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Abstract

Cellulose is an abundant biopolymer found in many different organisms ranging
from microbes to plants and animals. The homopolymer, composed of repeating
glucose units, forms mechanically strong nanosized fibrils and rods. In plants cellu-
lose forms macroscopic fibers, which are incorporated in the cell walls. Recently, it
has been shown that cellulose fibers can be disintegrated into the fibrils and rods
by different chemical treatments. These materials are called nanocellulose. Nano-
cellulose is a promising material to replace fossil based materials because it is re-
newable, biodegradable and abundant. It holds great potential in many applications
due to its superior mechanical properties and large surface area. For most applica-
tions modification of nanocellulose surface is needed due to its tendency to aggre-
gate by hydrogen bonding to adjacent cellulose surfaces.

In this thesis we took a biochemical approach on nanocellulose surface modifi-
cation to achieve modified and functional materials. The advantages of this ap-
proach are that the reactions are done in mild agueous ambient conditions and the
amount of functionalities of biomolecules is broad. Four different approaches were
chosen. First, genetically engineered cellulose binding proteins, were used to intro-
duce amphiphilic nature to nanocellulose in order to create surface self-assembled
nanocellulose films and to stabilize emulsions. This method was shown to be a good
method for bringing new function to nanocellulose. (Publication ) Second, covalent
coupling of enzymes directly onto modified nanocellulose surfaces provided a route
for protein immobilization in bulk. Nanocellulose derivatives were shown to be well
suited platforms for easy preparation of bioactive films. More over the film properties
could be tuned depending on the properties of the derivative. (Publication 1) Third,
by modifying the nanocellulose surface with specific enzymes we could study the
role of hemicellulose in nanocellulose fibril surface interactions. We showed that
hemicellulose has an important role in nanofibrillated cellulose networks, yet its ef-
fects were different in aqueous and dry matrixes. (Publication IIl) Fourth, by modi-
fying the specific function of cellulose binding protein via genetic engineering we
showed how the binding properties can be altered and thus the functionalization
properties can be tuned, and that the cellulose binding protein properties are sub-
strate dependent. We also showed that nanocellulose as a model substrate in bind-
ing studies is a valuable tool for gaining new insight in protein binding behavior.
(Publication V)

In conclusion, we showed that biochemical methods are feasible in nanocellulose
modification and functionalization to study intrinsic properties of nanocellulose and
cellulose binding proteins but also for creating new functional materials.



Tiivistelméa

Selluloosa on laajalti luonnossa esiintyva biopolymeeri, jota tuottavat kasvien ja
mikrobien lisaksi jotkin eldinkunnan jasenet. Tama homopolymeeri, joka muodostuu
toistuvista glukoosiyksikdistd, muodostaa mekaanisesti vahvoja nanokokoluokan
fibrilleja ja tikkuja. Kasveissa selluloosa muodostaa mikro- ja makrokokoluokan kui-
tuja, jotka ovat osana soluseindrakennetta. Hiljattain on pystytty nayttamaan, etta
selluloosakuidut voidaan hajottaa fibrilleiksi ja tikuiksi erilaisin kemian menetelmin.
Naitd materiaaleja kutsutaan nanoselluloosaksi. Nanoselluloosa on lupaava mate-
riaali korvaamaan 6ljypohjaisia materiaaleja, koska se on uusiutuva, biohajoava ja
helposti saatavilla oleva. Nanoselluloosa on myds potentiaalinen materiaali monilla
eri teknologioiden aloilla suuren pinta-alansa ja ylivertaisten mekaanisten ominai-
suuksiensa takia. Suurin osa sovelluksista vaatii nanoselluloosapinnan ominaisuuk-
sien muokkaamista, koska nanoselluloosakuidut liittyvat helposti yhteen vetysidos-
ten valityksella.

Tassa vaitoskirjassa on tutkittu biokemiallisten menetelmien soveltuvuutta
nanoselluloosapintojen muokkaamisessa ja funktionalisoimisessa. Naiden menetel-
mien etuja ovat, etta reaktiot tapahtuvat miedossa vedellisessa ymparistossa ja etta
biomolekyylien toiminnollisuuksien joukko on erittéin laaja. Valitsimme nelja erilaista
lahestymistapaa. Ensinna kaytimme geneettisesti muokattuja selluloosaan sitoutu-
via proteiineja tuomaan amfifilisyyttd nanoselluloosan pinnalle. N&itd rakenteita
kaytettiin muodostamaan itsestaan jarjestaytyneita pintoja nanoselluloosasta seka
stabiloimaan emulsioita. Tdman menetelman naytettiin toimivan nanoselluloosan
funktionalisoinnissa. (Osajulkaisu I) Toiseksi naytimme, ettd nanoselluloosan joh-
dannaiset toimivat hyvin matriisina proteiinien suoralle kovalenttiselle kiinnittami-
selle bulkissa. Naméa johdannaiset sopivat hyvin bioaktiivisten filmien valmistuk-
seen. Lisaksi filmien ominaisuuksia voitiin muuttaa ja muokata nanoselluloosajoh-
dannaisen ominaisuuksista riippuen. (Osajulkaisu Il) Kolmanneksi tutkimme hemi-
selluloosan roolia nanoselluloosamatriisissa muokkaamalla nanoselluloosan pintaa
spesiffisilla entsyymeilld. Pystyimme nayttamaan, etté hemiselluloosalla on tarkea
rooli naissa verkostoissa, joskin se on erilainen kuivissa ja kosteissa systeemeissa.
(Osajulkaisu Ill) Neljanneksi, muokkaamalla geneettisesti selluloosaan sitoutuvan
proteiinin spesifia toimintoa, naytimme, ettd pystymme vaikuttamaan sen sitoutu-
misominaisuuksiin ja nain mahdollisesti myds nanoselluloosamateriaalien toimin-
nollisuuteen. Naytimme myds, ettd selluloosaan sitoutuvan proteiinin toiminta on
riippuvaista sen substraatista ja ettd nanoselluloosa on hyva mallisubstraatti sitou-
tumiskokeissa, silla se tuo uutta tietoa ndiden proteiinien toiminnasta. (Osajulkaisu
V)

Yhteenvetona voi todeta, ettéd erilaiset biokemialliset menetelmét soveltuvat
nanoselluloosapinnan muokkaukseen ja funktionalisointiin, nanoselluloosan ja sii-
hen sitoutuvien proteiinien luontaisten ominaisuuksien tutkimisessa, mutta myos
uusien toiminnallisten materiaalien luomiseen.
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1. Introduction

Cellulose is an interesting material due to its structural features, biodegradability,
and renewability. It is also the most abundant polymer on Earth and thus easily
available. For example, it can be found in all plants, some alga, and also bacteria.
Figure 1 presents the molecular structure of cellulose polymer. Cellulose is a ho-
mopolymer formed by p-anhydroglucopyranose units (AGU). The AGUs are linked
together by a B-(1—4) glycosidic bond connecting the C-1 and C-4 atoms of adja-
cent molecules with a 180° rotation in respect to each other that form the repeating
unit of cellulose chains, cellobiose. The length of a native cellulose chain (degree of
polymerization, DP) varies depending on the origin and treatment. Each AGU has
three hydroxyl groups on C-2, C-3, and C-6 position making cellulose a hydrophilic
polymer. Terminal groups on cellulose chains are chemically different. On one end
the C-1 OH is an aldehyde and has reducing power and it is therefore called the
reducing end. On the other end the C-4 OH is an alcohol and thus it is called the

non-reducing end.??3
H H H H HoOH
H OH H OH H on
HO o o o -
Ho. -, o Ho o
H O Yo H oh
M oH H o on H H
n

Figure 1. Molecular structure of cellulose chain showing the repeating unit, cello-
biose, and the reducing (right) and non-reducing (left) end-groups. The AGUs are
rotated by 180° with respect to each other.

Cellulose can exist in six different polymorphs; I, Il, I}, llly, Vi, and IVy.2# In nature
cellulose is found in the cellulose | polymorph structure where the chains are packed
parallel-up and edge-to-edge via extensive intra- and intermolecular hydrogen
bonding to form sheet-like structures which form fibril structures.* Cellulose | exists
in two crystalline forms, cellulose la and cellulose I3, which have different hydrogen
bonding networks.>” The two forms coexist in cellulosic materials but the ratio var-
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ies depending on the source. Cellulose IB is predominant in higher plants and cel-
lulose la in bacteria and tunicate.” In the fibrils the crystalline parts are accompanied
with less structured amorphous-like regions.® The ratio of crystalline-to-amorphous
cellulose also varies depending on the source of cellulose. In wood, cellulose is
found in the cell wall structures where it is hierarchically packed to form large fibers.
These fibers are formed by the stacking of cellulose chains to nanosized elemental
fibrils with crystalline and less ordered amorphous parts. These in turn pack into
larger nanofibrils that further pack into micron sized and microscopic fibers (Figure
2). In wood cell wall hemicellulose, pectin, and lignin together with cellulose fibrils
form a complex bio-composite that offers mechanical support to the tree and pro-
tects the tree against environmental factors such as changing climate and patho-
gens.%10

diam. 5-30nm

Figure 2. A schematic illustration of the hierarchy in macroscopic cellulose fibers.
Hemicellulose (shown in green) and lignin are incorporated in the structure be-
tween fibers and fibrils. AFM images showing cellulose nanocrystals (CNC) and
nanofibrillated cellulose (NFC) point out at which level of hierarchy these materials
originate form. The image is not in scale but is only representative.
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1.1 Nanocellulose

Recently, methods combining chemical, mechanical and enzymatic treatments to
disintegrate wood fibers to produce nanocellulose (NC) have been developed. -4
Depending on the treatment fibrils with a diameter of 5-30 nm and length in microm-
eters, or rod-like crystals with a diameter of 5-20 nm and length of tens to hundreds
of nanometers to micrometers can be obtained. The fibril/crystal dimensions depend
strongly on the treatment and the source but they are always nanosized in at least
one dimensions.®>*>17 The name first adopted for the fibril material from wood
source was microfibrillated cellulose (MFC)*8, later the material has been referred
to as nanofibrillated cellulose (NFC) or cellulose nanofibrils (CNF).1%17 The na-
nosized crystals have previously been called cellulose nanowhiskers or simply
whiskers but later a more informative term, cellulose nanocrystals (CNC) has been
adopted.%-2*

1.1.1 Nanofibrillated cellulose, NFC

Nanofibrillated cellulose (NFC, Figure 2) can be prepared from wood based pulp
material by simultaneous enzymatic and mechanical treatment 2223 or just mechan-
ical treatment.?* NFC materials have extraordinary properties due to their nanoscale
dimensions. The long and entangled fibrils have high aspect ratio and large surface
area exhibiting vast amounts of reactive hydroxyls groups on their surface. 222527
They form an extensively percolating network with low weight percentages. In water
NFC forms a gel, which strength is dependent on the fibril concentration. Upon dry-
ing NFC forms hierarchical nanoporous aerogels or strong films depending on the
drying process.?228:2% The mechanical properties of NFC paper films have been re-
ported to be better than ordinary paper and the reinforcing ability in composite ma-
terials has also been shown to be superior compared to pulp fibers.3%3! This is
caused by the larger surface area of fibrils exhibiting extensive hydrogen bonding
compared to macroscopic fibers. Moreover these fims have good gas barrier prop-
erties which can be of benefit in many coating and barrier technologies®?. The aer-
ogels have been shown to have very different properties compared to traditional
aerogels due to the long and entangled fibrils forming a hierarchical nanoporous
structure.?® They open up new application areas for the use of aerogels in general.
Due to its biocompatibility NFC is also a promising material for biotechnological and
pharmaceutical applications.1533

1.1.2 Cellulose nanocrystals, CNC

Cellulose nanocrystals (CNC, Figure 2) can be obtained from different sources by
hydrolysis with a concentrated mineral acid.?2%21.3435 The treatment hydrolyses the
non-crystalline parts of cellulosic materials yielding a dispersion of rod-like crystal-
line cellulose sticks. These nanosized rods range in size depending on the source
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they are obtained from and by the reaction conditions but usually are 5 to 20 nm in
width and 0.1 to ~1 pm in length.202136 CNC has smaller aspect ratio than NFC and
in solution does not form as strong gel as NFC due to the lack of extensive perco-
lation of the network.??37 Yet the rods are mechanically extremely strong. Experi-
mentally, the Young’s modulus of a single crystal of cellulose | is ~134 GPa and the
strength in the GPa range.® Due to the crystalline rod-like structure, CNC display
other interesting properties such as liquid crystallinity.3°

The mineral acid used in the hydrolysis of cellulose material determines whether
the resulting CNC will carry charge on their surface or not.2° By hydrochloric acid
hydrolysis the surface of the crystals will be almost neutral and display almost solely
hydroxyl groups. These CNC are usually referred to as HCI-CNC. In this form the
CNC are poorly dispersed in water and other solvents due to their tendency to ag-
gregate via strong hydrogen bonding.34° The colloidal stability of HCI-CNC is af-
fected by their concentration and aggregation is more pronounced in higher con-
centrations.*? If the hydrolysis is performed with sulfuric acid the resulting CNC will
hold sulfate groups on the surface and a net negative charge, referred to as sulfate-
CNC. The sulfate-CNC are readily dispersed in water due to their charged surface.
They form stable colloidal dispersions in water but can be aggregated with increas-
ing ionic strength.12132027 CNC can also be dispersed in some organic polar sol-
vents, such as DMSO.#

1.2 Applications for nanocellulose materials

There is a growing need for sustainable and more environmentally friendly materials
and products in the market to replace plastics and other unsustainable materials.
For this cellulose as a material is well suited. Due to its large surface area and high
aspect ratio leading to superior mechanical properties compared to macroscopic
cellulose fibers and regenerated cellulose, NC could be used in applications where
traditional cellulosic products would not be well suited, for example aerogels, com-
posite reinforcement and flexible electronics.?®4?-4° The research done in the field
of nanocellulosic materials is growing and new application areas are being explored
by the growing knowledge on these very interesting materials. This chapter deals
with the application areas where NC could potentially replace other materials,
broaden the use of these applications, and show examples on how NC has been
used in these fields.

1.2.1 Rheology modifiers

Rheology studies the flow and flexure of materials. In many applications it is very
useful if the flow of matter can be altered during processing. Altered flow properties
can for example allow broader applicability for existing materials. Gels with perco-
lating networks can be used to modify the rheological properties of other materials
when mixed together. The need to modify how matter stands applied force is often
useful in such cases as in paint and lacquer applications, in cosmetic applications,
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in polymer processing, and in food technology. In many applications it is useful if
the rheological properties of the material can be tuned to fit certain needs for exam-
ple in processing; e.g. to ease the spreading of paint to wall or melt processing or
extrusion of a polymer, or simply adding strength to the material in wet state in dif-
ferent environmental conditions.>°-52 On the other hand the rheological properties
of a material determine how it can be used in specific applications, such as hydro-
gels, reinforcing phase in composites, thin film applications or emulsion and foam
stabilization.

NFC forms a strong gel in aqueous media in broad range of concentrations in
contrast to CNC dispersions which form gels only in very high concentrations.
Paakko et al. have studied NFC (prepared from soft wood sulfate pulp by mechan-
ical and enzymatic means) rheological properties. They showed that these materials
display typical ideal gel behavior, i.e. elasticity, that is the storage modulus, G’, is
much greater than the loss modulus, G”, and G’ is independent of frequency in low
solid content dispersions (0.125 % w/w) as well as in high (5.9 % w/w).?? Shafiei-
Sabet et al. on the other hand have shown that CNC with net negative charge be-
have like viscous fluids in low concentrations (< 10 % w/w), the behavior is then
gradually changed to weak gels (=12 % w/w) and to stiff gels with G’ (~102 Pa) >
G".%% The strength of the gel or dispersion, i.e. G'-values, were dependent on the
concentration in both cases. The modulus of NFC was noted to be 2-orders of mag-
nitude higher for NFC dispersions compared to CNC dispersions, which showed
that NFC forms a strongly percolated entangled network compared to CNC. The
NFC dispersion showed shear thinning behavior, which is typical for such gels. For
CNC dispersions, at lower concentrations (1-4 % w/w), different states during the
shear thinning process were observed; a transition from isotropic to liquid crystal
(LC) phase, the destruction of LC phase and the orientation of individual CNC rods
along the shear force. For CNC at higher concentrations (> 4 % w/w), the transitions
from alignment of LC to aligned LC phase to destruction of LC phase and formation
of gel were seen. The higher shear viscosity of NFC compared to CNC is due to the
entangled network that prevents the individual elements from flowing under increas-
ing shear in contrast to CNC dispersions, where the elements are interconnected
less extensively and can flow upon increased shear.

The presence of hemicellulose in the NFC material and its effect on the viscosity
was also studied??. It was noted that the net negative charge of the material (44.2
peq/g) was solely caused by the presence of hemicellulose. The viscosity of the
dispersion was increased by the lowering of pH, i.e. the amount of negative charge
in the material was reduced. This reduction of negative charge decreased the re-
pulsion between the fibrils and allowed more interfibrillar interactions that lead to
increase in viscosity. The opposite was seen upon increase of pH; more negative
charge on fibrils caused more charge and more repulsion between fibrils, this in turn
lead to less interfibrillar interactions and lower viscosity.??> The same observation of
effect of charge was seen with CNC when two preparations with lower and higher
net negative charge were compared.>® The flow properties of HCI-CNC and sulfate-
CNC have been studied by Araki et al. 2. In their study they conclude that both CNC
show shear thinning properties yet HCI-CNC more strongly. The time dependent
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viscosity measurements showed that the viscosity of sulfate-CNC dispersions was
not dependent on time and was a stable colloid throughout the experiment. On the
other hand the viscosity of HCI-CNC was time dependent; high concentrations (>5
gLY) showed thixotropic behavior (decrease in viscosity) and low concentrations (<3
gL} anti-thixotropic behavior (a slight increase in viscosity was seen). The struc-
turally very similar materials showed remarkably different flow properties and thus
were concluded to be useful with different applications in respect to each other.

These investigations highlight the importance of the rheological properties of
NFC and CNC in relation to many applications. The dependence of the viscosity
and strength of the gel or dispersion on concentration and the shear thinning be-
havior can be especially interesting for many applications where ability to tune ma-
terial properties and change behavior according to processing are desired, yet
where it is important that gel properties and the entangled network structure are
preserved. Also the fact that CNC undergo phase transitions during shearing pro-
cess is relevant in many cases. Due to the different rheological behavior of CNC
dispersions compared to NFC, i.e. lower viscosity, weaker dispersions/gels, and lig-
uid crystallinity, the applications for them would be somewhat different. Although
both materials show promise in strengthening composites and hydrogels.%*

1.2.2 Composites

Composites are materials that combine two usually very different materials together
in a way that the mechanical properties of the composite are better compared to the
materials that it is made up of alone. Composites usually contain a softer continuous
phase and a stiffer or harder reinforcing phase. The materials in composites do not
dissolve into each other but are separate and can be distinguished from one an-
other 5557

Practically all natural materials are composites. These materials are in many per-
spectives superior in their properties compared to manmade ones. For example the
mechanical properties of natural ceramics (e.g. bone, shell, and dentine) combine
stiffness and toughness witch is very hard to achieve in synthetic analogs. Their
moduli are lower than those of synthetic ones, but their tensile strengths are similar
and their toughness is much greater. Natural polymers (e.g. cellulose, chitin, colla-
gen, and silk) have much larger moduli and tensile strengths than engineered poly-
mers, excluding Kevlar fibers, which have highly oriented molecular structure, as do
natural polymer fibers, and covalent bonding.58-6°

Natural composites illustrate very well the effect of structure within the composite
to the overall mechanical properties of the material. An example is the differences
in mechanical properties of tendons, ligaments, skin, cartilage and bone. They are
all composed mainly of two components; collagen and elastin. The distinction of the
materials and thus their very different properties lie in the fraction and architecture
of each component.5® All natural composites have hierarchical structure from na-
noscale to macro scale to mesoscale. At the sub-nanoscale the self-assembly of
atoms and molecules will drive the formation of nanoscale structures that in turn will
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self-assemble and cause large well defined structures to form and these in turn in-
duce the next scale structures to form. This is called the bottom-up method of build-
ing structures and this is the way materials and structures are built in nature.57.59.:61
The hierarchical assembly of natural composites adds fracture toughness and al-
lows better energy dissipation within the material when outside force is applied.57:6
Manmade composites are blends of two materials and their properties are mostly
dictated by the manufacturing process.® Recently attempts to mimic nature’s way
of bottom-up approach have been taken into practice in making engineered compo-
sites.>6

Two features are important when considering a composite material: 1) The inter-
face between the two materials should interact with each other in order for the ma-
terial to transfer applied stress and load during impact. 2) The reinforcing material
should be well dispersed into the soft phase otherwise no reinforcement or only local
reinforcement occurs which does not allow reinforcement throughout the whole ma-
terial.

The strength of a composite can be studied by the relation between stress and
strain. The stress is the applied force on an object divided by the area of where it is
applied to, and the strain is the resulting deformation of the sample. Typically if the
applied stress is small the material will undergo elastic deformation, i.e. it can re-
cover to its original shape when stress is released. In this elastic region the strain is
linearly proportional to the stress. When applied stress becomes higher the re-
sponse of the material becomes non-linear but can still be elastic. Above a critical
point (yield point) the response of the material becomes plastic and the material will
not recover to its original shape after stress is released. The strain-to-failure will
occur when the material ruptures. The tensile modulus, E, or Young's modulus is
determined in the linear-elastic region of tensile tests and is the ratio of tensile stress
and tensile strain (elongation).5®

For composite materials both NFC and CNC could be interesting materials. NFC
can be used as a percolating network of strong interconnected fibrils which is em-
bedded in a softer polymeric matrix. In the same way, CNC can be used to reinforce
a softer matrix material to strengthen the system. NFC can also been used as a soft,
yet strong, connecting material together with tough and strong materials such as
graphene to mimic nacre architecture.192548

Abraham et al. present an example of a natural rubber latex (NR) — NFC —com-
posite (NR/NFC-composite) where the NR matrix has been reinforced with NFC
obtained from jute fibers by steam explosion.®? The NR/NFC-composite was either
cross-linked or not and the biodegradability, morphology, crystallinity and mechan-
ical properties were studied. The biodegradability of NR/NFC-composites was con-
firmed and the more NFC the materials contained the better they were degraded.
Cross-linking of the composite hindered the biodegradability, yet the cross-linked
composites showed superior mechanical, thermal and barrier properties compared
to non-cross-linked composites. They propose a mechanism for the cross-linking
and show that due to the cross-linking reaction, the crystallinity of NFC is totally lost.
So in the sense reinforcement of the composite does not come from crystalline cel-
lulose but well dispersed amorphous cellulose fibrils or chains interacting with and
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cross-linked to the NR-matrix. In the non-cross-linked NR/NFC-composite the crys-
tallinity of NFC is preserved and the composites compared to non-cross-linked NR
alone show higher Young’s modulus and tensile strength, yet the ability of the com-
posite to elongate is hindered compared to NR. This shows that NFC fibrils can
reinforce the NR matrix.

Another example of NFC used as a reinforcing material is the work of Fernandes
and co-workers where they used NFC to reinforce chitosan to prepare transparent,
flexible, mechanically and thermo-mechanically better fims compared to neat chi-
tosan films.%% The preparation was done by simple mixing of solution of chitosan
(high or low molecular weight chitosan in acidic solution, or their water-soluble de-
rivatives) with different amounts of NFC (maximum of 60% NFC in the film). The
mechanical properties were improved drastically by the addition of NFC into the
matrix (improvement of Young’s modulus of up to 150% with the water-soluble high
molecular weight chitosan and 320% with the water-soluble low molecular weight
chitosan). The thermo-mechanical properties and the thermal stability of the com-
posites were also better than those of the neat chitosan.

NFC can also be used as the “soft” or “continuous” phase of a composite and be
reinforced with a harder material. An example of this is presented in the work of
Aulin et al. where nanoclay particles are used to reinforce NFC matrix resulting in
optically transparent, flexible biohybrid films with stiff and strong mechanical prop-
erties, and better oxygen barrier properties compared to the NFC alone.** In this
work, interaction between the NFC matrix and nanoclay particles is enhanced by
surface modification of NFC so that the fibrils carry a net negative charge.

