed that a high concentration of liposomes is embedded into
the microfibrillated cellulose network. This provided an apparent stabilization of liposomes at 4

°C for several weeks.

Although this work is preliminary, it showed considerable potential and opens doors for future
research. For example, cellulose conjugated CBM nanoparticles have considerable potential for
building multifunctional nanobiomaterials via controlled assembly techniques. The specificity and
affinity of CBMs can help functionalize cellulose surfaces, immobilized structures and desired
compounds. Depending on the application of interest, the choice of CBM can be tailored to meet

the desired requirements (e.g. elution property, substrate affinity, etc.).
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Chapter 6: Conclusions and future work

6.1 Conclusions

The focus of the thesis work was to investigate the potential of using carbohydrate-binding
modules to assess accessibility and monitor structural changes during enzyme mediated hydrolysis
and modification of pulps. In this way we hoped to enhance our understanding of the mechanisms
involved in enzyme modification with a focus on how the cellulosic materials limited effective
hydrolysis. The lack of methods of assessing “surface” changes, as well as the absence of
specificity for cellulose substrate has resulted in some controversies in the bioconversion field. A
major goal of the thesis work was to develop a method that would complement existing techniques

to characterize glycostructures.

As a good analytical method should be readily available, we optimized the production of the CBMs
probes addressing potential challenges such as oxygen depletion, long induction times, etc., to
yield higher protein production. Consequently, time saving, and lower operating costs were
achieved. Although the purifications of the CBMs can still be further optimized, especially with

the addition of histidine-tags, the cellulose-CBM purification step was enhanced

The analysis of the differential binding of type A and B CBMs was performed on different model
substrates resulting in the depletion assay method being highly reproducible and accurate across a
range of substrates. This method was subsequently used to quantify cellulose accessibility while

comparing it to other established methods (WRV, Simons stain, NMR). CBM adsorption was used
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where type A (crystalline cellulose) and a type B (paracrystalline) CBMs were used in parallel
with microscopy, fiber analysis and water retention values to evaluate accessibility of
microfibrillated cellulose. Unlike other methods, the results showed that CBM adsorption followed
the same trend as the hydrolysis profile, suggesting that refining results in a dispersion of the
microfibrils without affecting enzyme accessibility at the microfibril level. When, depletion assays
were applied to more realistic lignocellulosic substrate challenges were encountered. The
heterogeneity of the substrates as well as the lignin hindrance were challenging for standard
depletion assays methodology. That is why we developed a more refined method to overcome

these challenges.

The quantification of accessible cellulose and cellulose substructures was further refined using
fluorescent markers attached to CBM probes. Fluorescence-tagged CBMs were used to
differentiate the cellulose substructures after pretreatments and during enzyme-mediated
hydrolysis. The differences in CBM adsorption were imaged using confocal laser scanning
microscopy and quantified via the relative fluorescence intensities of the respective probes. The
quantitative image analysis was supported by other methods such as **C NMR, SEM imaging, and
fiber length analysis. The results suggested that, at the initial stages of hydrolysis, enzymatic
activity is more pronounced in high accessibility region (disorganised zones) leading to enhanced
fiber fragmentation and an increase in cellulose surface crystallinity. The use of fluorescence
tagged-CBMs with specific recognition sites provided a quantitative way to elucidate cellulose
structures and their impact on enzyme accessibility, which in turn provided novel insights into the

mechanisms involved in cellulose deconstruction.
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As noted earlier, chemical functionalization can improve the overall utilization of cellulosic
polymers. Although a wide variety of reactions for cellulose modification have been studied
(Cunha and Gandini, 2010) the common use of environmentally problematic solvents and high
costs have limited their application. In the work reported in the thesis, CBM2a (crystalline
cellulose) was functionalized with NHS-alkyne making use of the terminal amine. Following this
bioconjugation, Click reactions with polyethylene glycol (PEG) were conducted to modify CNC
surfaces. This provided a strong and non-covalent modification of cellulose surfaces with the
added advantage that this provided a “one-pot reaction” in aqueous media. The CBM-PEG
modification of cellulose surfaces showed to increase CNC dispersion after drying, consequently
improving suspension stability. It was apparent that polysaccharide—protein hybrid and self-
assembled nanoparticles could be effectively produced with the CBM providing a versatile vector

for cellulose functionalization.

6.2 Possible future work

6.2.1 CBM production and purification — fusion constructs

Although high protein concentration was obtained, new hosts as well as high performance vectors
could be studied to further enhance CBM expression. This would provide a wider range of CBMs
probes with an extended CBM library used to recognize, image and characterize a greater number

of substrates. The CBM purification could be further optimized by using cellulose-based matrix
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and liquid chromatography. Ideally a more controllable mild elution would enhance the whole

process. Another way would be to add a histidine tag to all the protein.

6.2.2 CBM probes

It is possible that the diversity of CBM specificity could be used to provide detailed “maps” of the
surface morphology and surface composition of lignocellulosic fibres resulting from various
thermochemical or enzymatic processes. For example, hemicellulose specific CBMs could be used
to track the localization and redistribution of these polymers after pretreatment processes or during
hemicellulases and enzyme cocktail action. Those CBMs specific for particular hemicelluloses
could be used to track the amount of each hemicellulose, in similar ways to what is described in
section 5.3. This work could provide insights into the variable recalcitrance of particular
hemicelluloses to enzymatic hydrolysis. By mapping the fibre surface, it should be possible to
develop a more detailed understanding of the changes occurring to the various carbohydrate
polymers within lignocellulosic biomass during thermochemical and enzymatic processes. These
insights could be used to optimize enzyme cocktails towards either targeted modification (for
example, increasing fibrillation while trying to maintain strength) or deconstruction (e.g. what

accessory enzyme should be added for which substrate).

6.2.3 CBM used as “anchors” for cellulose functionality, immobilization and assembly

The self-assembly properties of different polysaccharides, as well as the increasing interest of the

scientific community and industry to develop new biosensor and diagnostics methods could enable
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the construction of 2D and 3D molecular crossroads. In this way different CBMs could be used to
carry and transfer molecular functionality, polymers or nanoparticles. For example, CBMs could
be used to transfer drugs in one direction and simultaneously remove toxic molecules in the other
direction, as well as to store and remove molecular information in computational devices(Miller
et al., 2018; Shoseyov et al., 2006). Understanding of the molecular mechanism by which CBMs
move on the respective polysaccharides would be of considerable interest. However, it will take

time and effort to harness the full potential of these molecules.
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