Capadona et al. have shown in their work how CNC reinforced polymer matrix
results in a stimuli-responsive composite material inspired by the sea cucumber
dermis.®* They showed that CNC from tunicate reinforce the polymer matrix and
upon a stimuli (depending on the polymer used; for example chemical or thermal)
the mechanical properties are changed. They show that the interaction of the chem-
ical stimuli with the CNC in the matrix causes the disturbance of the percolating
network of CNC and cause the lowering of mechanical properties. They show that
these materials could be useful in biomedical applications serving as adaptive sub-
strates for intracortical microelectrodes.

1.2.3 Porous scaffolds

Hydrogels and aerogels, both porous materials to the nanometre scale, are prom-
ising for making stimuli responsive materials, to embed and transfer functional moi-
eties, for architectural scaffolds, for microelectronics, acoustics, and optics among
other applications.55-68

1.2.3.1 Hydrogels

Hydrogels are hydrophilic polymeric networks that can retain large amounts of water
and still maintain their three dimensional structure. The hydrogel network is either
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chemically (covalent bonds) or physically (van der Waals, charge or hydrophobic
interactions) cross-linked and it can be stimuli responsive (heat, light, chemical etc.)
in adsorbing and desorbing water.6” There are numerous examples on hydrogel
usage in for example bio-medical applications such as tissue engineering, diagnos-
tics, and drug delivery 8%-73, in pharmaceutical and cosmetic applications 74, as ad-
sorbent materials in diapers and other everyday items, and in fillers and paints.5”
Traditional hydrogels are not strong in their mechanical properties due to the large
amount of water they hold, and thus do not allow applicability in areas where load
bearing is needed.®7:68

NFC forms hydrogels in low weight to volume ratio when it is produced. The gels
are mechanically strong and the strength is dependent to their solid content. The
NFC network is physically cross-linked by interfibrillar hydrogen bonding. The fact
that NFC is fully biological and biodegradable also offers a possibility to replace
polymer-based hydrogels in existing applications.??

NFC hydrogels offer a good platform for biotechnological applications such as
tissue engineering and cell culture where hydrogels are often used, due to its three
dimensional well hydrated porous scaffold with desirable and tunable structure, low
toxicity and biocompatibility. This has been demonstrated by Bhattacharya and co-
workers.” In their work they show that the hydrogel of native NFC from wood source
serves as a three dimensional extracellular matrix mimic for liver cell growth and
differentiation. No cytotoxicity was observed, and the rheological properties of NFC
were noted to be beneficial for processing of the material into three dimensional cell
cultures; specifically, it was injectable and allowed mixing of cells into the gel struc-
ture, yet provided the mechanical strength that was needed for the support of cell
growth and differentiation.

CNC can be used to reinforce stimuli responsive hydrogels to give better me-
chanical properties compared to the hydrogel alone.>* McKee et al. used mechani-
cally strong CNC to reinforce thermo-responsive yet mechanically weak methyl-
cellulose (MC) to yield an all-cellulose thermo-reversible and tunable nanocellulose-
based hydrogel. The mechanical properties were improved by the growing concen-
tration of CNC in the matrix while the MC concentration remained constant through-
out the study. At low temperatures (20 °C) and low CNC concentrations the hydro-
gels behaved as viscous dispersions, upon increasing CNC concentration weak
gels were obtained. At higher temperatures (60 °C) the hydrogels behaved as dis-
tinct gels. McKee and colleagues conclude that they show a facile and scalable
method for preparation of fully cellulose containing hanocomposite hydrogels with
a broad window of viscoelastic properties that can be tuned simply by choosing
CNC concentration and temperature according to the need of the application.

1.2.3.2 Aerogels

Aerogels are ultra-light weight porous solid materials traditionally made of inorganic
silicon dioxide.?%%¢75 They can also be manufactured from other materials such as
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carbon, carbon nanotubes and graphene, or other organic materials, which can also
be pyrolyzed to carbon.”®-8! The porosity of an aerogel is very high (usually over
75 %) and they are usually transparent and very brittle due to this reason.” To
enhance silicon based aerogels mechanical properties organic-inorganic silicon
based aerogels have also been prepared. Aerogels have an open-pore structure
and they have large surface area due to their structure. The traditional SiO2-based
aerogels have a structure that resembles string of pearls (the particle size being
~4nm) joint together from here and there so that the voids in between the strings
are in average ~30 nm (Figure 3). Aerogels are usually made from solvent swollen
wet gels by supercritical drying process. The key in preparing the aerogel is that the
percolating network of solid material is not lost (prevention of collapse and shrink-
age of network is essential) during the drying process.®566.7

Figure 3. A schematic illustration of a traditional aerogel based on silicon. The
particles are connected to each other like pearl neckless, structures are three di-
mensional and the voids are typically ~30 nm in size. Adapted from 7.

Aerogels have applications in many fields ranging from chemistry to material sci-
ence to physics; they are used in Cerenkov detectors, they can be used as insula-
tors, in passive solar energy usage, as catalytic substrates, in acoustics, and as
filters to name a few.”

NFC forms a nanoporous hydrogel as it is prepared. This hydrogel can be used
to prepare light weight flexible aerogels with very different properties compared to
the SiO2-based and carbon based aerogels.?847498283 Cellulose-based aerogels
have been prepared previously but their emphasis has been on using regenerated
cellulose derivatives (cellulose 1) or cellulose-starch blends.8*-88 Cellulose Il is me-
chanically weaker than the native cellulose | so NFC offers a feasible route for me-
chanically strong, biodegradable, bio-based platform for aerogels.

There is a growing number of examples on NFC aerogels used to prepare for
example functional materials.*>#%-2 One of the first to show the preparation and
applicability of NFC aerogels were Paskkd and co-workers.?® They showed that
NFC hydrogels without chemical cross-linking can be used to prepare flexible and
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mechanically durable aerogels in vacuum oven by freeze-drying. Due to the entan-
glement of the fibrils in the network no cross-linker was needed and the cross-linking
of the aerogel was caused by physical intermolecular interactions (hydrogen bond-
ing) of fibrils. In contrast to inorganic and organo-modified silica aerogels, NFC aer-
ogels showed an order of magnitude higher strain and had maximum compression
strength of ~200 kPa. These results highlight the fact that NFC aerogels are not
brittle as traditional aerogels. Paakko et al. also show that these aerogels can be
used to prepare conducting aerogels simply by immersing the aerogel to a solution
of conducting polymer with surfactant. The polymer used in their work was polyani-
line doped with dodecyl benzene sulfonic acid.

Jin et al. show how NFC aerogel can be used to create superhydrophobic and
superoleophobic materials and show their applicability as cargo carriers on water
and on oil.*° The material was shown to be able to carry a load much larger than its
own weight. They show that these materials mimic the water striders in their ability
to form a layer of air between the solid material and water (a plastron layer). This
was also shown to occur in oil. The material showed reduces viscous drag when it
was in contact with oil, which originates from its ability to create the plastron layer.
The material was also shown to selectively permeate gases by not fluids.

These examples show that NFC aerogels can be applied in very different ways
than the traditional aerogels made of inorganic silica, paving the way towards green
and bio-based aerogels.

1.2.4 Stabilization of surfaces and interfaces in foams and emulsions

In many foam and emulsion applications, especially in food, pharmaceutical, and
cosmetic industries, the stabilization of surfaces and interfaces is a key issues for
product development.®%4 Another way to improve foam and emulsion stability is to
modify the properties, for example viscosity, of the continuous face. Traditionally
foams and emulsions can be formed and stabilized by the presence of amphiphilic
molecules such as detergents. These molecules are considerably small in size and
contain a longer hydrophobic moiety and a small hydrophilic moiety, such as sodium
dodecyl sulfate (SDS), which is commonly used in everyday items like toothpaste.
Detergents self-assemble to cover gas or oil droplets in water environment so that
the hydrophobic side of the molecule is facing the gas/oil (i.e. the hydrophobic ma-
terial) face and hydrophilic facing water, or the hydrophilic material (Figure 4A).
They lower the surface or interfacial energy and thus allow the formation of foams
and emulsions and keep the formed gas bubbles or oil droplets apart. Traditional
detergents do not stabilize the foams and emulsions very well allowing the coales-
cence of oil droplets or gas bubbles during time.®3%4 In foams this is known as Os-
wald ripening where gas flows from smaller bubbles to larger bubbles causing the
loss of foam structure.®* More effective stabilization of surfaces and interfaces is
gained by the use of polymers.®> Once adsorbed to the surface or interface they are
more efficient in keeping the interfaces apart. %%
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Figure 4. A schematic illustration of A) detergent, such as SDS, stabilized emul-
sion/foam, and B) a solid-stabilized emulsion (Pickering emulsion)/foam.

Along traditional emulsifiers and foaming agents, solid stabilizers of nanoscale size
have been developed. These solid particles self-assemble on surfaces and inter-
faces and produce more stable foams and emulsions. Solid-stabilized emulsions
are also called Pickering emulsions. The solid particles assemble on the interface
due to their tendency of being partially wetted by water and partially by the hydro-
phobic matter (Figure 4B). The same principal drives them to gas-water inter-
faces.?®%7 These solid particles are also called Janus particles due to their two-
phased nature.®8-1% Janus particles exist in nature as well, for example the protein
amphiphile, hydrophobin, from fungi is well known to lower the surface tension of
water by self-assembling onto the air-water surface and allowing the hyphae to pen-
etrate through the surface. 19192 They also readily assemble to any hydrophobic
material, liquid or solid.101.103-105

Nanocellulose having nanoscale dimensions could be a useful bio-based solid
colloidal material for the stabilization of emulsions and foams.1%6-112 |t is known that
in the crystalline cellulose parts of cellulose | the cellulose chains are arranged in
such a fashion that the different faces of the crystallites have different properties;
two of them are more hydrophobic while the other two are clearly hydrophilic.113.114
This is a useful feature in NC that could aid its assembly at interfaces and potentially
be used as a stabilizer in emulsions and foams. Also the fact that NC is bio-based
and bio-degradable adds interest in using them instead of polymers and non-bio-
logical solid particles especially in the fields of food, pharma, and medical technol-
ogies.

In literature many times the phrase “foam” is used instead of “aerogel”, which the
material actually is. | will here make a difference in that an aerogel is a material that
has been prepared by the exchange of liquid to gas as described earlier. By foam
is meant a structure where gas in one way or another has been trapped in a matrix
containing liquid and possibly solid material. The foam can be dried after prepara-
tion to yield solid foam or dry foam.
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In our work in Publication (I) we saw that both CNC and NFC assemble onto the
oil droplet interfaces creating oil-in-water emulsions and that especially NFC had a
significant effect on the emulsion stability. In addition to the assembly at the inter-
face, NFC also changed the viscosity of the continuous phase (water) of the emul-
sions and thereby hindered the movement of the oil droplets within the matrix thus
stabilizing the emulsion further compared to CNC.

Other examples of emulsion stabilization by NC materials are presented by Sébe
and colleagues'!?, who used CNC, and Ougiya and colleagues'!®, who used bacte-
rial cellulose (BC). Cervin et al. have used NFC to stabilize foams*°8.

In the first example, Sebe et al. created Pickering emulsions of oil-in-water type
with surface modified CNC. They had two different surface modifications and three
different non-polar to slightly polar phases that were used to create the emulsions.
The surface modifications were vinyl acetate and vinyl cinnamate, and they saw that
the modification had an effect on the emulsion stability. They speculate that the vinyl
cinnamate modified CNC emulsions could be useful in creating photo responsive
emulsion systems. They also propose that the emulsion stabilization of such a sys-
tem based on polymerizable monomers could be applied to polymerization in dis-
persion media.'?

Ougiya et al. investigated BC compared to other more macroscopic cellulose
materials (microcrystalline cellulose, MCC, microfibrillated cellulose, MFC), a natu-
ral polymer (xanthan gum), and a small surfactant (sorbitan monolaurate). They saw
that BC stabilized the emulsions better than the rest of the cellulosic materials. This
was due to its fine nanoscale size in comparison to the coarser MCC and MFC. It
was also noted that the BC stabilized emulsions were stable against pH change,
temperature change and NaCl concentration which neither the polymeric material
nor the surfactant were. They saw that in addition to creating a mechanical barrier
on the oil droplet surface, BC fibrils were observed in the continuous phase of the
emulsion forming a scaffold for the oil droplets. This scaffold structure in their opin-
ion contributed to the stability of the emulsion. This seems to be the same observa-
tion that we had with NFC stabilized emulsions, specifically that the fibrils in the
continuous phase, in addition to the mechanical barrier on the droplet surface,
serves to stabilize emulsions.t®

Cervin et al. have shown that carboxymethyl modified NFC can be used together
with a polymeric substance to stabilize foams and that these foams can be dried to
solid foams without the collapse of the foam structure. The lifetime of the aqueous
foams was significantly prolonged compared to foams that were not stabilized with
NFC. The mechanical properties of the solid foams were measured and noted that
the Young's modulus of compression was better than that of freeze-dried cellulose
aerogels but lower than that of polystyrene foams. The structure of the aqueous
foams was investigated by different microscopy methods. They saw that NFC as-
sembled on the air bubble surfaces. They speculate that this assembly of the poly-
mer coated NFC on the surface inhibits the diffusion of air from smaller bubble to
larger bubbles and thus inhibits the coalescence of the bubbles and causes the
stability of the foam.108
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1.2.5 Thin films

Thin films are used in many different applications including electronics, coating and
pharma technologies, biosensors, as well as employed to understand fundamental
material interactions.*?116-122 These films are often prepared on solid supports by
spin-coating?, solvent casting*?*, chemical vapor deposition (CVD)*?>'%6, atomic
layer deposition (ALD)'?” or prepared on a Langmuir trough by self-assembly of
molecules onto air-water/oil-water interface and then lifted on solid supports by ei-
ther Langmuir-Blodgett (LB) or Langmuir-Schafer (LS) -method*?8-1%, Molecules
with a self-assembling tendency can be adsorbed directly onto solid supports from
bulk1011%4 These different methods can be used to prepare thin films with monomo-
lecular layers, or multiple layers of altering (or the same) materials referred to as
layer-by-layer deposition (LbL)*3L. LbL allows a controlled architecture of alternating
layers of different materials to be present in a film. Polymers, metals and nano-
materials are used for preparation of thin films for their desirable and tunable prop-
erties, which include conductivity, porosity, hydrophobicity, and plasmon resonance.
Self-assembly is a feature that is, in most materials that form thin films, a key for the
preparation and structure of the resulting film. Static self-assembly occurs when
molecules assemble to reach a thermodynamic equilibrium or energetic minimum
at certain conditions.**?

CNC and NFC readily form thin films upon for example spin-coating, casting, LS-,
and LB-techniques®?133-135, NFC thin films have been used as model films to study
the interactions of native cellulose with several other molecules, such as hemicellu-
loses and cellulases'®®*3”. NFC has also been used to prepare flexible, transparent
organic light emitting diodes (OLED)*6. The multilayers of NFC and polymeric ma-
terials have also been prepared and their mechanical and adhesive properties have
been studied!®3°, CNC has been used to create thin films with birefringence prop-
erties due to their rod-like structure?*?. These materials would offer an environmen-
tally friendly approach for electronic and other thin film applications.

In Publication (l) of this thesis, we have investigated the use of NFC to create
bioactive thin films that could be used in diagnostic applications but also in other
applications where biomolecule immobilization is required, such as enzymatic pre-
treatment in paper making and other industrial scale processes that take advantage
of enzyme reactions. In our work, we used NFC to take the immobilization chemistry
from solid surface (2D) to bulk (3D), by attaching the biomolecules to NFC fibrils in
aqueous dispersions. After the coupling the NFC ability to create films upon spin-
coating was exploited in creating porous thin films with bioactivity. The benefit of
NFC in this case was also the fact that multiple layers could be spin-coated and due
to the porosity of the films bioactivity was seen throughout the whole film.

Cranston et al. used LbL deposition of NFC and polyethylenimin (PEI) to create
thin films of different thicknesses of alternating NFC and PEI.**° The elastic proper-
ties of the films were investigated by strain-induced elastic buckling instability for
mechanical measurement (SIEBIMM) technique. This technique allows the deter-
mination of Young's modulus of thin films with thickness down to ~40 nm. In their
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work Cranston and co-workers show that NFC thin films and SIEBIMM are useful
tools to investigate how the properties of the thin films change with humidity and
thickness, provide in-depth information on the fibril-fibril and fibril-polymer interac-
tions and show that SIEBIMM is an applicable technique to large aspect ratio colloi-
dal particles. They show that humidity causes a significant decrease in the mechan-
ical properties and highlight that in order to achieve strong reinforcement by NFC
extensive cellulose-cellulose interactions are needed and water adsorption has to
be minimized. They predict that the technique will be useful to study different com-
binations of NFC (modified with anionic or cationic groups), lignin, and hemicellu-
loses to mimic and understand the interactions of thin lamellae in the fiber wall but
can also be applied generally to determine moduli of films containing nanofibers,
nanocrystals, dissolved cellulose, and other biomimetic thin films.

1.3 Modification of nanocellulose surface properties

The properties discussed above make NFC and CNC very promising materials for
rheology modifiers, mechanical reinforcement, as templates for smart materials, in
barrier technologies, flexible electronics, and many biotechnological and biomedical
applications.

CNC prepared by HCI-hydrolysis has a very poor colloidal stability. This is due
to lack of repulsive forces between the crystallites and thus the suspensions are
very unstable. The use of H2SOa in the hydrolysis adds enough negatively charged
groups (sulfate) on the crystal surface to create repulsion between the individual
rods and thus yields a more stable dispersions in agueous media. If one wants to
embed them in other materials such as hydrophobic polymers further surface mod-
ification is needed for sufficient interaction to take place between the two materials
at the interface.

The same need for surface modification applies for NFC yet it is more stable in
aqueous media after preparation than unmodified CNC. In NFC materials derived
from wood source this is most probably due to the hemicelluloses present in the
material acting as a colloidal stabilizer and preventing aggregation. NFC is also less
crystalline and contains substantial amount of unordered amorphous parts in the
fibrils that do not aggregate as strongly as crystalline regions. Nevertheless NFC is
very sensitive to processing and tends to flocculate or aggregate upon different
treatments such as solvent exchange, application of mechanical force etc. (lll).
Blending unmodified NFC or CNC together with other materials rarely works out due
to the lack of interaction of the fibril surface with the other materials. In other words,
the cellulose crystal and fibril surfaces are passive and do not readily interact with
other materials.

To overcome these issues NFC and CNC surfaces need to be modified for their
efficient use in most applications. The modification of NFC and CNC can be grouped
to chemical and physical modifications as with any colloidal particles. Chemical
maodifications involve covalent bonding and the chemistries are usually done in sol-
vent media. They can involve chemicals that are hazardous, such as azides or metal
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catalyst, and the reaction conditions can be harsh, including extreme pH, high tem-
perature, and inert gas environment. Physical modifications are generally done in
less harsh conditions than chemical; they involve adsorption of molecules on to the
surface via weaker chemical interactions than covalent bonding i.e. electrostatic in-
teractions, hydrophobic interactions, or van der Waals interactions.

In the following sections the different modifications and their use in functionaliza-
tion of NFC and CNC will be discussed.

1.3.1 Chemical covalent modification of nanocellulose surface

The different chemical modification of NFC and CNC can be divided roughly into
three major groups; negatively charged, positively charged, and hydrophobic NC.
The degree of modification will affect the materials properties. In the case of CNC
the amount of negative groups on the surface will determine how well the individual
rods are dispersed and in what concentrations they will behave as gels or liquid
crystals.®”53 In the case of NFC chemical modification can reduce the amount of
hemicellulose and affect the colloidal stability (I, epoxy modified NFC) or it can alter
the pH sensitivity of the material 4. The idea in NFC and CNC modification is to
sustain the strong cellulose | crystal structure and to modify only the very surface of
the fibril or crystal. Thus, the modification conditions need to be kept mild enough
in order not to swell and subsequently dissolve the cellulose.*® Also flocculation
needs to be avoided and a good dispersion of fibrils and crystals during modification
is important so that the product is evenly modified.

1.3.1.1 Anionic functionalization

As described earlier, CNC can be produced in such a way that the surface of the
product will hold a net negative charge. This is simply done by choosing the acid for
the hydrolysis reaction accordingly; sulfuric acid will derivate the resulting CNC sur-
face with sulfate groups and hydrochloric acid will not derivate the CNC surface.'®
The sulfate-CNCs can readily interact with positively charged molecules'#?, can be
dispersed in water and some polar solvents*?, and can be used for further modifica-
tion or functionalization'#3. The HCI-CNC can also be modified after production ei-
ther to contain sulfate groups (treated with sulfuric acid) or to contain carboxylic acid
groups'#. The latter method is mostly applied to NFC materials and will be de-
scribed in the following paragraph*°.

To produce negatively charged NFC with a very fine and even size distribution,
a method called TEMPO (2,2,6,6,-tetramethylpiperidine-1-oxyl) -catalyzed oxidation
has been developed.'#® TEMPO-oxidation of cellulosic material is solely specific to
the C-6 hydroxyl (primary alcohols). The specificity and well controlled conditions of
the reaction allow the reaction to take place only on the primary alcohols exposed
on the fibril surface. The modification leads to fibrils where every second AGU on
the fibril surface carries a modified C-6 hydroxyl. Due to the specific nature and well
controlled reaction conditions TEMPO-oxidation produces cellulose fibrils with a
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very uniform diameter depending on the source they originate from.#7-14° The prop-
erties of TEMPO-oxidized NFC (TEMPO-NFC) are very different from the original
non-modified NFC first due to the high density of negative charge on the fibril sur-
face and second due to the fibril dimensions being smaller and more homogene-
ous.#>147 The size of TEMPO-NFC fibrils and their fine dispersions in water allow
fully transparent hydrogels with high viscosity in comparably small solid content and
they form transparent films with high oxygen barrier properties upon drying32145,
The wettability of TEMPO-NFC is very different from that of neat NFC. A dry
TEMPO-NFC film adsorbs water almost immediately but this can be reduced by
surface hydrophobization commonly used in papermaking. Also the thermal degra-
dation of TEMPO-NFC is altered and it is lower than that of unmodified fibrils. The
thermal expansion on the other hand is very low, much lower than that of glass.%
This feature together with the high transparency makes TEMPO-NFC a potential
substrate for flexible electronics. The large surface area, high aspect ratio and high
charge density offer an interesting starting material also for further modification and
functionalization, which has been investigated for example in Publication Il of this
thesis by conjugation of enzymes to TEMPO-NFC.

1.3.1.2 Cationic functionalization

For interactions with negatively charge materials, such as kaolin clay**° and oxi-
dized graphene'®?, for further modifications with functional groups, such as proteins
(I), or to add strength and antibacterial properties to materials 52152, cationic groups
have been introduced on NFC surface. Different routes to prepare cationic NFC
have been reported in literature41:150:152-154 These reactions rarely alter the rheo-
logical properties of NFC dispersions or the fibril morphology too dramatically, as
compared to for example TEMPO-mediated oxidation, but rather introduce reactive
groups on the fibril surface with lower degree of substitution.

In Publication (II) we show one route to alter the surface of NFC by introduction
of amine groups in order to further modify NFC with bioactive moieties, i.e. enzymes.
The synthesis was performed via silylation reaction originally tailored for dissolving
pulp. The amount of amine groups in the modified NFC was calculated to be 1.24
mmol g* cellulose and the degree of surface substitution for the material was ~0.2.
The surface substitution was possible to estimate since x-ray photoelectron spec-
troscopy (XPS) was used to analyze the surface silicon and nitrogen content. In
contrast many times the total substitution level of the material is reported and then
assumed that all reactive groups lie on the fibril surface. In the latter case the fibril
dimensions will affect the surface substitution degree and vary accordingly.

1.3.1.3 Hydrophobic functionalization

Hydrophobicity of NFC and CNC materials is often desired for interactions with pol-
ymers that are hydrophobic. This is usually done by polymerization reactions either
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from or onto fibril and crystal surface. There are numerous examples of these reac-
tions and they are well reviewed.1>155156 |n some cases hydrophobicity in combina-
tion with nanoscale hierarchical structure of the material can lead to super hydro-
phobicity of the resulting material*>’. Another reason for hydrophobizaton of NFC or
CNC would be that some of these groups are easily reacted further. An example of
such modification is the epoxy moiety. Epoxy groups are well known to react with
amine groups and can be used to cross-link materials (epoxy glues) or for example
covalently immobilize proteins onto solid supports58-160,

In Publication (II) of this thesis we made and examined the use of epoxy modified
NFC in protein conjugation and immobilization. The epoxy containing NFC was pre-
pared through an allylation step described earlier by Huijbrechts et al. for starch.
The amount of epoxy groups for the final NFC material was analysed to be 0.64
mmol g per glucose and calculated to correspond to a degree of substitution of
0.061. This is a total degree of substitution and the surface substitution would be
higher assuming all epoxy groups were on the fibril surface. This assumption is jus-
tified since the fibrillar structure of the NFC material was sustained and not de-
stroyed by the reaction conditions. The surface substitution in this case is very hard
to estimate due to the broad size distribution of the fibrils in the material.

1.3.2 Physical adsorption of molecules onto nanocellulose surface

For NFC and CNC containing charged groups on their surface the adsorption of
other molecules can be performed using charge interactions. This can be used to
decorate the fibrils or crystals with functional groups or to yield better interaction
with another material in composites. CNC and NFC can also be readily modified by
adsorption of other carbohydrate containing molecules such as hemicelluloses and
branched polymers containing sugar moieties3":161-163_|n nature there are also pro-
teins that specifically adsorb to cellulose surface. These are called cellulose binding
modules (CBM, or cellulose binding domains, CBD)*, and they are produced by

organisms that can degrade cellulose, for example some fungi and some bacte-
in 164,165
ria. %%

1.3.2.1 Adsorption of hemicelluloses to cellulose

It has been observed that other natural carbohydrate containing polymers, i.e. hem-
icelluloses, of different sizes interact with cellulose surface and adsorb read-
ily?26.137.162,163,166-168  The adsorption is dependent on their size and branching; the
larger they are the more they adsorb and the more branched they are the less they
adsorb. For example studies on xyloglucan adsorption have shown that polymers

1 In the first publication (1) the term CBD was used. In this thesis and the fourth manuscript
(IV) the term CBM is used.
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smaller than 12 sugar units do not adsorb on cellulose surface. For xylan the critical
length has been shown to be 15 units. 163169

NFC from wood source has always residual hemicelluloses; from soft wood
source galactoglucomannan, and from hard wood source glucuronoxylan 170171,
The hemicellulose in pulp has been shown to aid fibrillation the process'”. The dry-
ing of pulp has also a negative effect on the fibrillation process; the fibrils coalesce
irreversibly by the formation of strong hydrogen bonding and due to the contamina-
tion of the fiber surface, it is made passive or less reactive. It has been shown that
the more hemicellulose is present in the pulp the less it suffers from the effects of
drying.170:172-174 |n this regard, it can be considered that NFC from wood source has
already a natural modification on the fibril surface by the physical adsorption of hem-
icellulose. This surface modification of NFC has an impact on the preparation and
handling of the material but also on the mechanical properties of the products pre-
pared from it. This was seen in the third publication of this thesis (lll) where the role
of xylan in hard wood NFC matrixes was studied by specifically removing xylan by
xylanase enzyme. It acts as a colloidal stabilizer of the fibrils?2 but it also affects the
chemical modification of NFC material. It is more reactive than cellulose and the
conditions in the reactions solubilize hemicelluloses making it more accessible for
the reagents than cellulose. Thus hemicelluloses usually lower the reaction yields.
This was seen for example in the second publication of this thesis (Il), when NFC
was modified with epoxy functionalization.

1.3.2.2 Specific adsorption of cellulose binding module, CBM, on nanocellulose

In nature many organisms ranging from fungi to bacteria produce proteins or pep-
tides that have the ability to bind specifically to crystalline cellulose. In the filamen-
tous fungus, Trichoderma reesei, some of the cellulose degrading enzymes, cellu-
lases, have a CBM, which are members of the family 1.164

The CBMs of the two major cellulases of T. reesei, cellobiohydrolase | (previously
named CBHI, later Cel7A) and cellobiohydrolases Il (previously named CBHII, later
Cel6A) have been studied extensively.? Recent and past reviews offer a good over-
view on what their role for the cellulase action is proposed to be®*1>, The enzymes
have two functional domains; a core enzyme with the catalytic activity, referred to
as catalytic domain (CD) and the CBM which is attached to the core enzyme by a
relatively long linker that is O-glycosylated (Figure 5A).17617" The fungal family 1
CBM proteins are small peptides of ~3 kDa in size. The amino acids that are crucial
for the binding have been identified. For the CBM-CEL7A there are three tyrosine
residues (Y5, Y31, and Y32) on the binding face which are critical (Figure 5B) and
for CBM-CELGA there are two tyrosine residues (Y33 and Y34), and a tryptophan

2 In Publication | the nomenclature CBHI and CBHII have been used instead of Cel7A and
Cel6A. In this thesis and in Publication IV the nomenclature Cel7A and Cel6A has been used.
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residue (W7) responsible for the binding.17817° By mutating these residues the bind-
ing properties of the CBMs are altered'°. The affinity of the CBMs has been previ-
ously studied with substrates such as BMCC, tunicin, Avicel and chitin. It has been
shown that the binding affinities differ on different substrates.113178181 |t has also
been shown that when these two CBMs are linked together genetically, a boost in

affinity is detected 2. This is a common phenomenon seen with binding proteins
183

Linker

Asn29

Catalytic domain ’ y < 4
CBM Cellopentaose

Figure 5. A) Structure of Cel7A cellulase showing the catalytic domain, the cellu-
lose binding module and the linker between the two domains. (Image surtesy of
Markus Linder.) B) The structure of CBM of Cel7A enzyme (CBM-Cel7A, adapted
from the entry 1CBH in RCSB PDB), where the amino acids in the flat binding face
are shown (Tyrosine (Tyr) 5, Tyr31, Tyr32, Glutamine (GIn) 34 and Asparagine
(Asn) 29), and the structure of a five unit long cellulose chain, cellopentaose,
aligned with the binding face of CBM-Cel7A.184

CBMs have been applied in biotechnology to bring function to cellulosic materials;
cross-link cellulose with other materials such as starch, and to immobilize enzymes
or proteins on paper8-189_|n Publication (1) of this thesis we used a double cellulose
binding module (DCBM) protein genetically fused to hydrophobin HFBI to stabilize
surfaces and interfaces. In the fourth publication (V) of this thesis we studied the
role of the linker in the DCBM protein and its effect on the binding properties com-
pared to the single CBMs. By altering the linker length it is possible to manipulate
the protein binds onto NFC surface. This has been studied by Malho & Arola (man-
uscript under revision) and it has been shown that the linker length of the DCBM
protein alone affects the film properties. Another example of the functionalization of
NFC via HFBI-DCBM protein has been shown by Laaksonen et al. 1°. They used
the ability of HFBI to exfoliate graphene 1% and combined it with DCBM ability to
bind to NFC to create tough and strong nacre mimetic composites where the bifunc-
tional protein connects the two materials at their interfaces.

In Publication IV we also show that the CBMs have preferences in binding to
different substrates. We showed that the DCBM exhibit a boost in affinity when bind-
ing to BMCC compared to individual CBMs, which has been seen before!82. On NFC
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though, the CBM-Cel7A had higher affinity than any of the other proteins. We spec-
ulated that CBM-Cel7A has another binding site on NFC that does not exist on
BMCC and which is not seen by CBM-Cel6A or the DCBMs. In this regard, NFC can
also prove to be a very useful tool for cellulase research and opens up new insight
and possibilities for the mechanisms on how these enzymes act on different sub-
strates. HCI-CNC should also be potential for the study of cellulose degrading en-
zymes as well as CBMs alone. The pure crystalline cellulose nature of CNC would
be useful for solely studying the enzyme activity on cellulose and CBM binding with-
out the other materials that are present in NFC or lignocelluloses; namely hemicel-
luloses and lignin but also amorphous cellulose. 13191193
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2. Aims of the present study

The overall aim of this work was to study how nanocellulose can be modified and
functionalized through biochemical routes.

1. How can specific affinity be used to introduce novel function to nanocel-
lulose surface? (1)

2. Can nanocellulose be used to stabilize interfaces? (1)

3. Can nanocellulose be used to immobilize biomolecules and what are
the benefits compared to existing methods? (Il)

4. What is the role of hemicellulose in NFC matrixes? (III)
5. How does structure of DCBM affect their adsorption properties onto

nanocellulose and what are the benefits in using nanocellulose in bind-
ing studies as a substrate? (IV)

Genetic Engineering of
Protein Function

a2 X2k A
Ry W

Enzymatic Modification

a

Bio-conjugation

—

Figure 6. The different methods used in this study to accomplish biochemical
modification and functionalization of nanocellulose.
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3. Results and discussion

3.1 Using specific affinity of cellulose binding module (CBM)
to introduce novel function to nanocellulose (Publication I)

In the first article we used a bi-functional recombinant protein, called the hydro-
phobin double cellulose binding module protein (HFBI-DCBM), to introduce am-
phiphilic function to nanocellulose surface. In HFBI-DCBM there are two CBM from
the two major cellulases of the filamentous fungus Trichoderma reesei, Cel7A and
Cel6A, and a class Il hydrophobin, HFBI, of T. reesei (Figure 7).1% The binding
properties of the fusion protein to nanocellulose were studied using tritium labelled
protein and the protein’s ability to self-assemble at interfaces was studied in a Lang-
muir trough. The structure of the interfacial films that the HFBI-DCBM - nanocellu-
lose complexes formed was studied by atomic force microscopy (AFM). The effect
of nanocellulose on the strength of the interfacial film was studied by surface shear
and dilatational rheology. The effect of nanocellulose on emulsion stability and
structure was studied by different microscopy methods and by calculating the emul-
sion stability index.

Tyrs  GIn34 Tyr32

Asn29

Hydrophobin, Cellulose Binding Fusion protein,
HFBI Module, CBM HFBI-DCBM

Figure 7. A schematic illustration of the components of the fusion protein HFBI-
DCBM. HFBI structure®® (PDB entry 2FZ6) is presented with hydrophobic to hy-
drophilic surface coverage of amino acids showing hydrophilic residues in green
and hydrophobic residues in pink (the hydrophobic patch). The stick model of
CBM is that of Cel7A cellulase!® (PDB entry 1CBH). The two different CBM in the
fusion protein are presented in different colors, CBM-Cel6A is in red and CBM-
Cel7A is in green.

The binding capacity for HFBI-DCBM on NFC was very similar to what has been
previously observed for an individual DCBM-construct on bacterial cellulose. It has
also been previously shown that affinity can be increased by placing two CBM in
tandem compared to using single CBM.82 This was why DCBM was chosen as the
fusion partner for the HFBI protein.

The rate of release of HFBI-DCBM was investigated to understand how stable
the modification on nanocellulose would be under changing conditions. The results
showed that in two hours, only a small amount of HFBI-DCBM came off from NFC
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surface due to dilution indicating that the desorption rate is very slow. The exchange
rates of the single CBM have been studied previously and it has been shown that
the binding of Cel7A-CBM is truly reversible on BMCC substrate in contrast to
Cel6A-CBM that showed minimal exchange on BMCC during the time course of the
experiment. In this study for the HFBI-DCBM a non-complete or very slow adsorp-
tion could thus be expected. This was seen as a good property since in materials
uncontrolled release of the DCBM moiety of the fusion protein could cause prob-
lems.

The ability of HFBI-DCBM modified NFC and CNC to assemble at the air-water
surface was studied in a Langmuir trough. The formed surface films were visualized
by atomic force microscopy (AFM) (Figure 8), which were lifted on graphite by Lang-
muir-Schaefer -method (LS). The protein modified NFC and CNC readily assemble
at the surface. In contrast no assembly of NFC or CNC was seen if protein was not
used. These results showed that the protein does bring function to nanocellulose
surface and that it can be used in the formation of nanocellulose interfacial films.

Figure 8. AFM images of Langmuir-Schaefer -films of A) a self-assembled film of
NFC + HFBI-DCBM and B) a self-assembled fim of CNC + HFBI-DCBM at the air-
water surface. Scan size 2x2 um, height 30 nm.

To study the effect of NFC in the surface self-assembled films, we performed sur-
face shear rheology experiments at the air-water surface. The results of the HFBI-
DCBM + NFC -films were compared to HFBI-DCBM and HFBI films. All the films
showed a high elastic modulus, G’, compared to the viscous modulus, G”, indicating
that the films were very elastic. The highest value for G’ was gained for HFBI film
and it formed faster than the other films. The results showed also that NFC does
not contribute to the strength of the film indicating that it is not incorporated in the
film structure but rather under the protein film. This was also seen in the AFM im-
ages. NFC caused variation in the results suggesting an uneven distribution of the
fibrils under the films.

Interfacial dilatational rheology experiments were used to study the NFC assem-
bly with and without HFBI-DCBM at air-water surface and oil-water interface. Table
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1 summarizes the dilatational rheology results. A low phase lag for all film types was
observed implying a formation of an elastic film. Surface tension was significantly
lowered by HFBI-DCBM on both air-water surface and oil-water interface, which
indicates that the fusion protein adsorbs on both. The values gained for surface
tension of HFBI-DCBM + NFC -fims were comparable to those obtained for the
protein only films indicating that the incorporation of NFC did not affect the proteins
ability to self-assemble. The adsorption of NFC alone did not lower the surface ten-
sions of either of the surfaces as much as the protein did which indicates that the
protein has a stronger tendency to adsorb on the surfaces than NFC. NFC lowered
the interfacial tension of the oil-water interface more than the surface tension of air-
water surface, which indicates that NFC has a larger tendency to adsorb on oil-
water interfaces. The dilatational moduli, E’ and E”, for NFC at oil-water interface
were also significantly larger than the ones for air-water surface indicating that NFC
forms a stronger interfacial film on oil-water interface than at air-water surface. The
values for dilatational elastic modulus (E’) at air-water surface for pure protein were
the highest indicating that HFBI-DCBM alone forms the strongest film with strongest
intermolecular interactions. The lowest values were gained for pure NFC at air-wa-
ter surface indicating insignificant self-assembly behavior but rather precipitation of
fibrils unevenly. The mixed film of fusion protein and NFC gave intermediate values
at air-water surface indicating some disturbance of the protein film structure by NFC.
At the oil-water interface E’-values were generally much lower compared to the air-
water surface, which indicates that the protein film structure or the interactions
formed are different on the different interfaces/surfaces. The fusion protein alone
gave the highest E’-values at oil-water interface. This behavior is comparable to the
air-water surface. The behavior of fusion protein + NFC -films was different on oil-
water interface compared to air-water surface giving the lowest E’-values at oil-wa-
ter interface. This indicates that NFC disturbs the protein film structure more at oil-
water interface than at air-water surface. The result was expected since NFC alone
forms a stronger film at oil-water interface than at air-water surface.
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Table 1. The surface and interfacial dilatational moduli of HFBI-DCBM, NFC, and
their mixture -films at air-water surface and oil-water interface. |E| represents the
complex modulus, E’ is the elastic modulus and E” the viscous modulus of the
films.

Surface ten- [E|](mN | E'(mN | E"(mN | Phase lag
sion (MmN m™1) m-1) m-1) m-1) (deg)
HFBI-DCBM (a-
57 235 243 6 -1
w)
HFBI-DCBM (o-
9 33 32 5 8
w)
NFC (a-w) 63 8 8 0 1
NFC (0-w) 15 21 20 4 11
HFBI-DCBM +
53 146 145 16 6
NFC (a-w)
HFBI-DCBM +
9 14 14 1 5
NFC (0-w)

As was shown above the self-assembly of HFBI-DCBM and NFC lead to interfacial
films at oil-water interface. Thus we investigated how the formation of such films
could affect emulsion properties. Emulsions of water and hexadecane were pre-
pared in the presence of HFBI-DCBM and/or NFC and the resulting emulsion struc-
tures were studied by microscopy. The emulsions were confirmed to be oil-in-water
type by staining the oil face. In emulsions made by only HFBI-DCBM or both NFC
+ HFBI-DCBM the droplet size was much smaller than in those formed by NFC
alone. In the emulsions where NFC was present it could be seen covering the oil
droplets and when the amount of NFC was increased it filled the continuous phase
forming a network where the oil droplets were trapped. Similar structures were ob-
served for CNC with and without HFBI-DCBM.

The stability of the emulsions was studied by following the separation of the emul-
sion phase from the aqueous phase. The results were presented as emulsion sta-
bility indexes (ESI). ESI is calculated from the volume of separated water and the
total amount of water in the system (equation (1) in Materials and Methods, Section
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4.3). Emulsions with NFC or CNC were prepared with and without HFBI-DCBM and
a control emulsion with only HFBI-DCBM was also prepared. NFC containing emul-
sions were more stable than those made with CNC. In general the stability of NFC-
containing emulsions was dependent on the cellulose concentration. A further en-
hancement of the stability was achieved by the addition of HFBI-DCBM to the sys-
tem. Full stability (100%) of emulsion was achieved in conditions where NFC con-
centration was ~1.25 g L't and HFBI-DCBM concentration was 1 g L™X. With only
NFC-containing emulsions at the studied concentration range (up to 2 g L) the
most stabile emulsion had a volume of 80%. HFBI-DCBM alone functioned quite well
in stabilizing the emulsions with concentrations higher than 1 g L but the equilibrium
volumes above 80% could not be achieved. The ESI value for control emulsion
made with 1 g L* HFBI and 1 g L' NFC was 54%. The only variable that showed a
clear dependency on the ESI values was the amount of bound protein that could be
calculated from the binding isotherm. This indicates that the best emulsion stability
occurs when maximal binding capacity of HFBI-DCBM to NFC is achieved.

In contrast to previous studies where NC materials have been used in emulsion
stabilization, here we introduced a specific function of self-assembly to nanocellu-
lose via specific function of DCBM fusion protein, and created stronger surface and
interfacial films of nanocellulose than could be achieved without the specific protein
functions.107:109.110.112 The study shows that emulsions can be stabilized further by
the functionalization of nanocellulose compared to nanocellulose alone or the mod-
ifying protein alone.

3.2 Using NFC as a platform for protein conjugation and the
bioactive film formation of the conjugates (Publication II)

Protein immobilization onto surfaces is widely used in many biotechnical applica-
tions ranging from the ability to reuse enzymes in industrial processes to diagnostic
methods largely relying on antigen/anti-body immobilization96-2%°, The most signif-
icant drawbacks of protein immobilization methods are that surface chemistries are
often very slow relying on diffusion, immobilization effectiveness is restricted by ste-
ric hindrance of immobilized molecules, protein unfolding on surfaces, and poor
control of the orientation of the immobilized molecule all causing loss of the bioac-
tivity. Surface chemistries are also problematic to scale up for large surface ar-
eaS.159'196'198'201_204

In the second publication of this thesis we took advantage of NFC intrinsic prop-
erties of dispersing to aqueous solutions and to form nanoporous films from solu-
tions to immobilize enzymes and to form bio-active surfaces from the conjugates
(Figure 9). We used three different bio-conjugation methods in bulk depending on
the NFC-derivative, used spin-coating technique'?® to form bio-active surfaces of
enzyme-NFC conjugates, and tested how the structure of NFC-derivative affected
the formation and activity of multiple layers, analyzed the bioactivity on the films with
different number of spin-coated layers, and investigated the structure of the films by
AFM.
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Figure 9. A schematic illustration of the bioconjugation process of a biomolecule
to NFC. Step 1: Conjugation is done in solution. Step 2: Bioactive films are readily
formed by spin-coating. Step 3: Bioactivity is detected.

The three different NFC-derivatives were; epoxy-modified (epoxy-NFC), amine-
modified (amine-NFC), and carboxylic acid-modified (TEMPO-NFC). The amount of
active groups on each derivative differed from one another. The degree of substitu-
tion (DS) for epoxy-NFC was 0.061, for amine-NFC 0.2 and for TEMPO-NFC 0.9.
The DS-values gave an indication for us on how well the immobilization should work
for each derivative. Alkaline phosphatase (AP) was chosen as an immobilization
partner because it gives a colored reaction. The reaction yields and the success of
the spin-coating of films were measured as the amount of bound AP per mass of
NFC. Spin-coating was also used to create multiple layers of bioactive films to study
the porosity of the NFC films and to add bioactivity onto the films.

The results showed that all the immobilization reactions were successful and that
multiple layers of bioactive films could be formed by all conjugates adding activity
onto the previous layer (Figure 10). AFM revealed that the structure of the bioactive
films in general were very different from one another and were very much dependent
on the starting material and the conjugation chemistries (Figure 11).
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Figure 10. The amount of AP (ug) immobilized by each successive layer of the dif-
ferent NFC derivatives shown by the area of the chip (cm?). White bars represent
epoxy-NFC, grey bars represent amine-NFC, and black bars represent TEMPO-
NFC.
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The AFM images of all films formed by the non-conjugated NFC-derivatives and the
AP-conjugated NFC-derivatives showed that the epoxy-NFC (Figure 11A) and the
amine-NFC (Figure 11C) were more heterogeneous in fibril dimensions than
TEMPO-NFC (Figure 11E). The epoxy-NFC formed the most coarse and unevenly
distributed films. TEMPO-NFC formed the finest films and amine-NFC formed more
tightly packed films than epoxy-NFC.

The structure of the AP functionalized epoxy-NFC film (Figure 11B) did not differ
from the original non-functionalized film. The AP molecules were not seen in the
images and were most likely immobilized as monomers or dimes (AP molecule is a
dimer in its active form). In AP functionalized amine-NFC (Figure 11D) and TEMPO-
NFC (Figure 11F) however, larger aggregates of height of ~70 nm were seen. This
was most likely caused by immobilization of AP clusters rather than single AP di-
mers (5—6 nm). The clustering of AP molecules in the case of TEMPO- and amine-
NFC is very likely due to the chemistries used in the immobilization. The clustering
is not possible in the epoxy-NFC case.

Figure 11. The AFM images of spin-coated layers of A) epoxy-NFC, B) AP func-
tionalized epoxy-NFC, C) amine-NFC, D) AP functionalized amine-NFC, E)
TEMPO-NFC, and F) AP functionalized TEMPO-NFC.

The film tightness, porosity and structure were also assessed by calculating the
amount of AP (pmol) immobilized per amount of NFC (ug) in the films in each suc-
cessive spin-coated layer (Figure 12). The data showed how the substrate for AP,
a small molecule (para-nitrophenyl phosphate, p-NPP) is able to penetrate into the
layers and react with AP. The data also showed that the most efficient of all the NFC
derivatives was TEMPO-NFC; immobilizing the most AP compared to the amount
of NFC spin-coated.
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The amine-NFC formed the most tightly packed films, which caused the decrease
in detection of AP per each spin-coated layer. From Figure 10 it was also evident
that the amount of AP activity on the films could not be increased after four spin-
coated layers for amine-NFC. In contrast, epoxy-NFC and TEMPO-NFC formed
films that allowed the penetration of p-NPP and AP detection all the way through
ten of more layers. Epoxy-NFC was shown to immobilize the least AP per NFC.
Looking from the AFM image it seemed that the film structure was coarser than with
the other derivatives allowing the penetration of p-NPP deeper into the multilayered
film. With the TEMPO-NFC the swelling of the material is much better compared to
non-modified or other chemically modified NFC. This is also a very good property
for multilayering and protein immobilization allowing the formation of well hydrated
loosely packed films with nanoporous structure. The hydrated environment is well
suited for the proteins and the loose packing and porous structure allows diffusion
of small molecules deep into the film structure.
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Figure 12. The amount of AP (pmol) immobilized by the different NFC derivatives
(1g) per each spin-coated layer. White bars represent epoxy-NFC, grey bars rep-
resent amine-NFC, and black bars represent TEMPO-NFC.

There are two features which are thought to be very effective in protein immobiliza-
tion and enzyme stability preservation; 1) multipoint covalent immobilization of pro-
teins, and 2) carrier-bound cross-linked enzymatic aggregation 1. In the case of
epoxy-NFC the first criteria is met. In the case of amine- and TEMPO-NFC both
criteria are met. This makes NFC a very good immobilization carrier for enzymes
with the benefits of taking the immobilization chemistry from surface to bulk and
being able to scale the process to large surfaces thanks to the ability of NFC to form
films by simply casting.
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3.3 Effect of xylan in NFC matrix

The formation of interacting nodes in percolating networks has been seen as the
major explanation of the superior properties of NFC?2. In the third publication (1I1)
we address the question of how hemicellulose, a major component in NFC prepa-
rations from wood source, affects the NFC properties.

Depending on the origin and the processing history, NFC can contain almost 30%
of hemicellulose (Publication IIl). In hardwood NFC, the main hemicellulose is glu-
curonoxylan'™. As discussed earlier hemicelluloses aid the fibrillation process of
pulp to MFC, which is most likely caused by the negative charges of hemicellulose
that cause repulsion between fibrils?°>2%6, To address the questions of how the hem-
icellulose is located in the fibril structure and how it affects NFC material properties
in solution and in dry state, we used a specific enzyme, pl9 xylanase of T. reesei,
to specifically remove xylan without affecting the cellulose structure2®’. We investi-
gated the effect of xylan hydrolysis and mechanical mixing to the percolating gel
network with rheology and to the film properties with extensional experiments. The
morphology of fibrils was investigated by AFM and cryogenic transmission electron
microscopy (cryo-TEM). To detect possible effects of xylanase treatment to cellu-
lose structure we performed dynamic vapor sorption (DVS) studies.

The hydrolysis of NFC with only pl9 xylanase resulted in a release of 32-36% of
the total xylan (~27 % of the material) as soluble saccharides from the material,
corresponding to approximately 10% reduction of total mass. Physical agitation, i.e.
mixing, did not affect the hydrolysis yield. These results indicated that xylan in hard-
wood NFC is only partly available for the enzyme.

AFM images and cryo-TEM images were obtained for all samples; NFC, xy-
lanase treated NFC, mixed NFC, and xylanase treated mixed NFC. All in all the
morphology and dimensions of the fibrils were not affected by the different treat-
ments. Therefore from this data it is difficult to say how exactly xylan is associated
with cellulose in the NFC matrix, whether it is as thin and evenly spread layer along
the fibrils or only as loosely bound sparse patches.

DVS studies were done to verify that xylanase treatment did not result in the
alteration of cellulose structure in NFC. It has been shown earlier that in relative
humidity (RH) less than 75% the water vapor sorption capability of cellulosic mate-
rials is dictated by their crystallinity and above RH 75% by structural features such
as their porosity?®. All samples showed very similar water uptake profiles, thus xy-
lanase treatment did not alter the crystallinity of NFC.

Small deformation stress sweep experiments were performed for all four sam-
ples. The elastic modulus (G’), viscous modulus (G”), phase angle (tand), and the
critical stress at the onset of non-linear behavior were recorded. The systems were
all elastic in nature. Xylanase treatment increased the elastic moduli and the critical
stress value. However, mixing lowered the elastic moduli of both NFC samples in
comparison to non-mixed NFC samples. The effect was more pronounced in the
case of xylanase treated NFC. The effect of xylanase without mixing was interpreted
as an increase in interactions between fibrils or as an increase in the number of
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stronger cellulose-cellulose interactions (compared to xylan-cellulose), which re-
sulted in a stronger percolating network. The mechanism of continuous mixing caus-
ing lowering of the elastic moduli was most likely related to less affective percolation
throughout the gel due to the formation of flocs caused by the shear forces during
mixing also seen previously??°. Flocculation causes loss of global percolation in the
gel and concentration of local interactions of fibrils. The xylanase treatment of mixed
samples lead to an even larger decrease of elastic modulus, thus, the formation of
flocs was apparently enhanced by xylanase treatment. These results indicated that
xylan removal can be favorable to some extent but when shear forces are applied
flocculation is greater and percolating network structure is lost more easily.

The elastic-to-viscous transition of the gels, i.e. the critical stress, studied by in-
creasing the applied stress supported the findings from the above rheology experi-
ments. The results followed the logic that mixing induces flocculation of fibrils caus-
ing loss of global interactions throughout the gel structure, which the xylanase treat-
ment enhances, but if samples were at rest (no mixing), the xylanase removal made
the gel network stronger.

NFC films of the differently treated samples were studied by extension experi-
ments. Although the preparation protocol was identical different thicknesses were
obtained for the different films and thus different densities. The reduction of thick-
ness in the xylanase treated films was expected by the loss of mass due to hydrol-
ysis. Also the mixing reduced the film thickness apparently by allowing a denser
packing of the fibrils.

The measured parameters (Young’s modulus i.e. stiffness, yield strength, ulti-
mate tensile strength, and strain-to-failure) showed dependence to both mixing and
xylanase treatment. In general, xylanase treatment decreased the values for mixed
samples and increased the values for non-mixed samples, except in the case of
strain to failure where xylanase treatment generally led to lower values. When NFC
samples were not mixed during xylanase treatment, the films became stiffer and
stronger. This was in line with the rheology data where gel strength was improved
by the same treatment.

Opposite to rheology results, continuous mixing also resulted in stiffer and
stronger films without xylanase treatment. Since the NFC samples not treated with
xylanase were chemically identical, there must be other factors leading to improved
properties. The thickness of the mixed NFC film compared to NFC without any treat-
ments was lower. This indicates a better packing of fibrils in mixed samples, possibly
caused by flocculation, and thus an increase in the interactions formed in the film.
On the other hand, the xylanase treatment of mixed NFC samples further weakened
the film properties indicating poorer interactions between the fibrils. The reduction
in mass but not a markedly higher density implies also that the packing density of
xylanase treated mixed NFC is poorer compared to NFC with only mixing and thus
xylan seems to play a role in the packing of fibrils during drying. In all cases the
strain-to-failure values were lower for xylanase treated NFC regardless of mixing.
This showed that xylan has a role in fibril network extension in the plastic defor-
mation region. Xylan mediated interactions between the fibrils apparently allow
more creep and extension, while interactions between fibrils treated with xylanase
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were stiffer but less flexible. Xylan, in this context, was beneficial and allowed better
sliding of the fibrils against each other under tensile stress.

The results shown in Publication 11l support a major role of fibril network interac-
tions in NFC properties, but also show that xylan as an additional component affects
these interactions greatly and therefore the details of NFC performance in different
applications. The results show also that xylan plays a key role in fibril stability in
aqueous surroundings preventing for example fibril coalescence during mechanical
mixing. In some cases the mechanical properties of materials can be enhanced by
xylan removal, but considerations for the loss of stability of the fibrils and a better
control of processing conditions may be needed.

3.4 Effect of linker length on DCBM binding properties and
substrate dependency of CBM binding

As shown in Publication I, cellulose binding modules (CBM) can be used to func-
tionalize NFC fibril surface. By genetic engineering and fusion protein technologies
it is possible to introduce novel properties to NFC%. For application purposes it is
important to know how the proteins function at the fibril surface.

It has been previously shown with CBM and DCBM (synthetic or produced in E.
coli) on BMCC that the DCBM displays an increased affinity compared to CBM182,
The role of the linker region in DCBM binding has not been studied previously. It
has been speculated that the role of the linker between the catalytic domain and the
CBM in the cellulase is to provide correct spacing of the two domains 21°. If the linker
region is very rigid in structure and the CBM have specific binding sites on the sub-
strate, the length of the linker can potentially play a very important role in the DCBM
binding. In the fourth publication (IV) we addressed the question of how the linker
region in the DCBM protein between the individual CBM affects the binding. We
designed three different DCBM constructs where the linker length between the CBM
was varied (Figure 13). DCBM-24 had the original linker of 24 amino acids that has
been used by Linder et al. with one amino acid change of R to Q (13" amino acid
of the linker)!2 to prevent the protein from trypsin cleavage. DCBM-12 had the first
12 amino acids of the original 24 amino acid linker, and DCBM-48 had a doubled
24 amino acid linker.
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DCBM-12
RGPGGQACSSVWGQCGGQNWSGPTCCASGSTCVYSNDYYSQCLPGANPPGTTTTS
TQSHYGQCGGIGYSGPTVCASGTTCQVLNPYYSQCL

DCBM-24
RGPGGQACSSVWGQCGGQNWSGPTCCASGSTCVYSNDYYSQCLPGANPPGTTTTS
QPATTTGSSPGPTQSHYGQCGGIGYSGPTVCASGTTCQVLNPYYSQCL

DCBM-48
RGPGGQACSSYWGQCGGQNWSGPTCCASGSTCVYSNDYYSQCLPGANPPGTTTTS
QPATTTGSSPGPPGANPPGTTTTSQPATTTGSSPGPTQSHYGQCGGIGYSGPTVCASG
TTCQVLNPYYSQCL

Figure 13. Amino acid sequences of the three different DCBM. Linker regions are
in black, CBM-Cel6A sequence is shown in red, CBM-Cel7A sequence is shown in
green.

After expression, purification and proteolytic cleavage of the original HFBI-DCBM,
we verified the identity of the single CBM cleaved with papain from HFBI-DCBM-12
with amino acid composition analysis and matrix assisted laser desorption ionization
— time of flight mass spectrometry (MALDI-TOF MS). We also analyzed the extent
of glycosylation of the linkers in DCBM cleaved by trypsin from HFBI-DCBM with
MALDI-TOF. The results showed that the CBM-Cel7A and CBM-Cel6A were not
glycosylated and that the digestion by papain leads to varying linker lengths at-
tached on both sides of CBM-Cel6A, and CBM-Cel7A with no linker or only one or
few amino acids of the linker. From MALDI-TOF it was also evident that DCBM-12
was not glycosylated but the other DCBM were heavily glycosylated; DCBM-24 by
14-25 and DCBM-48 by 34-50 glycan moieties. The glycosylation pattern is hetero-
geneous as expected for T. reesei.

For the binding studies, we labelled the five different proteins; DCBM-12, -24, -48,
CBM-Cel7A, and CBM-Cel6A, with tritium (®H) since this method is the most accu-
rate and gives reliable results with a broad concentration range. We measured the
binding isotherms of all proteins on BMCC and NFC. Figure 14 presents the start of
the isotherms of all five proteins on BMCC and NFC. The Langmuir one site binding
model was used to for fitting (Equation (2)) and relative partitioning coefficients (Kr)
of the initial slopes for the binding isotherms were obtained (Equation (3)).

From the isotherms it was evident that the linker length affected the DCBM bind-
ing in the same way on both substrates; DCBM-24 having the highest affinity of the
three, DCBM-12 having an affinity slightly lower than the DCBM-24 and DCBM-48
having the lowest affinity compared to the two other DCBM. These results clearly
show that the linker length plays a role in the binding of the molecule. The most
optimal linker length was the intermediate length with some glycosylation. The linker
in DCBM-48 contained substantial amounts of glycan moieties and thus is most
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likely to be more rigid in structure than the other two allowing less freedom for bind-
ing. Also the length is much longer than in the case of the others. The poorer binding
of the DCBM-48 could be caused by geometrical issues or less favorable energetics
connected with the binding event due to the rigid linker preventing optimal binding.

What was also evident from the binding isotherms was that on BMCC the dou-
bling of the binding moiety causes an increase in affinity and the individual CBM
both bind with lower affinity than the DCBM-24 and DCBM-12. This was in line with
previous studies'®? and is a well-known phenomenon occurring with other binding
events in nature®. A surprise in the results was seen with binding of the CBM with
NFC. From the isotherms it can be seen that CBM-Cel7A binds with higher affinity
to NFC compared to all the other proteins and that the doubling of the binding units
does not increase the affinity but rather seems to hinder the binding of the one moi-
ety (CBM-Cel7A) and/or increase the binding of the other moiety (CBM-Cel6A). This
peculiar behavior could be explained by CBM-Cel7A having two distinct binding
sites or two modes of binding on NFC, which are geometrically or energetically dif-
ferent from one another. By linking the CBM-Cel7A to CBM-Cel6A the other binding
site or mode of CBM-Cel7A seems not to be available in the double form and thus
the affinity is lower for the DCBM compared to CBM-Cel7A alone.
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Figure 14. The initial slopes of the binding isotherms for the five different proteins
on A) BMCC and B) NFC. (+) CBM-Cel7A, (x) CBM-Cel6A, (o) DCBM-12, (o)
DCBM-24, (A) DCBM-48.

To be able to compare the binding energetics of the different proteins we can cal-
culate Gibb’s free energy of binding (AG, Equation (5)). For AG calculations reliable
values for maximum binding capacity (Bmax) are needed. To measure these, the
binding studies were performed with higher concentrations of protein. The so called
full binding isotherms for all the five proteins on both substrates are presented in
Figure 15 as semi-logarithmic plots to illustrate how far or how close to the actual
Bmax-values the gained data were. From the full set of binding data it can be seen
that CBM-Cel7A had the highest Bmax-value of all the proteins on both substrates
and clearly had a higher packing density on both substrates. It was also evident that
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the maximum binding capacity for all other proteins except for DCBM-48 on both
substrates was not reached. For DCBM-12 and -24 the Bmax-values were very close
to the actual Bmax-values and could be used to calculate reliable AG-values. For the
CBM the Bmax-values are not accurate, thus the AG-values gained are merely direc-
tional.
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Figure 15. Semi-logarithmic plots of the CBMs on A) NFC and B) BMCC, and
DCBMs on C) NFC and D) BMCC. (+) CBM-Cel7A, (x) CBM-Cel6A, (o) DCBM-12,
(o) DCBM-24, (A) DCBM-48.

The Bmax-values gained from the experimental data were accurate for the DCBM-
48. For other proteins a theoretical minimum and maximum energies were calcu-
lated by using the accurate Kr-value gained from the initial slope of the beginning of
the binding isotherm and using the Bmax gained from the data in Figure 15 and by
over estimating the Bmax-value to see the effect on energy when the Bmax is larger
than measured data. The estimations were done by doubling and tripling the Bmax-
values gained from the full measured data. We refer to them as low, intermediate
and high Bmax-values. These values represent a range where the actual AG-values
might lie and provide an estimate that can be used to compare the proteins to one
another. This shows the importance of gaining accurate Bmax-values for the calcu-
lations of the AG-values. The values gained from the initial slope for ka and Bmax are
not accurate and thus not very good for estimating the AG-values for any binding
event. On the other hand Kr-values gained from the same data are accurate due to
their relative nature.
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From Table 2 we can see that the energies of binding for the DCBM on both
substrates are more favorable than those for the individual CBM. This shows that
the coupling of the CBM together is energetically sensible. The energies of binding
in the case of the CBM showed only slight differences in comparison between sub-
strates or proteins. This suggests that the biding sites for CBM-Cel7A and CBM-
Cel6A on both substrates are energetically equal and the difference for the binding
affinity would come rather from geometry of the binding than from energetics of the
binding. The binding energies of the different DCBM are also very close to each
other and in their case also the difference in the binding properties must lie in the
geometry rather than energy of the binding.

Table 2. Gibb’s free energies (AG) for CBM and DCBM on BMCC and NFC with
low, intermediate and high Bmax-values.

CBM-  CBM- DCBM-  DCBM- | DCBM-
Bmax | Cel7A Cel6A 12 24 48
low -30,7 -28,2 -31,8 -32,1
NFC | inter -29,0 -26,5 -30,1 -30,4 -31,7
high -28,0 -25,5 -29,1 -29,4
low -29,6 -28,4 -32,7 -33,0
BMCC | inter -27.9 -26,7 -31,0 -31,3 -33,9
high -26,9 -25,7 -30,0 -30,3

Since the peculiar binding properties of CBM-Cel7A could not be explained by the
energetic differences of the binding sites, differences in substrate structure was in-
terrogated: i) NFC has a nanosized fibril structure that could geometrically promote
the affinity of CBM-Cel7A but not CBM-Cel6A, ii) NFC contains ~27 % xylan which
could serve as another substrate for CBM-Cel7A but not CBM-Cel6A, iii) the crystal
structure and the ration of crystalline to amorphous cellulose is different in NFC
compared to BMCC and this could cause a difference in the binding of CBM. All or
some of these could potentially affect the binding site geometry for the two proteins.

To test if the nanoscale structure of the NFC promoted the CBM-Cel7A binding
we studied the protein binding on the pulp from which the NFC originates from.
There were no differences compared to NFC binding noted. Thus, we concluded
that the binding of CBM-Cel7A is not promoted by a nanoscale effect caused by
NFC structure or processing.

Next, to test the effect of hemicellulose, we performed a binding experiment of
CBM-Cel7A on NFC that was treated with pl9 xylanase, which has some 30 % less
xylan compared to non-treated NFC. The hydrolysis was expected to reveal cellu-
lose surface and promote CBM binding. To what extent, it was hard to assess. On
the other hand, if CBM-Cel7A would bind to xylan, the effect of xylan removal on
the binding would be smaller than if it bound only on cellulose surface. We saw that
by enzymatically removing xylan from NFC we increased the binding of CBM-Cel7A
by 20 %. This is a substantial increase and thus it does not sound plausible that
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xylan in NFC would cause the higher affinity of the CBM-Cel7A compared to DCBM.
If CBM-Cel7A would have an affinity towards xylan, the hydrolysis should lower the
amount of bound CBM on xylan and at the same time increase the binding to cellu-
lose. The difference in binding in this case would not be expected to be very large
expecting that the surface are of fibrils are not changed dramatically by xylan hy-
drolysis. In Publication (lll) we did not see any morphological or structural changes
of fibrils associated with the xylan hydrolysis.

To assess whether the crystal structure affects the binding is harder. What we
could do was to study the exchange rates of the different proteins on the different
substrates. This was done by recording the time it took for the 3H-labelled protein to
exchange from the surface of the substrate to a non-labelled one at equilibrium. We
performed the experiment to all five proteins on BMCC and NFC. The results are
presented in Figure 16 and they show that both CBM exchange with a relatively fast
time (<600 min) to 50 % from the original amount of bound 3H-protein from BMCC.
For CBM-Cel7A this has been shown previously but for CBM-Cel6A different results
have been shown in different studies 13181, In our experiments the results suggest
that both CBM exchange fully and the bindings were clearly reversible on BMCC. A
different result was obtained with NFC; the individual CBM did not reach the 50 %
exchange during the time course of the experiment and they showed only partial
exchange suggesting that the exchange rate of the binding is much slower on NFC
that BMCC.
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Figure 16. The exchange of ®H-labelled protein to non-labelled protein. CBM on
A) NFC and B) BMCC, and DCBM on C) NFC and D) BMCC. (+) CBM-Cel7A, (x)
CBM-Cel6A, (o) DCBM-12, (o) DCBM-24, (A) DCBM-48.
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For DCBM the exchange to 50% was not seen on either substrate suggesting that
the exchange rate is greatly affected by linking of the CBM together. For BMCC; for
DCBM-24 and DCBM-12 the first 10 % of the exchange was very fast and there
after the exchange was very slow with no detectable changes during the experi-
ment. For DCBM-48 the same fast exchange in the beginning until 30% was seen,
but there after no detectable changes were seen. On NFC; the exchange of DCBM-
24 was so slow that no changes were detected during the time course of the exper-
iment. For DCBM-12 and DCBM-48 the exchange was fast for the first ~10% and
then so slow that no changes occurred during the experimental time.

From the exchange experiments it can be concluded that the proteins experience
NFC and BMCC as different substrates whether they are linked together or not. It
also seems that linking dramatically affects the rate of exchange of the proteins on
the surface making it slower. For the cellulases with CBM this has been previously
shown and has been attributed as the cause of the CBM 211212, DCBM exchange
with a different extent from NFC than BMCC but not fully on either. It seems that
desorption of the DCBM from BMCC and CBM from NFC have one very fast com-
ponent and another extremely slow component. The DCBM-24 desorption is all in
all extremely slow. The DCBM-12 and DCBM-48 on the other hand still seem to
have a fast component that can be measured in combination with a slow compo-
nent. The linker length has a clear effect on desorption but it does not follow the
same logic on the two substrates. On BMCC the extent of exchange is largest for
the longest linker, DCBM-48. For the shortest, DCBM-12, and the intermediate,
DCBM-24, extent of exchange is lower. For NFC the DCBM-24 exchange is not
seen at all, and for the other two, DCBM-12 and DCBM-48, the exchange levels are
similar.
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4. Materials and methods
4.1 Nanocellulose

4.1.1 Nanofibrillated cellulose (NFC)

Never-dried bleached birch kraft pulp was fluidized with 1600 bar pressure 10 times
to yield NFC. It was prepared by and gained from the Finnish Centre for Nanocellu-
losic Technologies. Total enzymatic hydrolysis of the material (Publication III)
yielded a cellulose content of ~71 % and the hemicellulose content was ~27.3 %.
The insoluble fraction of the material was ~1.7 %. The AFM images of the material
(I, 11, 1) showed that the width of the fibrils is heterogeneious and varies between
~5 to 40 nm. The length of the fibrils in in micron scale.

4.1.2 Cellulose nanocrystals (CNC)

CNC used in Publication (1) of this thesis were prepared as described previously 3,
using Whatman 541 ash-less filter paper (Whatman, UK) as the starting material.
They were received from Dr. Eero Kontturi. The surface of HCI hydrolyzed CNC is
not modified by the acid hydrolysis and they have the natural surface composition
of cellulose crystallites. In the first publication (l) it was essential that the cellulose
surfaces were not modified because that could affect the specific binding of the
DCBM protein. The diameter of the single crystals was approximately 5 nm and
length was ~100 to 300 nm as seen in AFM.

4.1.3 Bacterial microcrystalline cellulose

Bacterial microcrystalline cellulose (BMCC) or bacterial cellulose (BC) was obtained
from Nata de Coco, by first grinding, then washing with water and sodium acetate
buffer pH6, and then homogenizing with a mechanical stirrer. The end product had
a solid content of which had a solid content of 2.55 gL™%, and was used for the bind-
ing studies along with NFC. The diameter of the BC were shown to be 5-7 nm and
bundled to larger ~20nm fibrils.®* The length of BC is in micron scale. The crystal-
linity of BC is generally higher than that of wood derived cellulose materials. The
BC used in our studies was shown to be mostly crystalline.%!
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4.2 Used proteins

4.2.1 HFBI-DCBM, DCBM, and CBM

The fusion protein HFBI-DCBM used in the first publication (I) of this thesis con-
sisted of an N-terminal hydrophobin linked to two CBM in series (sequence in Figure
14)'%4, The class Il hydrophobin HFBI was from Trichoderma reesei and the two
CBM were those of Cel7A (first in the sequence) and Cel6A (second) cellulase also
found in T. reesei. The different modules were connected by polypeptide linkers as
reported earlier. The fusion protein was produced by recombinant means in T.
reesei and purified by aqueous two phase extraction as described previously'®4. The
protein was further purified by preparative reversed phase high performance liquid
chromatography (RP-HPLC) using a water acetonitrile gradient with 0.1% trifluoro
acetic acid (TFA).

The three different DCBM were all produced as HFBI-DCBM fusions in T. reesei
to aid the purification. The proteins were purified as described by two phase extrac-
tion and RP-HPLC. The amino acid sequences of all HFBI-DCBM proteins are
shown in Figure 17. Three modifications were made to the original HFBI-DCBM
sequence. First, a tobacco etch virus (TEV) protease site (ENLYFQG) was intro-
duced in the beginning of the linker between HFBI and CBM-Cel6A for a specific
cleavage of the HFBI?3, Second, the methionine residue (M) in the linker between
HFBI and CBM-Cel6A was replaced by an arginine (R). This was done to introduce
a trypsin cleavage site into the linker just in case if the TEV site would not function.
Third, the arginine (R) in the linker between the two CBM was replaced by a gluta-
mine (Q) to avoid trypsin cleavage.

Trypsin (sequencing grade modified trypsin, Promega) was used to gain the
DCBM from the HFBI-DCBM (Figure 13) and papain (Promega) was used to gain
CBM from HFBI-DCBM-12. The reactions were followed by reversed phase ultra-
high performance liquid chromatography (RP-UPLC) using a 2.1 x 100 mm, 1.7 pm,
C4 Acquity BEH300 prST column and an Acquity I-Class system with a photodiode
array detector (Waters, MA, USA) and a linear water acetonitrile gradient with 0.1%
TFA. The preparative RP-HPLC was used to purify the DCBM and the CBM from
the reaction mixtures.
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HFBI-DCBM
SNGNGNVCPPGLFSNPQCCATQVLGLIGLDCKVPSQNVYDGTDFRNVCAKTGAQPLCCVAPVAGQALLCQTAVGA
PGASTSTGMGPGGQACSSVWGQCGGQNWSGPTCCASGSTCVYSNDYYSQCLPGANPPGTTTTSRPATTTGSSPG
PTQSHYGQCGGIGYSGPTVCASGTTCQVLNPYYSQCL

HFBI-DCBM-12
SNGNGNVCPPGLFSNPQCCATQVLGLIGLDCKVPSQNVYDGTDFRNVCAKTGAQPLCCVAPVAGQALLCQTAVGA

PGASTSTGRGPGGQACSSVWGQCGGQNWSGPTCCASGSTCVYSNDYYSQCLPGANPPGTTTTSTQSH
YGQCGGIGYSGPTVCASGTTCQVLNPYYSQCL

HFBI-DCBM-24

SNGNGNVCPPGLFSNPQCCATQVLGLIGLDCKVPSQNVYDGTDFRNVCAKTGAQPLCCVAPVAGQALLCQTAVGA
PGASTSTGRGPGGQACSSYWGQCGGQNWSGPTCCASGSTCVYSNDYYSQCLPGANPPGTTTTSQPAT

TTGSSPGPTQSHYGQCGGIGYSGPTVCASGTTCQVLNPYYSQCL

HFBI-DCBM-48

SNGNGNVCPPGLFSNPQCCATQVLGLIGLDCKVPSQNVYDGTDFRNVCAKTGAQPLCCVAPVAGQALLCQTAVGA
PGASTSTGRGPGGQACSSVWGQCGGQNWSGPTCCASGSTCVYSNDYYSQCLPGANPPGTTTTSQPAT

TTGSSPGPPGANPPGTTTTSQPATTTGSSPGPTQSHYGQCGGIGYSGPTVCASGTTCQVLNPYYSQCL

Figure 17. The amino acid sequences of all HFBI-DCBM fusion protein. HFBI se-
quence is shown in blue, linker regions are shown in black, CBM-Cel6A is shown
in red, and CBM-Cel7A is shown in green. The modified amino acids are shown in
pink and added TEV site is shown in orange. The first sequence is that of HFBI-
DCBM used in Publication |. The second, third and fourth are those of HFBI-
DCBM-12, -24, and -48 respectively.

4.2.2 Alkaline phosphatase

Alkaline phosphatase (AP, E.C. 3.1.3.1.) is an esterase that catalyzes the hydrolysis
of a bond between phosphor and oxygen in for example monoesters. It is routinely
used as a fusion partner for example with antibodies or antigens in enzyme-linked
immunosorbent assays (ELISA). When it hydrolyses a small molecule, para-nitro-
phenyl phosphate (p-NPP), the product of the reaction, para-nitrophenyl, adsorbs
light strongly at A405 and can be quantified by a spectrophotometer. The amount
of AP in a reaction can be gained by comparison to a standard curve of known
amounts of AP.2

4.2.3 pl9 xylanase of Trichoderma reesei

The pl9 xylanase of T. reesei is one of the two major xylanases produced by the
fungus. This enzyme has a specific activity towards xylan and does not hydrolyze
cellulose or other polysaccharides. The pl9 xylanase has been shown to hydrolyze
xylan to xylose and 2—7 unit xylo-oligomers.2°7

60



4.2.3.1 Xylans

Xylans are hemicelluloses composed of a B-1-4-linked unhydroxylopyranose unit
backbone. Xylans are heteropolysaccharides that in addition to xylose can contain
arabinose, methylglucuronic acid and acetic acid substituents. They are abundant
in especially hardwood and annual plants.t3717

4.3 Emulsion stability index
The emulsion stability indexes were calculated as is presented in Equation (1).

ESI=|1- w] x 100% ),

VH,0.total

where V.0, separated IS the volume of separated water from the emulsion phase and
VH;0, total iS the total volume of the sample.

4.4 Langmuir trough

A Langmuir trough is an instrument used to create and study monolayers of mate-
rials at surfaces and interfaces. A surface is an interface between material and vac-
uum, and interfaces exist between two different liquids, two different solids or be-
tween a liquid and a solid, assuming they are not soluble. These surfaces and in-
terfaces have a surface or an interfacial energy associated with them. The surface
and interfacial energies can be measured as surface and interfacial tension or pres-
sure.

Monolayers formed by, for example detergents, particles or proteins are of great
importance in many industrial applications such as emulsion and foam technologies
as discussed earlier. The details of the molecular interactions and the behavior of
the molecules at the surface or interface can be studied in the Langmuir trough
equipped with a pressure sensor (Figure 18) and a probe to measure surface ten-
sion, e.g. Wilhelmy plate or Du Noy ring. A Langmuir film, i.e. a monolayer of mol-
ecules, can be formed by adsorption of material form the bulk. The change in sur-
face pressure that is caused by the adsorption is measured by the pressure sensor.
The monolayer that is formed on the surface or interface can be compressed by two
barriers. From the pressure-area isotherm the average area of one molecule in the
monolayer can be calculated if the amount of molecules at the surface and the total
area they cover is known. It is also possible to gain the state (i.e. gas-, liquid-, solid-
like) of the molecules in the monolayer from the isotherm.?%5

For many purposes such as microscopy imaging it is useful to be able to lift the
monolayer onto a solid support from the trough. Depending on which side of the
monolayer, hydrophilic or hydrophobic, is displayed on top of the support, two types
of films can be created; Langmuir-Blodgett film (LB-film, Section 4.4.1) or Langmuir-
Schaeffer film (LS-film, Section 4.4.2).
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Figure 18. A schematic illustration of a Langmuir trough with compression barri-
ers, a pressure sensor and a Wilhelmy plate.

4.4.1 Langmuir-Blodgett films

If the film is lifted from the bulk hydrophilic side phasing the support (Figure 19) the
film is referred to as Langmuir-Blodgett film (LB-fim). The film can be formed on the
same support multiple times and in this way bilayers can be formed.129.216

?

Figure 19. A schematic illustration of the preparation of LB-films.

4.4.2 Langmuir-Schaffer films
It the film is lifted with the hydrophobic side facing the solid support (Figure 20) the

film is referred to as Langmuir-Schaeffer film (LS-film). This technique was used in
the first publication of this thesis (1).2%”
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Figure 20. A schematic illustration of the preparation of LS-films.

4.5 Atomic force microscopy

Atomic force microscopy (AFM) is a powerful tool proven to be very useful in imag-
ing, especially with regard to biological samples.102.218-220 The biggest advantage of
AFM in comparison to electron microscopy methods is that imaging can be done in
ambient conditions and either in liquid media or in air. This makes it possible to
image biomolecules in their natural environment. Another advantage is that no stain-
ing of the sample is needed but the sample needs to be attached on a solid support.

The principle of AFM is shown in Figure 21.2%1 A laser is reflected on a cantile-
ver’s free end, which is carrying a tip. When the tip comes into contact with a sample
surface the cantilever is bent due to the forces acting between the sample and the
tip. The bending causes deflection in the laser beam and this is recorded by a pho-
tosensitive detector (photodiode). The sample is scanned by the tip line by line in
XY-direction and a feedback loop between the photodiode and the Z-scanner pro-
vides the height information during scanning. The height of the sample is adjusted
by the Z-scanner to keep the laser deflection constant. The Z-piezo movement is in
the sub-nanometer range and sub-Angstém movement of the cantilever can be de-
tected by the optics of the system.
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Figure 21. The basic principle of AFM imaging.

The tapping mode AFM is more useful for imaging biological sample due to less
damaged caused by the more gentle contact of the tip to sample compared to above
described contact mode. In this method the cantilever is oscillating near its resonant
frequency very close to the surface of the sample and the tip is briefly touching the
surface during each oscillation cycle. During scanning, damping of the free ampli-
tude of the cantilever (As) is controlled by altering of the set point amplitude (Asp).
The Aris a predetermined amplitude that is unique for each cantilever. The Asp is
the amplitude of the cantilever when it is in contact with the sample. The ratio of Asp
and Ar describes the force that is applied to the sample and it is called the damping
ratio. The damping in the Asp is kept constant during scanning and it is monitored
by the feedback loop. The photodiode records changes in the received signal and
they are corrected back to the predetermined set point value by the movement of
the sample in Z-direction.

Tapping mode AFM (Nanoscope llla Multi Mode AFM, with E- and J-scanner,
Digital Instruments/Veeco with NSCI5/AIBS cantilever, u(MASCH, USA) was used
in this thesis to image Langmuir-Schaeffer films of different proteins alone or in com-
bination with nanocellulose (), to image spin-coated fims of NFC-derivatives and
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films formed by NFC-derivatives conjugated with AP (ll), and fims prepared from
NFC before and after xylanase treatment with or without mechanical shearing (IIl).

4.6 Rheology

Rheology is a study of flow and deformation of matter. Rheology describes the flow
behavior of liquids and the deformation behavior of solids. Most materials lie in be-
tween two extreme ideal materials in their rheological behavior; the flow of ideal
viscous fluids and the deformation of ideal elastic solids, thus making them viscoe-
lastic liquids or viscoelastic solids comprising of both viscous and elastic portion.
Viscoelastic solids behave differently in comparison to viscoelastic liquids depend-
ing on their rheology. Viscoelastic materials have a delayed response to the applied
force and also when the force is removed.5122

Small deformation time dependent oscillatory tests in shear rheology are used to
examine interaction between molecules in all kinds of viscoelastic materials ranging
from low-viscosity liquids to fairly rigid solids. These measurements are performed
by deforming the sample by application of periodic oscillatory (sinusoidal) stress (o)
or strain (y) at constant frequency (w) and measuring the stress and strain respec-
tively. When a sinusoidal shear force is applied the amplitude of the response and
the delay in the phase angel (8) will depend on the viscoelastic properties of the
measured sample. In ideal elastic materials the stress and strain sinusoidal curves
are in phase and the phase angle is 0°. In ideal viscous materials the stress and
strain curves are out of phase and the phase shift angle is 90°. For viscoelastic
materials the phase shift angle thus lies between 0° and 90°.

There are some parameters that are important for rheology; the complex shear
modulus, G*, which results from the sinusoidal shear process and consists of both
the elastic and viscous response of the material. The shear storage modulus, G’,
that tells how solid-like the material is and how much the material stores energy
during application of force, and the shear loss modulus, G”, which describes how
liquid-like the material is and how much energy is lost during the application of force.
The loss modulus or the tand (tangent delta) is calculated as G''/G’. This describes
the ratio of viscous and elastic portion in the material. If tand =0, the material is fully
elastic since G’ >> G”, on the other hand if tand = «, the material is fully viscous
since G'<< G”. If the two components, viscous and elastic, are exactly equal tand =
1.

In contrast to shear rheology, which is commonly used to study viscoelastic ma-
terials, the extensional rheology parameter that is gained from extension of flexure
tests are referred to as E. In steady state measurements that are performed to solid
materials to determine their strength yields the parameter E, i.e. tensile modulus,
which is usually referred to as Young’s modulus. The Young's modulus is deter-
mined in the linear-elastic region of tensile tests where the tensile stress and tensile
strain or elongation shows a constant slope. The complex dilatational modulus, stor-
age modulus and loss modulus are referred to as E* or |E|, E’, and E” respectively
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and describe the material during the application of periodical extensional or flexure
force, i.e. small deformation oscillatory tests also referred to as dilatational rheology,
to distinguish the difference between the type of applied forces.

In Publication Il small deformation oscillatory shear tests using cylinder and cup
geometry (CC 15, gap between bob and wall 0.5 mm), with the stress controlled
rheometer (StressTech, Rheological Instruments Ab, Sweden) were performed to
investigate the effect of xylan in the NFC gel matrix. Xylan hydrolysis was performed
by pl9 xylanase enzyme and the effect to the gel strength was compared to non-
hydrolyzed samples. The effect of xylan in NFC matrixes in dry state was investi-
gated by steady state tensile measurements using a mini tensile tester (Deben, UK),
on solid self-standing films prepared from the same samples.

4.6.1 Surface and interfacial rheology

Rheology in three dimensional systems is called bulk rheology but rheology can
also be performed in two dimensions, i.e. at surfaces or at interfaces. The tests done
apply small deformation to the sample and the parameters that are gained are the
same as in bulk systems applying small deformation. The G-values refer to interfa-
cial or surface shear moduli and E-values refer to dilatational interfacial or surface
moduli. Deformation applied at the surface or interface layers provide indirect infor-
mation on the molecular interaction between and within the adsorbed layer of mol-
ecules such as protein. When sinusoidal oscillation with pre-defined strain ampli-
tude is applied the surface film is sheared analogously to the bulk system and the
gained parameters are accordingly similar.?23224 The shearing is done by placing a
light weight Du Noliy ring geometry carefully onto the surface.

In dilatational rheology experiments the volume of the bubble/drop is changed
and the response of the surface tension is determined from the shape of a bub-
ble/drop by Gauss-Laplace equation that is transformed into a set of first-order dif-
ferential equations, which are expressed by the geometrical parameters of the bub-
ble/drop profile. As a result sinusoidally oscillating the bubble/drop and recording
the changes in surface area with a high speed camera we are able to obtain the
surface/interfacial tension as a function of time in parallel to the change in surface
area. A Fourier analysis allows the extraction of pairs of parameters, such as |E|
and phase angle, and E’ and E”.2%3

In Publication | of this thesis the surface/interfacial shear and dilatational rheol-
ogy methods were used to investigate the strength and nature of the interfacial and
surface films formed by HFBI-DCBM in combination with NFC and CNC and com-
pared to HFBI-DCBM, NFC and CNC alone. The investigated interface was hexa-
decane-water and the surface was air-water.

Dilatational surface and interface rheology of the protein films with and without
NFC and CNC as well as the NFC and CNC films were studied using an oscillating
bubble or pendant drop, respectively. The air bubble in water and the water droplet
in oil were formed and the surface/interfacial tension was followed until equilibrium
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was reached using a contact angle measurement device (CAM 200, KSV Instru-
ments Ltd., Finland). The equilibrated air bubble or water droplet was oscillated in
a sinusoidal manner using a pulsating drop module (KSV PD 100, KSV Instruments
Ltd., Finland). The change in surface area and tension of the bubble/droplet were
determined from a set of oscillations (0.1 Hz) and then the measurement was re-
peated a few times. The rheological parameters were determined from the data with
the instruments own software (OscDrop2008, KSV Instruments Ltd., Finland).

Small deformation shear oscillatory measurements were performed at air-water
surface to protein films with and without NFC and CNC using the stress-controlled
rheometer AR-G2 (TA-instruments, Crawley, West-Sussex, UK) equipped with Pt-
Ir du Nody ring (4 13 mm). The formation of the surface film was followed during
time and frequency dependent experiments with constant strain were done after the
film had equilibrated. The strain dependent experiments with constant frequency
were done after the film had equilibrated.

4.7 Matrix assisted laser desorption-ionization —time of flight
mass spectrometry

Matrix assisted laser desorption-ionization — time of flight mass spectrometry
(MALDI-TOF MS) is a method used to analyze proteins and peptides from complex
samples such as mixtures of different proteins/peptides or even tissue speci-
mens.225v226

The basic principle of MALDI-TOF is that proteins or peptides, dried on a target
with light-absorbing matrix molecules, are vaporized by short laser pulses hitting the
sample. The proteins/peptides are ionized by the laser pulse, usually with single
charge (z = 1) and accelerated in an electrical field with in a vacuum. lons with low
mass to charge ration (m/z) are accelerated to higher velocity and hit the detector
earlier than those with high m/z. The time of flight depends solely on the mass of
the specimen because the separation is done in vacuum. The accurate mass of the
specimen is determined by calibration with a known standard.??7:228

MALDI-TOF MS (Bruker autoflex Il MALDI-TOF) was used in Publication Il to
analyze the extent of AP modification with SFB and in Publication IV to verify the
size of individual CBM and the glycosylation of DCBM.

4.8 General overview of genetic engineering, transformation
to Trichoderma reesei and expression of double cellulose
binding modules

T. reesei codon optimized synthetic genes encoding HFBI, DCBM-12, DCBM-24,
and DCBM-48 flanking with compatible Bsal-sites were ordered from GenScript
USA Inc. (NJ, USA) in Bsal-free pUC57 plasmids. Golden Gate cloning (GGC), was
used for assembling the T. reesei transformation cassettes from six pieces into a
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destination plasmid, which was based on the pMK-RQ. GCC is a cloning method
based on the activity of Bsal restriction enzyme and it can be used to assemble
multiple DNA pieces in a single reaction.??>2% The assembled parts were (in 5'-3’
order) 1) cbhl promoter, 2) HFBI coding sequence with signal sequence for secre-
tion, 3) DCBM (12, 24 or 48) coding sequence, 4) cbhl terminator, 5) hph hygromy-
cin resistance marker gene under the gpdA promoter for strain selection, and 6) a
3’ flank sequence that together with the cbhl promoter was used to recombine the
gene into the cbhl locus in T. reesei.

The ligation products of GGC were transformed into E. coli XL1-Blue cells and
plasmids containing transformants were selected on kanamycin plates and further
selected by blue-white screening for insert-containing clones. Correct assembly of
the cassette was verified by restriction enzyme analysis and the correct protein cod-
ing sequence was verified by DNA sequencing. The transformation cassettes were
cut from the vectors using Pmel and purified by agarose gel electrophoresis fol-
lowed by gel extraction using dialysis.

Biolistic PDS-1000/He Particle Delivery System or gold particle bombardment
(Bio-Rad, CA, USA) was used for the transformation of T. reesei M122 spores ac-
cording to the instruction manual of Bio-Rad laboratories. The particle bombardment
is based on the gold particles (in this work @ 0.6 um) delivering the gene of interest
(the transformation cassette discussed above) in to the host cell with the aid of he-
lium pressure??l. Gold particles without DNA are used as a control. After transfor-
mation the spores were plated on potato dextrose agar (PD) plates with top-agar
containing necessary salts and hygromycin for selection and grown in 28 °C. For
transformant selection colonies were picked and streaked on PD-Triton plates con-
taining hygromycin, grown in 28 °C, and then re-streaked. Insert containing trans-
formants were identified by direct PCR (Phire® Plant Direct PCR kit, Finnzymes, F-
130) using suitable oligonucleotide primers. Correct recombination localization into
the cbhl locus was verified by the absence of an amplicon using cbhl specific pri-
mers.

The proteins were produced in 50 ml shake flask cultures (T. reesei minimal me-
dia, 4% lactose , 2% spent grain extract, 100 mM PIPPS (Piperazine-N,N'-bis(3-
propanesulfonic Acid)) pH 5.5, 2.4 mM MgSOs4, 4.1 mM CaClz, 28°C, 7 days) and
protein producing strains were identified by western blotting using rabbit anti-HFBI
antibodies. The strains were then cultivated in 7 L bioreactors (50 vol-% spent grain
extract, 60 gL lactose, 1 gL yeast extract, 4 gLt KH2POa, 2.8 gL* (NH4)2SO04, 0.6
gLt MgSO0a - 7H20, 0.8 gL CaClz - 2H20, 2 miL™ trace solution). The culture su-
pernatants were separated from the biomass by filtration. Protein expression levels
were analyzed by RP-UPLC and were 0.2 gL, 0.4 gL, and 3.0 gL for HFBI-
DCBM-12, -24, and -48, respectively. The proteins were purified RP-HPLC as de-
scribed earlier followed by lyophilisation.
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4.9 Calculation of binding constants and energies for DCBMs

For a given protein-substrate association, assuming Langmuir one site binding
model applies and that the binding is reversible, binding is described by Equation

@).

[Bmax]x[Free]
kqx[Free]

B = (),

where B is the specific binding, [Bmax] is the maximum specific binding, [Free] is the
concentration of free protein and kg is the equilibrium binding constant that is anal-
ogous to the dissociation constant K¢. The kq -values can be calculated if reliable
Bmax-values are obtained. For CBM this number is very hard to determine because
most methods are limited in giving accurate results at the high concentration range,
where small error in the free protein concentration results in large errors in the
bound protein. By derivation of Equation (2) we can obtain Equation (3).

! f— [Bmax] —_—
B[Free]ao - ka - Kr (3),

where K is the relative partition coefficient that describes the relation of the maximal
binding and the equilibrium binding constant when the free protein concentration
approaches zero. This is the initial slope of the isotherm function. This initial slope
can be gained for all the proteins that have been studied in the thesis, mainly the
five proteins in Publication IV. The Gibb’s free energy, AG, of a given binding can
be expressed by Equation (4).

AG = —RTInK, = RTInK,; = RTlnk, (4),

where R is the universal gas constant and T is the temperature in Kelvins. Now the
ka can be expressed as the ratio of the partitioning coefficient, Kr, and maximum
binding capacity, Bmax, (Equation 3) and inserted in equation (4) where we get Equa-
tion (5). 232

RTlnB;;% = RT (In(Byax) — In(K,)) (5)

This is useful since the initial slope for all proteins can be obtained and from the full
set of data we can obtain Bmax-values that are for DCBM-48 very good, and for
DCBM-12 and DCBM-24 quite close to the actual value. For the single CBM the
values are quite far from the actual values. An estimation of how the binding energy
is affected by the Bmax-value can be gained by overestimation of Bmax, by multiplying
the gained Bmax by two and three. By using those values, we can gain a range of
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the free energy associated with the binding that shows the dependency of the en-
ergy to the maximum capacity. Figure 22 shows a graphical example of how this
was done. In Publication IV we used this mathematical method to calculate the bind-
ing energies for DCBM-48 on NFC and BMCC, and to estimate the range of binding
energies of the DCBM-12, DCBM-24, CBM-Cel7A and CBM- Cel6A.
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Figure 22. Graphical illustration of the Bmax-values used to calculate the binding
energies for the DCBM and CBM. The data is for CBM-Cel7A binding to NFC.
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5. Conclusions and future prospective

Nanocellulose is a bio-based and renewable material with very interesting and
promising properties. It has potential to be used in many high-tech applications
where traditionally inorganic or fossil based materials are applied. The understand-
ing of the materials properties and how it can be modified for different applications
is a key question in nanocellulose research and application development.

In this work we took a biochemical approach in the modification and functionali-
zation of nanocellulose surface. This approach was chosen for multiple reasons;
firstly, biochemical reactions are performed in mild aqueous ambient conditions.
Secondly, biology offers specific functions through proteins, which can be modified
by genetic engineering to combine multiple proteins into one single recombinant
protein. Genetic engineering can also be used to fine tune the protein properties or
alter their function. Thirdly, enzymes can be used for very specific modification of
materials, which is especially useful when it is important to preserve the original
properties of the material. We show that biochemical methods are applicable to
nanocellulose surface modification and functionalization and that these methods
can be also used to gain new understanding of the materials properties.

By interaction and immobilization we showed that nanocellulose can be modified
and functionalized by biochemical means giving new routes for use in surface and
colloidal applications (Publications | & II). One critical limit, however, in applying
these methods is the lack of understanding how nanocellulose as a substrate be-
haves. The aspects of this were shown by the role of hemicellulose in NFC matrix,
and how the processing history affects the materials properties greatly (Publication
II). Also the interaction studies of CBM and DCBM on NFC and BMCC show that
NFC as a material is very different from BMCC (Publication IV). This shows that
there is still a lot to be learned about cellulose as a substrate, even for the uses
such as biofuels.
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One central problem for the function and manufacture of materials where performance relies on
nanoscale structure is to control the compatibility and interactions of the building blocks. In natural
materials, such as nacre, there are examples of multifunctional macromolecules that have combined
binding affinities for different materials within the same molecule, thereby bridging these materials and
acting as a molecular glue. Here, we describe the use of a designed multifunctional protein that is used
for self-assembly of nanofibrillar cellulose. Recent advances in the production of cellulose nanofibrils
have given inspiration for new uses of cellulosic materials. Cellulose nanofibrils have mechanical and
structural features that open new possibilities for performance in composites and other nanoscale
materials. Functionalisation was realised through a bi-functional fusion protein having both an ability
to bind to cellulose and a second functionality of surface activity. The cellulose-binding function was
obtained using cellulose-binding domains from cellulolytic enzymes and the surface activity through
the use of a surface active protein called hydrophobin. Using the bi-functional protein, cellulose
nanofibrils could be assembled into tightly packed thin films at the air/water interface and at the oil/
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water interface. It was shown that the combination of protein and cellulose nanofibrils resulted in

a synergistic improvement in the formation and stability of oil-in-water emulsions resulting in
emulsions that were stable for several months. The bi-functionality of the protein also allowed the
binding of hydrophobic solid drug nanoparticles to cellulose nanofibrils and thereby improving their

long-term stability under physiological conditions.

1 Introduction

One principal approach for improving performance in materials
is through control of their structure and interactions at levels of
hierarchy from molecular to macro level. By fabricating nano-
composites and nanostructured materials, improvements in
toughness and strength of materials, new possibilities for drug
delivery, biocompatibility, adhesion, etc. can be achieved. One
material attracting much interest is cellulose. Wood is a natural
composite consisting of cellulose, hemicellulose, lignin, and some
other minor components. Cellulose is a polymer formed by the
repeating units of B-(1-4)-b-glucopyranose. The polymer chains
are packed into fibrils that have cross-sectional dimensions of 3—
20 nm and which are typically considered as the lowest level of
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hierarchy in cellulose assembly.® As a part of the cell wall
structure, these fibrils are called microfibrils. Recently, methods
have been developed to disintegrate wood into the elemental
microfibrils producing a material referred to as “nanofibrillar
cellulose” (NFC) as a separate fraction.*” NFC preparations are
largely free from the other cell wall components. In this context,
the term nanocellulose has also been adapted.®® Depending on
how the materials is produced, one can also obtain “cellulose
nanocrystals” (CNC, also called cellulose nanowhiskers).'® The
main difference between the two forms is the aspect ratio, NFC
can have lengths of several micrometres, whereas CNC are
shorter, typically some hundreds of nanometres in length.

NFC shows promise as a novel material allowing technical
solutions in a sustainable way. The long and entangled fibrils
make NFC a good rheology modifier® and material for func-
tional aerogels.'! The fibrils have a high aspect ratio and excellent
mechanical properties. Therefore NFC is an attractive compo-
nent for reinforcement of composite materials.”!>'* However, to
achieve a sufficient compatibility between the NFC and polymer,
covalent modifications of the NFC have been required. Covalent
modifications have some drawbacks such as need for solvent
exchange and weakening or disintegration of the fibrils,'* thereby
loosing some of the potential advantages of NFC.

This journal is © The Royal Society of Chemistry 2011
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One major challenge for the use of NFC and CNC is therefore
to functionalise their surfaces in precise and desired ways.
Through functionalisation we aim at achieving compatibility
with other components, adhesiveness, or self-assembly. In this
work we functionalised cellulose nanofibrils so that they would
spontaneously assemble at interfaces or interact with other
components through interfacial interactions. We aimed at
a biomimetic approach using self-assembly rather than using
covalent modification. Such functionalisation was realised using
a bi-functional (or two-block) polymer. In nature, the strategy to
use bi-(or multi-) functional proteins is for example found in
materials such as nacre.’ In this example, the proteins have the
property of binding to both major components of nacre,
aragonite and chitin, thereby acting as cross-linkers. In our
approach, one block had affinity towards cellulose and the other
was amphiphilic (or lipophilic). In this way, an amphiphilic
function could be attached to the NFC. This polymer was made
by fusing the proteins together into a single polypeptide chain by
genetic engineering (Scheme 1). The cellulose-binding function

A

SNGNGNVCPPGLFSNPQCCATQVLGLIGLDCKVPSQNVYDGTDFRNVCAKTGAQPLCCVAPVAG
QALLCQTAVGAPGASTSTGMGPGGQACSSVWGQCGGANWSGPTCCASGSTCVYSNDYYSQCL
PGANPPGTTTTSRPATTTGSSPGPTQSHYGQCGGIGYSGPTVCASGTTCQVLNPYYSQCL

HFBI

oIL WATER

DCBD

NANOCELLULOSE

Scheme 1 (A) Amino acid sequence of the fusion protein used to
functionalise cellulose. The amphiphilic protein HFBI is first in the
sequence (blue), followed by two cellulose-binding sequences Cel6A-
CBD (red), and Cel7A-CBD (green). The two CBD sequences are very
similar in both structure and function. The domains are separated by
linkers (black) to allow flexibility. (B) Structure of HFBI. The hydro-
phobic patch that makes the protein amphiphilic is shown in blue (PDB
id 2FZ6).® (C) Structure of the Cel6A-CBD. The aromatic side chains
that bind cellulose are show in green (PDB id 1CBH).** (D) Cartoon of
the HFBI-DCBD fusion protein. The blue part represents HFBI, and the
two CBDs (Cel6A-CBD (red), and Cel7A-CBD (green)) form
the “double-CBD” (DCBD) part. (E) Schematic illustration of how the
interactions of the fusion protein can lead to the assembly of nano-
cellulose on oil (or air)-water interfaces through the combination of
interface (HFBI) and cellulose (DCBD) binding.

was obtained through specialised cellulose-binding domains,
CBDs (also called cellulose-binding modules, CBMs), and the
amphiphilic (surface active) function through an amphiphilic
protein called hydrophobin (a class II hydrophobin, HFBI).

CBDs are non-catalytic parts of enzymes that degrade cellu-
lose and plant materials.'®!” These enzymes typically have a two-
domain structure where the CBD is linked to the catalytic
domain through an extended linker. The role of the CBDs is to
bring the catalytic part of the enzyme close to the cellulose
surface.’® CBDs can be produced as individual polypeptides or
they can be genetically fused to other proteins, e.g. to immobilise
these to a cellulose matrix." In this work, we used fungal CBDs
that have a size of about 40 amino acids and bind to cellulose
through one face of the molecule, which has three characteristic
aromatic residues (Scheme 1). This cellulose-binding face has
a length of about 3 nm.

Hydrophobins are amphiphilic proteins produced by fila-
mentous fungi.?**? They are often secreted in large amounts and
have several different functions as surfactants and adhesive
agents in different stages of fungal growth and development. The
surface activity and self-assembly of hydrophobins at interfaces
are extraordinary in many ways, for example in the stable films
and foams that they can form.?*** The surfactant properties have
also been used to coat and make nanoparticles of compounds
having low solubility in aqueous solution.?® The structure of the
hydrophobin used here (HFBI) shows that the protein is almost
spherical and has a typical amphiphilic structure with one face of
the protein consisting only of aliphatic hydrophobic side chains
and the rest of the protein showing a polar surface typical for
soluble proteins (Scheme 1). The HFBI-hydrophobin has a size
of approximately 70 amino acids and a cross-section of about
2 nm.

In this study the functionality of this fusion protein was
studied extensively to understand its interactions with cellulose
and at interfaces. The fusion protein was then used in the
formation of emulsions and for attaching drug nanoparticles to
NFC. The goal was to study whether it was possible to bring
cellulose nanofibers in a controlled manner to air/water, oil/water
or solid/water interfaces by utilising the bi-functional engineered
protein, HFBI-DCBD, and to study how the overall properties
of the system could be affected in this manner.

2 Experimental

2.1 Production and preparation of cellulose nanofibrils (NFC)
and cellulose nanocrystals (CNC)

NFC were prepared by mechanical disintegration of bleached
birch pulp by ten passes through a M7115 Fluidiser (Micro-
fluidics Corp.), essentially according to previous reports.® The
solid content of the prepared water dispersion was 1.7%. The
amount of hemicellulose (mainly xylan) in the final NFC
dispersion was approximately 25-28%. For some experiments
larger aggregates of NFC were removed by centrifugation.
Samples were first sonicated (Soniprep 150 MSE, amplitude 24
pm, 10 minutes). After centrifugation (Beckmann Optima LE-
80K, TFT 65.38 rotor, 10 000g), the cellulose retained in the
supernatant was collected. The cellulose concentration was 0.6 g
17! as determined gravimetrically.

Soft Matter

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/C0SM01114B

Downloaded by University of Helsinki on 28 January 2011
Published on 27 January 2011 on http://pubs.rsc.org | doi:10.1039/COSM01114B

View Online

CNC were prepared as described previously®*?” using What-
man 541 ash-less filter paper (Whatman, UK) as the starting
material. The cellulose nanocrystals were partially hydrolysed in
4 M HCI at 80 °C for 225 minutes.

2.2 Production and purification of HFBI, HFBII, and HFBI-
DCBD

The bi-functional fusion protein consisted of one hydrophobin
part linked to two different CBDs in series (sequence in Scheme
1A). The HFBI-hydrophobin from Trichoderma reesei*® was
used and the two CBDs were from the enzymes Cel7A (previ-
ously CBHI)® and Cel6A (previously CBHII),* also from
T. reesei. These modules of the proteins were connected by
polypeptide linker regions as previously reported®! and shown in
Scheme 1. The abbreviation HFBI-DCBD was used for the
fusion protein. The fusion protein was produced by recombinant
means in 7. reesei and purified by aqueous two phase extraction
as described previously.?® The protein was then purified by
preparative reversed phase high performance liquid chromatog-
raphy (RP-HPLC) using a water acetonitrile gradient with 0.1%
trifluoro acetic acid. The identity and concentration were verified
by amino acid analysis. Mass spectroscopy was used to verify the
identity. HFBI and HFBII were produced using recombinant
strains of 7. reesei and purified by RP-HPLC as described
previously.*? All proteins were lyophilised before use.

2.3 Preparation of *H-labelled HFBI-DCBD

HFBI-DCBD was labelled with tritium for interaction studies by
reductive methylation as reported previously.**** 1.9 mg of
lyophilised HFBI-DCBD was dissolved in 1.9 ml of 0.2 M borate
buffer, pH 8.96 and cooled on an ice bath. 13.2 ul of 0.37%
formaldehyde and 100 mCi of *H enriched NaBH, (10 Cimmol !,
NET023H100MC, PerkinElmer) in 150 pl of 0.01 M NaOH were
added and mixed for 30 minutes. The reaction was terminated by
RP-HPLC. The specific activity was 0.40 Ci mmol".

2.4 Determination of binding isotherm of HFBI-DCBD to
NFC

A 100 uM stock solution of HFBI-DCBD containing 1% *H-
labelled HFBI-DCBD in 50 mM acetate buffer (pH 5.0) with
1.37 mM HFBII was prepared. Solutions with different fusion
protein concentrations were made from the stock solution by
diluting with the same buffer containing 1.37 mM HFBII. The
excess HFBII was used to minimise nonspecific binding of the
fusion protein to test tube walls and filters. 200 ul of each protein
solution was mixed with 200 pl of 1 g I"! NFC in MilliQ-water
and stirred in ambient temperature for 1 h. Before mixing NFC
with the protein solution it was dispersed with a tip ultra-
sonicator (Soniprep 150 MSE, 5 minutes, amplitude 24 um).
After equilibration, the suspension was filtered through
a disposable filter (Millipore, Millex®-GV filter unit, PVDF,
hydrophilic, 0.22 pm, 13 mm, non-sterile) and the amount of free
HFBI-DCBD was determined by liquid scintillation counter
(Pharmacia, Wallac 1410) from the filtrate.

2.5 Determining the stability of the HFBI-DCBD binding to
NFC

A series of identical mixtures of NFC and HFBI-DCBD con-
taining *H-labelled HFBI-DCBD were first prepared (500 pl).
The equilibrium concentration of bound protein was determined
from two samples to determine the initial equilibrium point on
the isotherm. The other samples were then diluted with buffer
(containing no HFBI-DCBD). Dilutions from two- to ten-fold
were used. The samples were filtered at different time points and
analysed to determine possible release of bound protein. HFBI-
DCBD was quantified from both supernatant and cellulose. To
separate cellulose and supernatant, the mixture was filtered (0.22
um Durapore membrane, Millipore). When the protein was
quantified from the cellulose fraction, the filter was washed to
remove unbound protein from the sample.

2.6 Formation and characterisation of monolayers on the
langmuir trough

Monolayer isotherms were measured and Langmuir—Schaefer
(LS) films were prepared using a KSV Minimicro trough (KSV
Instruments). We use the term LS films to describe molecular
layers that have transferred from the air/water interface by
touching the surface with a hydrophobic material. In LS films
therefore the outermost side will be the side of the surface layer
that was directed towards the bulk water during film assembly.
The layers were prepared by injecting protein solution, a mixture
of protein and nanocellulose or solution containing only nano-
cellulose onto the air/water interface. The samples contained 6.25
to 25 uM protein and 0.5 to 2 g 1! of NFC or CNC. After sta-
bilisation (20-30 min), the isotherm of the monolayer was
recorded by a constant rate compression of 3 mm min~' at
a constant temperature of 21 °C. The nanocellulose containing
samples were dispersed with a tip ultrasonifier (Soniprep 150
MSE, 2 minutes, amplitude 24 pm). Samples containing only
protein were dispersed mildly in an ultrasonic bath (Sonoswiss,
SW3) for 30 seconds.

LS-films were prepared by first compressing the monolayer to
a surface pressure of 30 mN m~!. The surface films were then
deposited onto pieces (10 x 10 mm) of freshly cleaved, ZYA
quality, highly oriented pyrolytic graphite (HOPG), (NT-MDT
Europe BV). HOPG was found suitable because it has a very flat
hydrophobic surface. The LS films were then carefully rinsed
with water to remove excess protein and unbound nanocellulose
and dried in a vacuum desiccator.

2.7 Atomic force microscopy

Atomic force microscopy (AFM) was used to image LS films. A
NanoScope Illa Multimode (E-scanner, Digital Instruments/
Veeco) AFM instrument was used with an NSCI5/AIBS canti-
lever (WMASCH). All images were recorded in tapping mode in
air with scan rates of 0.8—1 Hz (free amplitude was about 0.65 V).
The damping ratio was around 0.7-0.85. Images were flattened
to remove possible tilts in the image data.
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2.8 Interfacial dilatational rheology

Dilatational rheology of the protein film, NFC film or films
containing both components was studied at air/water and oil/
water interfaces by an oscillating air bubble or pendant drop,
respectively. Measurements were carried out by injecting an air
bubble into aqueous solution containing the components under
study. For oil/water interface measurements a droplet of the
aqueous solution was suspended from a capillary immersed in
hexadecane (Sigma-Aldrich). The droplet volume was oscillated
in a sinusoidal form using a pulsating drop module (KSV PD 100,
KSV Instruments Ltd.). Before rheological measurement, the
interfacial tension was followed until equilibrium was reached
(CAM 200, KSV Instruments Ltd.). At equilibrium, pulsation of
the droplet volume at 0.1 Hz was started. The surface area and
tension of the droplet were determined by recording a few
oscillations at a time and by repeating the measurement a few
times with several minutes interval. Rheological parameters were
determined from the data with the instruments own software
(OscDrop2008, KSV Instruments Ltd.).

2.9 Preparation of emulsions

Emulsions were prepared from pure hexadecane and water
solutions containing different amounts of HFBI-DCBD protein,
nanocellulose or combinations thereof. The volume fraction of
hexadecane was kept as 10% and the total volume of the emul-
sions was 1 ml. Emulsions were formed by ultrasonication of
mixtures of oil and water phase with an ultrasonic probe (Soni-
prep 150 MSE, amplitude 26 pm) for 4 x 30 seconds in an ice
bath, followed by homogenisation in an ultrasonic bath for 1
hour. Creaming of the emulsions was studied by following the
phase separation after homogenisation. The final volume frac-
tion of emulsion phase was determined from separation of the
clear aqueous phase from the opaque emulsion phase, observed
using a digital camera.

2.10 Epifluorescence and confocal microscopy

The structure of the emulsions was studied by staining cellulose or
hexadecane with fluorescent dyes. Nanocellulose was imaged by
epifluorescence microscopy (Olympus BX-50) by staining cellu-
lose with Calcofluor (Scandinavian Brewery Laboratory Ltd.) and
imaging fluorescence. More information on the 3-dimensional
structure of the emulsions was obtained by confocal microscopy
(Radiance Plus, BIO-RAD). For verification of formation of an
oil-in-water emulsion, an oil soluble stain, Nile Red (Molecular
Probes), was added to the samples prior to imaging. A blue argon
laser (488 nm) was used for excitation of the dye.

2.11 Drug nanoparticle preparation and binding to cellulose

An anti-solvent precipitation technique was used to form nano-
particles of a hydrophobic drug, itraconazole (ITR, Apotecnia
Murcia, Spain) and hydrophobins as described previously.>
Tetrahydrofuran (THF, p.a., Riedel-de Haén, Germany) was
used as the solvent for ITR. HFBI, HFBII or HFBI-DCBD was
first dissolved in water (0.6 g 17'). The solution was sonicated and
placed on ice. The ITR solution (12 g1~") was filtered with PVDF
syringe filters (PALL, Ann Abor, USA) to remove possible dust

particles. The ITR (0.25 ml) solution was rapidly added into the
hydrophobin solution (5 ml). The receiving liquid was stirred
vigorously with a magnetic stirrer and the temperature of the
solution was controlled by keeping the sample on ice. A white
precipitate was observed as a turbid solution immediately after
ITR addition, indicating the formation of the nanoparticles. The
solution was stirred for 20 min.

NFC was used at a concentration of 8.4 g I-'and sonicated
immediately prior to use. Nanoparticle suspensions were mixed
with NFC solution to a final ITR : HFB : NFC weight ratio of
1:1: 2. The ionic strength was adjusted by adding NaCl up to 300
mM. The suspensions were shaken at room temperature for 20 min
before taking the first TEM samples. Characterisation of the
particle size and morphology was done by transmission electron
microscope (FEI Tecnai F12, Philips Electron Optics, The Neth-
erlands). Nanoparticle dispersions were dried on formvar film-
coated copper grids with mesh size 300 (Agar Scientific, Essex, UK).

3 Results and discussion
3.1 The binding isotherm for HFBI-DCBD to NFC

The affinity and capacity of HFBI-DCBD binding to NFC were
determined (Fig. 1). Data were fitted using a one-site binding
Langmuir adsorption model (Graph Pad, CA, USA). The affinity
constant, Ky, was 2.4 uM and the binding capacity 20 pmol g~'.
These values are very close to previously observed ones for the
binding of an individual DCBD-construct on bacterial cellulose.
It was previously shown that placing two CBDs in tandem results
in a synergic increase in the binding affinity compared to using
individual CBDs.* This was the reason for choosing the DCBD
as the fusion partner. The capacity converted to mass units was
0.37 g of HFBI-DCBD per gram of NFC.

The DCBD binding functionality of HFBI-DCBD was also
studied using a quartz crystal microbalance (QCM, see ESI¥).
Injection of HFBI solution over a polystyrene (PS) surface leads
to the formation of a monomolecular layer of hydrophobin,
attached to the surface as described previously.’® This was
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Fig. 1 Binding isotherm of HFBI-DCBD on nanofibrillar cellulose. Ky
of the binding of HFBI-DCBD to NFC is 2.4 uM and the binding
capacity of NFC is 20 pmol of HFBI-DCBD per gram.
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observed in the QCM sensograms for both HFBI and the HFBI-
DCBD fusion proteins as increase of mass of 200 ng cm~2 for
HFBI and 650 ng cm~2 for HFBI-DCBD monolayer, corre-
sponding to mean molecular areas of ~6.3 nm? for HFBI and
~4.7 nm? for HFBI-DCBD (see Fig. S31). After rinsing with
buffer, CNC was injected. The mass bound to the HFBI layer was
900 ng cm 2 whereas HFBI-DCBD bound approximately 3 ug
cm 2. The masses of CNC layers are only rough estimates due to
limitations of the QCM method (discussed in the ESIY). It appears
that the monolayer of HFBI is able to bind some CNC non-
specifically or that a small amount of CNC sediments on the
sensor chip. However, the amount of CNC that binds to the fusion
protein is significantly higher than the mass bound to HFBI,
showing a specific interaction between CNC and the CBD units.

3.2 Non-equilibrium desorption of HFBI-DCBD from NFC

We investigated the rate of release of HFBI-DCBD from cellu-
lose to understand how stable the modification would be under
changing conditions. Mixtures of HFBI-DCBD and NFC were
first equilibrated and then diluted with buffer, increasing the
volume to 2-10 times the original. If the binding of HFBI-
DCBD to NFC would be reversible, a dilution of the sample
should result in the formation of a new equilibrium point along
the binding isotherm in a time comparable to the binding event.
If binding were irreversible or show a very slow desorption, the
concentration of free protein should decrease due to the dilution,
but the amount of cellulose-bound protein would have remained
essentially unchanged. The results showed that in two hours,
only a little HFBI-DCBD desorbed from the cellulose in diluted
samples and thus desorption was slow (Fig. 2). Over 96% of the
bound protein remained bound when the equilibrated NFC/
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Fig. 2 Summary of dilution driven desorption of HFBI-DCBD from
NFC. The columns represent the measured amount of bound HFBI-
DCBD per gram of NFC. Time 0 corresponds to the situation before the
10x dilution. After dilution the amount of cellulose bound HFBI-DCBD
was measured at times 1, 20 and 120 minutes (columns). The open circles
show how much bound protein is expected based on the adsorption
binding curve (Fig. 1). The observed bound amount of HFBI-DCBD
decreases only slightly showing that the desorption kinetics is very slow.
The initial concentration of HFBI-DCBD was 5 pM.

protein suspension was diluted by a factor of 2 and allowed to
reach a new equilibrium (data not shown) and over 80% was
found bound after dilution by a factor of 10. The amount of
bound protein was found to decrease slightly with time with the
greater dilution and after 20 minutes of incubation in room
temperature. The amount of HFBI-DCBD was measured both
as bound to cellulose and as free in solution. Both ways of
measuring gave the same results.

3.3 Formation of self-assembled films

The functionality of the HFBI-DCBD fusion protein at the air/
water interface was investigated by studying its behaviour in
combination with NFC in a Langmuir trough.’” In Fig. 3, the
surface pressure—area isotherms for the interfacial protein films
are shown. The HFBI-DCBD fusion protein showed a slightly
lower mean molecular area of ~1.8 nm? than the HFBI control
which was ~2.6 nm?. The reason is not directly evident since the
bulkier DCBD part could be expected to increase the molecular
dimensions. However, since the DCBD fusion part increases the
size of the hydrophilic part of the fusion protein, the reason may
be a decreased tendency to assemble at the surface, or different
packing arrangements (AFM images of surfaces in Fig. S1, ESIY).

The formation of monolayers at the air/water interface was
also studied by ellipsometry to verify the results (see Fig. S27).
The experiments showed that both proteins formed a full
monolayer at the air/water interface even without compression.
The mean molecular areas from ellipsometry measurements were
~3.6 nm? and ~6.0 nm? for HFBI and HFBI-DCBD respec-
tively, which are very close to the crystallographic dimensions of
the proteins.®®3* The differences in the mean molecular areas
obtained by Langmuir trough and ellipsometry can be caused by
the differences in the preparation of the interfacial film. In
ellipsometry the interfacial film is formed by free adsorption of
the protein from the bulk and in Langmuir trough the protein is
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Fig. 3 Isotherms of the interfacial molecular films at air/water interface.
The surface pressure as a function of the mean molecular area of HFBI
(solid line), HFBI-DCBD (dashed line), 1: 1 molar ratio mixture of
HFBI and HFBI-DCBD (gray line) and the combination of HFBI-
DCBD and NFC (dotted line) measured at 21 °C. Mean molecular area
was calculated from the amount of injected protein.
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injected dropwise onto the interface and compressed to form the
film. By compressing the film it is possible that a denser
arrangement of protein in the film is achieved and thus a smaller
value for mean molecular area compared to ellipsometry. In
ellipsometry the proteins are adsorbing freely from the bulk and
thus the DCBD part of the fusion protein can interfere in the
adsorption of the fusion protein and lead to a larger mean
molecular area compared to HFBI.

Addition of nanocellulose (NFC or CNC) to HFBI-DCBD
before film formation resulted in changes in the surface pressure—
area isotherms compared to only HFBI-DCBD (Fig. 3, data for
CNC not shown). The film was prepared from a mixture of 25
uM HFBI-DCBD and 0.5 mg ml~! NFC. In these conditions,
~30% of the protein adsorbed to NFC and the concentration of
the free protein remaining was ~17 pM. The surface pressures
for film collapse of the NFC containing film were slightly higher
than those of the protein films, but the presence of NFC was not
otherwise observable in experiments using the Langmuir trough.
On the other hand, binding of the protein decreased the amount
of free protein at the interface shifting the isotherm towards
smaller molecular area (~30% was bound to cellulose at these
conditions). To analyse how NFC had been incorporated in the
interfacial film, samples of the surface films were deposited on
HOPG using the LS technique and imaged by AFM, as described
above. As seen in Fig. 4A, a mesh of nanocellulose fibrils has
packed as a thin layer on top of the protein film. The NFC
density was not uniform across the interfacial film. Similar
results were obtained for CNC, as seen in Fig. 4B. Control
experiments with only NFC or CNC (lacking protein) did not
result in any sort of interfacial film.

3.4 Rheology of the fusion protein/nanocellulose surface films

Surface shear rheological properties of self-assembled films of
protein and its combination with NFC at air/water interface were
investigated next. In surface shear rheological measurements, the
viscoelastic moduli of HFBI and HFBI-DCBD at constant shear
and frequency were followed as a function of time (Fig. S47).
Results showed that the interfacial film of HFBI-DCBD formed
slower and had smaller moduli than HFBI. Elastic moduli, G,
were dominant for all studied interfacial films indicating that they
are elastic rather than viscous in nature. The high G’ value, ~1.2
N m™', obtained for HFBI was comparable to the one previously
reported in literature.?** The G’ value for HFBI-DCBD, ~0.2 N
m~', although an order of magnitude lower than that for HFBI, it

is high compared to other proteins reported in literature.***' The
high values of rheological moduli for wild type HFBI are most
likely due to the mechanism by which the hydrophobin functions,
that is through strong lateral interactions between the molecules.
For HFBI-DCBD, the values are significantly lower probably
because the normal functional tight packing of the HFBI is
sterically hindered by the DCBD fusion partner. A contributing
effect for the decrease in G’ value for HFBI-DCBD can also be an
altered interfacial packing arrangement as compared to HFBI.
By ellipsometry, it is seen that the packing density is different for
HFBI-DCBD and HFBI, showing mean molecular areas of ~6
nm? and ~3.6 nm? respectively. It can therefore be expected that
the interactions of the molecules are different at the interface,
explaining the differences in the G’ value. The differences in the
adsorption rates for HFBI and the fusion protein are probably
due to the size difference of the proteins (HFBI-DCBD = 18 500
Da, HFBI = 7200 Da), giving a significant lowering of the
diffusion rate of the larger molecule.

Addition of NFC to the interfacial HFBI-DCBD film caused
a slight increase in viscoelastic moduli, but also a large increase in
the variation between measurements (See, Fig. S4-S7, ESI, and
Table S17). The absolute moduli of the hybrid film containing
both HFBI-DCBD and NFC do not significantly differ from the
values for the film of HFBI-DCBD only indicating that the
protein forms a stable interfacial layer, which the NFC does not
disturb. However, the deviation of measured curves increases,
probably due to variation in the density of NFC fibrils that are
attached to the HFBI-DCBD film at the interface.

Dilatational surface rheology of HFBI-DCBD + NFC hybrid
films at air/water and hexadecane/water interfaces was studied by
an oscillating pendant drop method. Initially equilibrium was
allowed to form. Assembly of HFBI-DCBD led to a significant
decrease of surface tension at air/water interface, from initial ~72
mN m~! to final 55 mN m~". Similarly values decreased from 30
mN m~! to 9 mN m~! at the oil/water interface. Adsorption of
NFC to the interfaces did not decrease the interfacial tension as
much as the protein did (see Table 1). Under these conditions,
~7% of the protein was bound to the cellulose (calculated from
the binding isotherm (Fig. 1)). The values of dilatational moduli
for pure NFC at oil/water interface are significantly larger than
the ones at air/water interface, which implies that NFC itself has
a tendency to adsorb at the oil/water interface.

Dilatational rheological measurements are summarised in
Table 1. A low phase lag was observed for all the film types,
implying the formation of elastic films. At the air/water interface,

/‘\'ﬂ

|M%§

Fig. 4 AFM topography images of self-assembled protein/cellulose films picked up from air/water interface at surface pressure 30 mN m~'. (A) An
interfacial film formed from a combination of HFBI-DCBD and NFC. (B) An interfacial film formed from a combination of HFBI-DCBD and CNC.
In both cases a well-defined two-layered hierarchical structure was obtained. The height scale in both images is 30 nm. (C) Schematic representation of
how samples were prepared. First the fusion protein was allowed to assemble on the air/water interface together with NFC or CNC. Then the surface
layer was lifted off from the surface by touching with a piece of HOPG. HOPG with the surface layer attached was then imaged with AFM.
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Table 1 Values of interfacial tension, viscoelastic moduli and phase lag at air/water and hexadecane/water interfaces in the presence of 0.1 gl-! HFBI-

DCBD protein, light fraction of NFC and their combination

Surface/interfacial tension/mN m™! |E//mN m~! E/mN m™' E'/mN m™! Phase lag/deg
HFBI-DCBD (air/w) 57 235 234 6 -1
HFBI-DCBD (o/w) 9 33 32 5
NFEC (air/w) 63 8 8 0 1
NFC (o/w) 15 21 20 4 11
HFBI-DCBD + NFC (air/w) 53 146 145 16
HFBI-DCBD + NFC (o/w) 9 14 14 1 5

the value of dilatational elastic modulus E’ was very high for pure
protein, but low for pure NFC. NFC together with protein had
intermediate E' values. HFBI results were comparable to earlier
observations from a Langmuir trough method.*' At the oil/water
interface the absolute moduli values were much smaller and
samples with only protein had the highest values. The behaviour
of the hybrid film at the oil/water interface deviated from the air/
water interface and showed the lowest £’ value. This is probably
due to NFC’s different behaviour at the two interfaces. Since
NFC was observed to form a film at the oil/water interface, there
may be competitive adsorption of NFC and HFBI-DCBD
leading to less-ordered film than at the air/water interface, where
formation of a stable hydrophobin layer is very favourable and
practically no NFC adsorption was observed. A reason for the
assembly of NFC might be their high surface energy, which
makes them very sensitive towards other solvents than water. It
has been shown that the dispersed nanofibrillar structure may
collapse in the contact with organic solvents.** On the other
hand, low elastic moduli of the protein/NFC films imply to
restricted dilatation of the film containing cellulose. The interface
between pure water and hexadecane was studied as a reference
and was also elastic in nature, but had a lower modulus |E| than
the other interfaces.

We conclude that the NFC alters the rheological properties of
interfacial films to some extent but that the properties are still
dominated by the properties of hydrophobin.

3.5 NFC and HFBI-DCBD as emulsion stabilisers

Emulsions of hexadecane and water in the presence of HFBI-
DCBD and/or nanocellulose were studied. As shown above the
self-assembly of HFBI-DCBD and NFC led to interfacial films
and we investigated how the possible formation of such films
could affect the properties of emulsions. Effects could include the
stabilisation of interfaces, and thereby increased stability of
emulsions. Emulsion structures were studied by microscopy and
they were confirmed to be of oil-in-water type by staining the oil
phase with a lipophilic dye (Nile Red) (see Fig. S8 and S97). Oil
droplets could also be observed by bright field microscopy and
their size varied from tens of micrometres to some hundreds of
nanometres for different samples and emulsion types. Fig. SA
shows an example of an emulsion formed by NFC alone. NFC is
stained with Calcofluor and is clearly visible as bright blue
surrounding the ca. 10-20 um oil droplets. The droplets in
HFBI-DCBD containing emulsions were much smaller, about
600 nm in diameter. In emulsions containing both NFC and the
protein, the droplets were also small and they were coated by
a thin layer of cellulose, which was observed by their

fluorescence. The fluorescence intensity of droplets containing
NFC increased with increased NFC content. As the cellulose
concentration was increased, a continuous cellulose matrix was
formed in the aqueous phase. Association of the submicron oil
droplets to the cellulose fibrils was observed as shown in Fig. 5B
and C. Similar structures were observed for CNC (see Fig. S107).

The stability of the emulsions was studied by following sepa-
ration of the emulsion phase from the aqueous phase due to
creaming. The results are presented as the emulsion stability
index (ESI), which is calculated from the volume of separated
water and the total amount of water as follows.

ESI = {1 - L“P"‘“‘ed} x 100% (1)

w,total

The equilibrium ESI, measured 28 days after formation of the
emulsions are shown in Fig. 6. The stability was rechecked under
a period of 6 months with no visible change. The stability of the
cellulose-containing emulsions was generally dependent on the
concentration of nanocellulose, which is probably caused by
both the increasing viscosity of the water phase as a function of
the nanocellulose content and by the increasing amount of NFC
available for encapsulating the oil droplets. The stability of the
emulsions was further enhanced by addition of the fusion
protein. In Fig. 6A, a comparison of an emulsion series stabilised
with varying amount of NFC without protein and with added 1 g
1! of HFBI-DCBD is presented. The data show that full stability
of the emulsion could be reached at conditions where the NFC
concentration was ~1.25 g 1! and protein concentration 1 g 1.
In the case of plain NFC, the most stable emulsion at the studied
concentration range (2 g 1) had volume of ~80% of the total
volume. The protein itself was observed to stabilise emulsions
rather well even in the absence of nanocellulose, but the equi-
librium volume above 80% could not be reached (see
Fig. S11A¥). The ESI value for the control emulsion containingl
g1 of HFBI and 1 g I"! NFC was 54%. Stabilisation of emul-
sions was also studied with CNC, but their ability to stabilise
emulsions was much lower (see Fig. S11B¥).

From the above observations, two possible reasons for
enhanced emulsion stability are proposed. On the one hand, it
can be expected that NFC acts as a thickener of the continuous
phase slowing down the diffusion of the emulsion droplets when
the phases separate due to their density difference. On the other
hand, addition of HFBI-DCBD showed a clear enhancement of
emulsion stability. One reason for more stable emulsions may be
assembly of HFBI-DCBD at the interfaces of the oil droplets,
which decreases their size. However, control emulsions con-
taining wild type HFBI and NFC were less stable than the ones
containing same amount of NFC and HFBI-DCBD. HFBI

This journal is © The Royal Society of Chemistry 2011
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Fig. 5 Epifluorescence microscope images of emulsions. Cellulose has been stained with Calcofluor. (A) An image of emulsion stabilised by 0.1 g1-' of
NFC. (B) An image of emulsion stabilised by NFC/HFBI-DCBD. Structures consisting of bundled cellulose fibrils are clearly visible. (C) A bright field
microscope image of the same structure. Droplets are seen as small granules following the cellulose structures. Concentrations of NFC and HFBI-

DCBD were 0.025 g 17" and 1.0 g 1! respectively.

assembles the oil/water interface, but does not bind to cellulose
specifically. These data and the microscope examination of the
emulsions indicate that there is interaction between the NFC
fibrils and the HFBI-DCBD-coated oil droplets leading to
highly stable emulsions. The synergetic effect between the protein
and nanocellulose was studied further by examining the
measured ESI values of emulsions containing NFC and HFBI-
DCDB as a function of different variables, such as amount of
NFC, total protein, unbound protein and bound protein. The
only variable showing a general trend (Fig. 6B) was the amount
of HFBI-DCBD bound to NFC, which was calculated from the
binding isotherm. For comparison, the inset shows the data
plotted against the amount of free protein (see Fig. 6B inset),
which shows no clear dependency. According to this observation,
the best stabilisation occurs when largest amount of the HFBI-
DCBD + NFC complex is present.
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Cellulose derivates and modified cellulose have been used
widely in emulsions and other drug and food formulations but
only few reports on using unmodified cellulose as an emulsion
stabiliser have been published.***¢ The surface of cellulose is
hydrophilic, but nanocelluloses (NFC and CNC) have low
colloidal stability, leading to bundling of the fibrils and collapse
of CNC." Yet, nanocellulose is not amphiphilic and its ability to
stabilise emulsions has not been reported widely. Only one report,
describing structures similar to our observations where unmodi-
fied bacterial nanocellulose has formed a mechanical barrier
surrounding oil droplets has been published.* The reasons for
deposition of mesh of unmodified nanocellulose at the oil/water
interface cannot be associated with self-assembly of nanocellulose
at the interface, since there was no detectable lowering of inter-
facial tension in the presence of NFC alone. The reason for oil
encapsulation is most probably due to collapse and bundling of

Bound Protein (mg/ml)

Fig. 6 Emulsion stability indices (ES/) of emulsion containing NFC. (A) ESI of emulsions stabilised by NFC (filled squares) and combinations of
varying amount of NFC and 1 g1-' HFBI-DCBD protein (filled circles) as a function of NFC concentration. A series of emulsions containing 1.0 g1-' of
NFC and a varying amount of protein (from 0.1 to 1.5 g 17") (unfilled circles) showed an intermediate behaviour between pure NFC and the emulsions
containing 1.0 g 1! of protein with varying amount of NFC. The dashed lines do not have theoretical meaning but are plotted as a guide to the eye. (B)
ESI of all emulsions containing combinations of NFC and HFBI-DCBD as a function of bound protein concentration. The data are the same as
presented in (A), the emulsions with varying amount of NFC and 1 g I-' HFBI-DCBD protein (filled circles) and the emulsions containing 1.0 g 1-! of
NFC and a varying amount of protein (unfilled circles). Inset: the same data presented as a function of free protein concentration, showing that there is

no meaningful correlation between ESI and the amount of free protein.
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the nanofibrils at the interface when they were forced in contact
with hexadecane during the emulsification.*? On the other hand,
the emulsions high stability might imply the formation of Pick-
ering emulsions, where solid particles assemble at the oil/water
interface forming very likely highly stable emulsions.*’

The behaviour of the HFBI-DCBD containing emulsions shows
a difference to emulsions formed by only NFC that can be
explained through the dual function of HFBI-DCBD. Formation
of oil-droplets by the fusion protein both in the absence and pres-
ence of NFC implies that the protein’s assembly at the oil/water
interface is rapid and that cellulose does not significantly interfere
with the assembly or protein orientation. This implies that the
structure of the interfacial films in the emulsions is the same two-
layered structure that was observed at the flat air/water interface.

3.6 Functionalisation of drug nanoparticles for binding to NFC

The amphiphilic structure of hydrophobin allows it to be used to
produce and coat nanoparticles of compounds that have low
solubility in aqueous solution, such as some drug compounds.®
We previously showed when a compound of low solubility in
water (here itraconazole (ITR)) was dissolved in a suitable
solvent (here tetrahydrofuran (THF)) and then dispersed in an
aqueous solution of hydrophobin, nanoparticles were formed
(Fig. 7A). Such nanoparticles have many desirable effects such as
improved solubility and bioavailability, but the long term
stability of the particles can be low, especially in physiological
conditions. In Fig. 7B, it can be seen that particles have aggre-
gated and their morphology has changed after five days in
aqueous solution.

Next we investigated how a cellulose-binding functionality
could be added to the nanoparticles through the use of HFBI-
DCBD. The use of HFBI-DCBD resulted in morphologically
identical particles as with the HFBII as observed by TEM. The
cellulose binding capacity of the nanoparticles was studied by
mixing NFC and the nanoparticle solution. HFBI coated
nanoparticles were used as the control. It was found that parti-
cles associated to NFC, but in a solution dependant manner. At
low ionic strength, both HFBI and HFBI-DCBD coated parti-
cles were found to associate with NFC (Fig. S121). However,
increasing the ionic strength by adding NaCl up to 300 mM
revealed a clear difference between particles with DCBD func-
tion and those without, as shown in Fig. 8. Freshly prepared
mixtures of particles and NFC showed little difference and

Fig. 7 (A) TEM image of freshly prepared ITR filled nanoparticles
coated with hydrophobin (HFBII). (B) The particles are unstable and
storage in aqueous solution leads to disruption and disproportionation,
as shown here for a five-day old sample.

Fig. 8 TEM images of (A) ITR-HFBI-DCBD-NFC sample made in
0.3 M NaCl, (B) ITR-HFBI-NFC sample made in 0.3 M NaCl. Both
samples were stored in suspension for 12 days. (C) After storage the
morphology of the sample prepared with HFBI-DCBD showed no
change, (D) the sample prepared with only HFBI showed strong aggre-
gation.

particles associated with the cellulose could be identified on TEM
images. However, upon aging of the samples they behaved
distinctly differently. The particles prepared with only HFBI
showed strong aggregation and coalescence of particles, with
their size growing from ca. 50-100 nm to above micrometres
after 12 days. In contrast, particles prepared using HFBI-DCBD
showed very little change after the same storage. The particles
were still attached to the NFC network and well dispersed. Steric
stabilisation using polymers has been considered an effective
mechanism to shelter drug nanoparticles against aggregation and
degradation. It can be more effective than ionic stabilisation
because of the high ionic strength and variation in pH in the
human body. Therefore, HFBI-DCBD fusion protein ability to
bind to NFC with high affinity, regardless of the high ionic
concentration, was considered as an integral part of protective
matrix for drug nanoparticles.

4 Conclusions

In this work we have demonstrated a way to use specific protein
interactions to functionalise nanocellulose. Through this func-
tionalisation, NFC could be self-assembled at the air/water
interface, forming thin layers of tightly packed fibrils. The
combination of NFC and HFBI-DCBD gave a synergistic effect
in the formation and stability of an oil-in-water emulsion. The
bifunctional adhesive properties of HFBI were also shown to
improve the attachment of drug nanoparticles to NFC and thus
improve their stability during storage.

In nature there are innumerable examples of how specific
protein interactions control the architecture of cells, tissues and
other structures, thereby creating highly functional assemblies.

This journal is © The Royal Society of Chemistry 2011
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To achieve a similar level of control of structures is a major goal of
materials science and molecular nanotechnology.*®* It can be
instructive to view the HFBI-DCBD as a block copolymer as it
consists of blocks of different functionalities. The interactions of
the different blocks lead to self-assembly of the system. In prin-
ciple such block-copolymers could be produced in a completely
non-biological manner if blocks with suitable functionality would
be available. However, we are not aware of the existence of non-
biological blocks that would function with similar efficiency as the
protein blocks used here. We suggest that protein-based block
copolymers have the significant advantage that their structures
can be engineered on a molecular level in a significantly more
precise way than any synthetic system, leading to more specific
interactions and higher degree of control. The main drawback of
amino acid based systems is that we are currently limited to the 20
naturally occurring ones. However, with the rapid development of
molecular and synthetic biology, it is likely that this limitation will
be overcome in the future.

The use of genetic engineering allows the production of a vast
number of molecular functionalities and combinations thereof,
opening an enormous resource for materials engineering on the
nano and molecular scale. Nature provides examples of inter-
actions that can be used, such as the ones used in this work.
However, we can also fine tune these biological compounds or
find entirely new interactions and molecular functions in the
laboratory by using methods such as directed evolution.*® In this
way, similar protein-based approaches for structural assembly
can be extended to any system, biologic or non-biologic.
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LS films of proteins

Protein monolayers were studied by pipetting a known amount of HFBI and HFBI-
DCBD on top of the subphase on a Langmuir trough. The films were compressed to
surface pressure 30 mN/m and then picked up on a HOPG substrate. Films were then

imaged by AFM (Figure S1).



Figure S1. AFM topography images of self-assembled protein films picked up from
air/water interface at surface pressure 30 mN/m. A) A monolayer of HFBI. B) A

monolayer of HFBI-DCBD.

Ellipsometry

Ellipsometric measurements were carried out using a multi-wavelength ellipsometer
(EP3, Nanofilm, Gottingen, Germany) operated at a single wavelength of 532 nm.
The device was set up in a PCSA (polarizer-compensator-sample-analyzer)
configuration with an angle of incidence of 54° to the surface normal. The air/water
interface is realized by a round Teflon trough filled with buffer solution (10 mM
acetate buffer, pH 5). Care was taken on choosing the optimal trough diameter, large
enough to minimize meniscus curvature in the middle region, where the laser light
probes (or: is reflected by) the liquid/air interface. To minimize evaporation, the

trough was covered by a hood with a small slit for incident and reflected light beam.

The ellipsometric angles ¥ and A were recorded via the nulling ellipsometry

principle in two zones' thus balancing between measurement time and accuracy of the



measurement. A sampling rate of ca. 1.5 min™ was chosen for the time resolved

measurements of the adsorption kinetics.

For the evaluation of the recorded data, an optical box model was applied consisting
of the buffer solution (whose refractive index ns was determined before), the protein
film (assumed as homogeneous layer with a fixed refractive index n¢) and the ambient
air (simulated as vacuum, n, = 1). This model yields the protein layer thickness d; as a
function of time, yet with a fixed refractive index. The absolute amount of adsorbed
protein " can be determined with de Feijter’s formula

n: —nN
_d. s Eq S1
"dn/dc (EqS1)

assuming that the refractive index of a protein is a linear function of its

concentration, and with dn/dc as the increment of the refractive index due to

smaller than 5 nm it is not possible to determine thickness and refractive index of a

layer unambiguously™, the adsorbed amount I"is the more reliable value.



N/\

S

~

(o)}

E 4r

%]

(7]

=

© 2f

5]

€

3

< i

0 100 200 300
Time (min)

Figure S2. Adsorbed mass of HFBI (circles) and HFBI-DCBD (squares) at the

air/water interface as a function of time. Closed symbols correspond to protein

concentrations 1 uM and open symbols to 0.5 uM.

Adsorption HFBI and HFBI-DCBD at air/water interface was studied by injecting
certain amounts of the proteins into water and measuring the evolution of a surface
film. After observing a constant baseline indicating constant ambient conditions, the
measurements were started by exchanging 10 ml of the buffer with the protein
solution. Complete mixing was achieved by injecting the protein solution into the
bulk water at velocities sufficiently high for turbulent flow behavior. Measurement
was repeated with protein concentrations 0.5 uM and 1.0 uM (Figure S2.). The final

adsorbed masses of HFBI (M = 7.54 kDa) and HFBI-DCBD (18.50 kDa) were ~ 3.5



mg/m? and 5.1 ~ mg/m?, respectively. These correspond to monolayers with mean

molecular areas 3.6 nm? and 6.0 nm>.

QCM Analysis of Functionality of the HFB-DCBD Fusion Protein.

Sensograms of the QCM binding studies are shown in Figure S3. The experiment
can be divided into three regions, the initial equilibration (baseline), injections of the
protein (first vertical line) and CNC (second vertical line). In addition, the surfaces
were washed with buffer after each injection. The amount of bound masses were

estimated from the frequency change by Sauerbrey equation

Am = —% (Eq S2)

where C is a constant 17.7 ngHz'cm™ arising from the properties of the quartz

crystal, Af is the frequency change and n is the overtone of the oscillations.

Injecting of HFBI over a PS surface is known to lead to formation of a
monomolecular layer of hydrophobin on the surface. This can be seen for the initial
parts of the QCM sensograms for both HFBI and the HFBI-DCBD fusion proteins.
Mass of bound HFBI was 200 ng/cm® and the HFBI-DCBD bound to a level of 650
ng/cm?. The bound amounts correspond to mean molecular area of ~ 6.3 nm? for
HFBI and ~ 4.7 nm? for HFBI-DCBD. After protein injection and rinsing, a solution
of CNC was injected. The Sauerbrey mass of bound CNC on the HFBI layer was 900
ng/cm? and the mass bound to HFBI-DCBD was approximately 3.0 pg/cm?

Sauerbrey equation is only valid for thin, rigid films, assuming negligible dampening



of the oscillations. The measured dissipation (AD) values for CNC binding, however,
were significant (12 and 30 x 10 to HFBI and HFBI-DCBD respectively) and thus
their calculated masses are most likely underestimated. The larger the AD value, the
larger the underestimation is. Nonetheless we can use the Sauerbrey masses as
estimations and draw the conclusion that the monolayer of HFBI-DCBD fusion

protein has a much higher capability of binding cellulose than wild-type HFBI.

Bound mass (pg/cmz)

Time (h)

Figure S3. A QCM sensogram of consecutive binding of HFBI (grey line) and
HFBI-DCBD (black line) to PS surface and CNC to the resulting protein layers.

Injection times of protein and CNC solutions are marked with vertical lines to the

image.

Interfacial Shear Rheology

Interfacial shear rheology was measured using TA Instruments AR-G2 controlled
stress rheometer equipped with a Du Noly -ring geometry. The experiments were
made on air/water interface at 20 °C. The interfacial films of 0.54 uM HFBI-DCBD

with and without nanocellulose were aged in the measuring cup for 20 h. For 1.3 uM



HFBI and HFBI-DCBD the interfacial films were not aged before the measurement,
instead the evolution of the interfacial film was measured. Rotational and oscillatory
mappings were done before each measurement. The ring was carefully placed onto
the interface, immersed into the sample and then brought back onto the interface by
automatic control of the geometry height. Three different measurement types were
performed for the aged interfacial films: A time dependent experiment at constant
frequency (0.1 Hz) and strain (0.01 %), a frequency dependent experiment at constant
strain (0.01%) and a strain dependent experiment at constant frequency (0.1 Hz). The
frequency dependent experiment was done after the time dependent measurement for
the same interfacial film, since the films remained stable. The strain in the above
experiments was set to 0.2 % to ensure that the experiments were done in the linear
viscoelastic regime. The strain value was selected from a strain dependent experiment

where strain was varied from 0.001 to 10 % at a constant 0.1 Hz frequency.

Viscoelastic shear moduli resulting from the adsorption of HFBI and HFBI-DCBD
as a function of time are shown in Figure S4. In the case of HFBI-DCBD the G’ value
after tree hours is almost an order of magnitude lower compared to HFBI. The HFBI-
DCBD film forms slower than the film of HFBI in consistency with the observations
done by ellipsometry. The G* of HFBI-DCBD starts to increase 75 minutes after

starting the measurement , whereas G’ of HFBI starts to evolve after ~ 20 minutes.



A B
...... 0,2 "
10F .0 .o
o. 0.
_— — .
iz . E .
< < 01} v
=\/ 05 ° ;" ..
2 . 9 .
O] > ) °
.O 000 Ooooooooooooo
o~o lo)
0,0} 000000 90000000 00} 0000000008°
0 5 10 15 0 10 20 30
Time (h) Time (h)

Figure S4. Surface shear moduli of 1.3 uM HFBI (A) and HFBI-DCBD (B) as a
function of time. Elastic modulus G’ is plotted as the closed circles and viscous
modulus G’ as the open circles. Measurements were carried out using constant 0.2 %

strain and 0.1 Hz frequency.

Time dependent changes in aged films of 0.54 uM HFBI-DCBD and its mixture
with 0.025 mg/ml NFC were studied by exposing them to constant strain and
frequency (Figure S5). Addition of NFC to the interface increased the G’ values
slightly, but the most prominent change was in the increased deviation between
parallel experiments done on the NFC containing films. The studied ratio of HFBI-
DCBD to NFC represents a situation where ~ 50 % of HFBI-DCBD is associated with
NFC; the free HFBI-DCBD concentration being roughly 12 pM and the amount of

bound HFBI-DCBD being approximately 5 pmol/g (not fully saturated).
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Figure S5. Surface shear moduli of 0.54 uM HFBI-DCBD (A) and 0.54 uM HFBI-
DCBD with 0.025 g/l NFC light fraction (B) as a function of time. Elastic modulus G’
is plotted as the closed circles and viscous modulus G’ as the open circles. Error bars
are calculated from the standard deviation of 3-5 measurements. Measurements were

carried out using constant 0.2 % strain and 0.1 Hz frequency.

In the frequency dependent measurement one can note that the G’ value of both film
types increased monotonically over the investigated frequency range and interfacial
shear viscosity |n*| of both samples decreased (Figure S6). Logarithm of the
interfacial viscosity is inversely proportional to the frequency on logarithmic scale
and indicates shear thinning behavior. Both interfacial shear viscosity and viscoelastic
moduli had a power law dependency on frequency (eg. G’ o« «"). Power law
constants N, n” and n’’ extracted from the slopes of viscosity, G* and G’ on log-log

scale are summarized in table S1.



Table S1. Power law constants for HFBI-DCBD and HFBI-DCBD/NFC films.

G'/G" (N/m)

40,1

40,01

HFBI-DCBD HFBI-DCBD + NFC
N (viscosity) -0.86 -0.92
n’ 0.12 0.12
n”’ 0.07 0.07
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Fig S6. Surface shear moduli and interfacial shear viscosity of 0.54 uM HFBI-

DCBD (A) and 0.54 uM HFBI-DCBD with 0.025 mg/ml NFC light fraction (B) as a

function of frequency. Elastic modulus G’ is plotted as the closed circles, viscous

modulus G’ as the open circles and interfacial viscosity as squares. Error bars are

calculated from the standard deviation of 3-5 measurements. Measurements were

carried out using constant 0.2 % strain. The power law constant of the shear viscosity

was -0.86 for HFBI-DCBD and -0.92 for the combination.

In the strain dependent measurements one can see the collapse of the viscoelastic

moduli at strain 0.25 % (Figure S7). Absolute values of G’ is again higher for the

10



NFC containing film, but more or less similar effect of increasing strain indicates that

NFC does not otherwise affect on the interfacial properties of the protein film.

0,20 H
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Fig S7. Surface shear moduli of 0.54 uM HFBI-DCBD (circles) and its
combination with 0.025 g/l NFC (triangles) as a function of % strain. Elastic modulus
G’ is plotted as the closed symbols and viscous modulus G’’ as the open symbols.
Error bars are calculated from the standard deviation of 3-5 measurements.

Measurements were carried out using a constant 0.1 Hz frequency.

Emulsification Experiments

Emulsions stabilized with NFC were imaged with optical microscopy. The oil/water
interface is clearly visible in bright field images as circular lines (Figure S8A). For
verification that an oil-in-water type emulsions were indeed formed, the oil phase was
stained with a lipophilic dye (Nile Red) and the emulsion was imaged with a confocal
microscopy. In Figure S8B it clearly seen that the droplets were colored and the

continuous phase remained unstained. Emulsions stabilized with combinations of

11



NFC, CNC and HFBI-DCBD were imaged similarly and are presented in Figures S9
and S10. The structure of all emulsions appear more or less similar, but the droplet
size in emulsions including HFBI-DCBD was much smaller, only hundreds of
nanometers (Figure S9). In Figures S9A, S10A and S10C cellulose has been stained

with Calcofluor.

12



Figure S8. Emulsions stabilized with NFC. A) A bright field microscopy image of
emulsion droplets. B) A confocal microscopy image where the oil phase has been

stained with Nile Red. Image size is 26 x 26 um.

Figure S9. Emulsios stabilized with NFC and HFBI-DCBD. An epifluorescence (A)

and a bright field (B) image of emulsion containing nanodroplets associated into
larger agglomerates. C) A confocal microscopy image of an emulsion where oil phase

has been stained with Nile Red. Image size is 128 x 228 um.

13



Figure S10. Emulsions stabilized by cellulose nanowhiskers. An epifluorescence (A)

and bright field image (B) of an emulsion stabilized by CNC. An epifluorescence (C)
and bright field image (D) of an emulsion stabilized by CNC and HFBI-DCBD.

Cellulose was stained with Calcofluor.

Stability of emulsions containing only HFBI-DCBD, cellulose nanowhiskers or both
in water-hexadecane mixtures was also studied. Emulsion stability indices for these
systems are presented in Figure S11. Since hydrophobins are amphiphilic and
assemble at oil/water interface, they are also able to stabilize emulsions. In Figure
S11A, it is clearly seen that stability of emulsions is increased as the concentration of
HFBI-DCBD is increased and reaches a limiting value of about 80 vol-% at
concentration 1.5 mg/ml.  When cellulose nanowhiskers are added to the system

containing 1 mg/ml HFBI-DCBD, a significant decrease in emulsion stability is

14



observed (Figure S11B). However, compared to emulsions stabilized with only CNC,
the combination with protein shows better emulsification ability, by increasing the

final volume from about 30 % to 50 %.
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Figure S11. ESI of emulsions stabilized by varying amount of HFBI-DCBD (A),
cellulose nanowhiskers (B, black dots) and 1 mg/ml HFBI-DCBD and varying

amount of cellulose nanowhiskers (B, open dots).

Binding of Drug Nanoparticles to NFC

For cellulose binding studies, the particles were either prepared with HFBI or HFBI-
DCBD coatings. When the nanoparticles were mixed with cellulose, the particles
spontaneously attached to the cellulose nanofibrils (Figure S12). This happened with
both HFBI and HFBI-DCBD coatings. The lifetime of the particles increased
dramatically, and no degradation was observed within 4 weeks. Even though the
particles slowly sediment to the bottom of the vial during storage when bound to
NFC, they can be readily redispersed with no apparent degradation. The particles are
not removed even with mechanical activation, e.g. when subjected to concentration,

drying and redispersion in water.

15



Figure S12. TEM images of a) ITR-HFBI-NFC samples and b) ITR-HFBI-DCBD-

NFC samples. Insets show close-ups of the particles.
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ABSTRACT: In a number of different applications for
enzymes and specific binding proteins a key technology is
the immobilization of these proteins to different types of
supports. In this work we describe a concept for protein
immobilization that is based on nanofibrillated cellulose
(NFC). NEC is a form of cellulose where fibers have been
disintegrated into fibrils that are only a few nanometers in
diameter and have a very large aspect ratio. Proteins were
conjugated through three different strategies using amine,
epoxy, and carboxylic acid functionalized NFC. The

conjugation chemistries were chosen according to the reactive groups on the NFC derivatives; epoxy amination,
heterobifunctional modification of amino groups, and EDC/s-NHS activation of carboxylic acid groups. The conjugation
reactions were performed in solution and immobilization was performed by spin coating the protein—NCF conjugates. The
structure of NFC was shown to be advantageous for both protein performance and stability. The use of NFC allows all covalent
chemistry to be performed in solution, while the immobilization is achieved by a simple spin coating or spreading of the protein—
NEC conjugates on a support. This allows more scalable methods and better control of conditions compared to the traditional

methods that depend on surface reactions.

B INTRODUCTION

The immobilization of proteins and other biomolecules is an
essential technique in several biotechnical applications.'~* For
the use of enzymes to catalyze industrial processes,
immobilization enables enzyme reuse, continuous processes,
and can markedly increase their stability. Diagnostic applica-
tions also rely largely on immobilization of antigens or
antibodies using a number of different formats from microtiter
plates to different types of strips. There is a continuous need to
improve and diversify technologies for immobilization for the
development of new formats, better economy, and perform-
ance.”* Several techniques have been developed for protein
immobilization. These can broadly be grouped in the following
categories based on mechanisms: (i) physical interactions or
adsorption, (ii) chemical covalent bonds, or (iii) high affinity
interactions between biological molecules.* For industrial
enzymes the most preferred method for immobilization is the
use of covalent coupling. For this, great efforts have been made
to produce feasible protocols that yield reproducible results and
stabile enzymes.>® It has been found that the environment
around and on the solid support as well as the chemistry used
in the immobilization have a great impact on the stability and
performance of the enzymes.” In most cases, the molecules to
be immobilized are covalently coupled directly onto the solid
supports. With this approach it is often found that the efficiency
of immobilization is restricted by the surface chemistry of the

-4 ACS Publications  © 2012 American Chemical Society 594

immobilization platform.>® Also, the fact that the immobiliza-
tion often occurs randomly in respect to protein orientation is
one of the drawbacks of these systems. Proteins tend to unfold
when they are assembled on surfaces, which leads to loss of
activity.* Another drawback is that procedures for direct
covalent linking on surfaces can be problematic to scale for
large areas.

Cellulose has been studied as a carrier material for protein
immobilization previously mostly because of the possibility to
use specific cellulose-binding proteins that bind and therefore
immobilize spontaneously to cellulose materials.” In other
cases, different types of regenerated celluloses have been used
as a carriers.® In this work, we take advantage of recent
developments in cellulose technology to design new techniques
for surface immobilization of biomolecules. Cellulose is a
homopolymer formed by repeating units of D-glucose linked
together by f-(1-4) glycosidic bonds. In natural cellulose
materials, such as wood, the polymer chains are packed
together to form elemental fibrils with a cross-section of 3—5
nm. These elemental fibrils are usually considered to be the
lowest level of hierarchy in cellulose assembly.” In the wood
structure, these elemental fibrils are packed further to form
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microfibrils that range in size from 15—20 nm which further
aggregate in to larger fibril bundles and finally to wood
fibers.'”"" It has been shown that cellulose pulp can be
disintegrated to the nanosized microfibrils with mechanical and
biological methods and in this context the term nanofibrillated
cellulose (NFC) has also been adopted.'>'* The very long
aspect ratio and the high stiffness of the fibrils are important for
giving NFC its properties. The surface of the fibrils are
dominated by hydroxyl groups that make the surface
hydrophilic, but also result in hydrogen bonding interactions
between adjacent fibrils. These properties lead to gel formation
in aqueous suspensions that are strongly stabilized by these
network interactions. Already, at 2% dry weight, such
suspensions have a very high viscosity, leading to applications
of NFC as rheology modifiers and in the dried form as
aerogels.'*™"” The gel-like behavior also makes NFC difficult to
handle at high concentrations. Other applications that take
advantage of the properties of NFC are in nanocomposite
materials as reinforcing elements and as templates for
functional nanostructures.'*'®*™2° NFC also has an ability to
form strong thin films that have nanoporous structures and
good adhesion to underlying structures."**'™** The film
forming capabilities also depend on strong fibril networks
that are formed by the characteristic properties of high aspect
ratio, stiffness of the fibrils and interacting hydroxyl groups.”!
NEC thin films are readily made, for example, by spin coating
from aqueous media and have been used as model films to
study native cellulose I behavior at surfaces.”** It has also been
shown that NFC films can be used as paper coatings to
reinforce paper and increase the barrier properties such as air
permeability.”**¢

Due to the high amount of reactive hydroxyl groups on the
fibril surface, NFC has an ability to absorb more water than
other cellulose model films.*" The hydroxyl groups on the
surface of the fibrils also provide possibilities for chemical
modifications of the NFC. One very efficient way of modifying
surface hydroxyl groups is through oxidation using TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl), resultin7g in the forma-
tion of carboxyl groups on the fibril surface.””** The reaction
also leads to a more easy disintegration, giving very thin fibrils
with a diameter of 3—5 nm®”*® but which also have altered
properties due to their high negative charge on the surface.

The possibility to covalently modify and the efficient film
forming properties of NFC inspired us to investigate how NFC
would function as a support for protein immobilization. The
advantage of this approach is that the conjugation reactions
could be performed in solution compared to the conventional
methods that use surface chemistry, making the reactions more
reproducible and scalable. After the conjugation reaction, the
protein immobilization to the solid support could be achieved
by different spreading techniques such as spin coating. The
ability of cellulose to take up water is also pronounced in NFC,
which is likely to be advantageous for immobilized proteins.’

In this work, we investigated the effect of different
conjugation strategies and, for that, three different NFC
derivatives were made: epoxy functionalized, amine function-
alized, and carboxylic acid functionalized NFC. The three
different NFC derivatives demanded different conjugation
strategies. As model proteins, we used alkaline phosphatase
(AP) and anti-hydrocortisone antibody. The two proteins used
in this study were chosen for their specific bioactivities but also
because of the difference in their substrate size. AP gives a
colored reaction with a soluble substrate that has a small size
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compared to proteins. Anti-hydrocortisone antibody on the
other hand is more relevant in its bioactivity to recognize
hydrocortisone.

B EXPERIMENTAL SECTION

Materials and Methods. Preparation of Epoxy Functionalized
Nanofibrillated Cellulose (epoxy-NFC). The first step for the epoxy
functionalization of cellulose was through an allylation step. Briefly,
250 mL of butyl glycidyl ether and 100 mL of allyl glycidyl ether were
added to S00 g of never-dried bleached birch kraft pulp fibers (29.1%)
in 90% aqueous t-butanol (1.5 L) in alkaline conditions (114 mL, 10
M NaOH + 600 mL water) at 60 °C overnight. Sulfuric acid was then
added until the pH was 7. The fibers were washed with ethanol and
water by filtration and then ground using a Masuko refiner (Masuko
Sangyo, Japan). The obtained microfibrillated cellulose (MFC, dry
matter content 2—3%) was then repeatedly centrifuged and washed by
resuspending with acetone. After this solvent exchange step, the dry
matter content was 6.0% and water content 2—5%. Next, allyl glycidyl
ether (3 mol/L mol anhydroglucose unit (AGU)) was added to 165 g
of the solvent-exchanged MFC and allowed to react at 65 °C
overnight. Fibers were filtered and washed with ethanol and water.
The degree of substitution was determined by C cross-polarized
magic angle s;)inning nuclear magnetic resonance (CP/MAS NMR)
spectroscopy” and also by a method published by Heinze et al,*
where allyl groups were brominated and the bromine content was
determined.

The epoxy functionalization of allylated MFC was performed using
the procedure published by Huijbrechts and et al®" Allylated MFC
(dry matter content 4.7%) was reacted in sodium carbonate/
bicarbonate buffer solution with acetonitrile and 30% hydrogen
peroxide overnight at 30 °C. The cellulose was separated by filtration,
and washed with water and ethanol to yield epoxy-MFC. The epoxy
content of epoxy-MFC was analyzed using the slightly modified
method published by Huijbrechts et al.>' Freeze-dried epoxy-MFC
fibers were suspended in water and reacted with 4,4-diaminodiphenyl-
methane in ethanol overnight at 30 °C. The product was isolated by
centrifugation, and washed with ethanol and water. The DS value for
epoxy groups was calculated from the amount of nitrogen analyzed by
the Kjeldahl method (Vario MAX CHN, Maxitech Corporation,
Pakistan). Epoxy-MFC was then fluidized to nanofibrillated cellulose
(NFC) with a pressure of 1600 bar and 15 passes (M110EH,
Microfluidics, MA, U.S.A.) to yield epoxy-NFC (dry matter content
1.6%).

Preparation of Amine-Functionalized Nanofibrillated Cellulose
(amine-NFC). Never-dried bleached birch kraft pulp was fluidized (dry
matter content ~2%) with a pressure of 1600 bar with eight passes as
described above to give NFC. The solvent for NFC was exchanged via
acetone to dimethyl acetamide (DMA) by five centrifugation and
redispersing steps for each solvent. Amine functionalization was
conducted via silylation reactions using a protocol originally tailored
for dissolved cellulose.**>* First, 0.75 g of solvent-exchanged NFC
was suspended into 100 mL of DMA. Nitrogen was bubbled into the
suspension for 1 h after which it was heated to 80 °C. Then, 15 mL of
3-aminopropyl trimethoxysilane was added and the reaction was
allowed to proceed overnight at 80 °C. The product was washed by
centrifugation and redispersed with methanol. Finally, the solvent for
amine-NFC was exchanged to water by centrifuging and redispersing
five times. The degree of amine functionalization was calculated from
the surface silicon and surface nitrogen content analyzed by x-ray
photoelectron spectroscopy (XPS), as described in Johansson et
al.**% The dry matter content of the resulting amine-NFC was 1.6%.

Preparation of 2,2,6,6,-Tetramethylpiperidine-1-oxyl Oxidized
Nanofibrillated Cellulose (TEMPO-NFC). NFC functionalized with
carboxylic acid groups (TEMPO-NFC) was prepared as described by
Saito et al*® Shortly, never-dried, bleached birch pulp at 1 g L
concentration was subjected to 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO)-catalyzed oxidization (0.3 weight ratio of TEMPO to pulp)
for 4 h at room temperature. The product was purified from residual
reaction chemicals by centrifugation and redispersing with deionized
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Scheme 1. Reaction Schemes of Alkaline Phosphatase Conjugation to Different NFC Derivatives”
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“(A) Reaction of lysine residues on AP surface with epoxy groups on epoxy-NFC through a ring-opening reaction. (B) Carboxylic acid groups on
TEMPO—NFC were first activated using EDC and s-NHS. The activated carboxylic acid groups react with lysine groups on AP forming stabile
peptide bonds. (C) Amino groups on amine-NFC were modified with SANH to yield hydrazine/hydrazide reactive species (SANH—NFC). Lysine
groups on AP were reacted with SFB to yield an aldehyde modified AP (SFB—AP). The aldehyde on SFB—AP and the hydrazine/hydrazide on

SANH~-NFC reacted forming a stabile hydrazone bond.

water. The centrifugation and washing step was repeated twice. The
resulting TEMPO-NFC was then fluidized twice using 1300 and 1900
bar pressure, respectively, with a fluidizer (Microfluidics M110EH).
The DS value for TEMPO-NFC (dry matter content 0.9%) was
determined by conductometric titration of carboxylic acid groups.

Conjugation of AP to Epoxy—NFC. The reaction was performed
through epoxy amination in alkaline conditions where the amino
groups of lysine amino acids on the enzyme alkaline phosphatase (AP;
Sigma, P5931-500U) react with the epoxy group of epoxy-NFC in a
ring-opening reaction (Scheme 1A).*7 A total of 200 ug of AP (final
concentration 7.9 M) was reacted with 600 ug of epoxy-NFC (final
concentration 1.13 g L") in 0.1 M NaHCO;/Na,CO; pH 10 buffer
for 24 h at 22 °C. Negative controls for the conjugation were made by
first blocking the epoxy groups with excess of diethanolamine (DEA,
final concentration of 1 M) and then reacting them with AP. The
effect of 0.5 pL of catalyst triethylamine was tested for the epoxy
amination reaction.

Conjugation of AP to TEMPO—NFC. AP was coupled to TEMPO-
NFC through a peptide bond forming reaction (Scheme 1B).>” A
minor amount of aldehyde groups are present on TEMPO-NFC and
may react through a different reaction mechanism than that of
carboxylic acids.®® A 1:2.5 molar ratio mixture of 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (EDC, Pierce
22980, final concentration 2.5 mM) and N-hydroxysulfosuccinimide
(s-NHS, Pierce 24510, final concentration 5 mM) was reacted with
53.2 ug of TEMPO-NFC (final concentration 0.133 g L") in aqueous
solution, pH ~ §, for 15 min at 22 °C. Activated TEMPO-NFC (final
concentration 0.1 g L") and AP (final concentration of 7.9 uM) were
then conjugated by mixing in 25 mM borate buffer pH 8 for 3 h at 22
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°C. A negative control was made by leaving out EDC and s-NHS and
performing reactions otherwise, as described above.

Conjugation of AP to Amine—NFC. The conjugation of AP to
amine-NFC was performed by a three-step reaction procedure
(Scheme 1C).*° First, 2 mL of 1.5 g L' amine-NFC in 25 mM
borate buffer pH 8.9 was reacted with 10 uL of 20 g L™" succinimidyl-
4-hydrazinonicotinate acetone hydrazone (SANH, Thermo Scientific
22400) dissolved in dimethylsulfoxide (DMSO) for 3 h at 22 °C to
yield a hydrazine/hydrazide reactive species on the amine-NFC (later
referred to as SANH-NFC). The SANH-NFC was washed with Milli-
Q water using a concentration tube (Amicon Ultra 10K 4 mlL,
Millipore). The benzaldehyde reactive AP (later referred to as SFB—
AP) was made by mixing 250 L of 3.2 g L' AP in phosphate buffer
saline (PBS) pH 7.2 and 5 uL of 20 g L' succinimidyl-4-
formylbenzoate (SFB, Thermo Scientific 2249) in DMSO for 3 h at
22 °C. The SFB—AP was washed with Milli-Q water as above (Amicon
Ultra 10K 0.5 mL, Millipore). In the final step of the conjugation
reaction, SFB—AP (0.14 g L) and SANH-NFC (1.13 g L) were
allowed to react in PBS pH 7.2 overnight at 22 °C. Residual amine
reactive groups were quenched by adding 1 M Tris buffer saline (TBS)
pH 7.2 to a final concentration of 0.1 M and incubating for 65 h at +4
°C. Control samples were made using unmodified AP and amine-NFC
in the final step.

Matrix-assisted laser desorption/ionization—time-of-flight mass
spectrometry (MALDI-TOF MS, Bruker autoflex II MALDI-TOF)
was used to study the extent of SFB modification of AP as described in
Supporting Information (S1).

Preparation of Bioactive Films from AP—NFC Conjugates. AP—
NEC films were prepared by spin coating a 50 uL aliquot of the
different conjugates onto a silicon surfaces (Okmetic Oy, Vantaa,
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Finland, 1 cm? pieces). Prior to use, the silica surfaces were washed
three times with ethanol and Milli-Q water, dried in nitrogen flow, and
spin coated with 50 uL of 1 g L' polyethyleneimine (PEI, Sigma-
Aldrich) in water using an Autolab spin coater (Autolab, The
Netherlands). PEI was used as an anchoring polymer to ensure
sufficient adherence of NFC to the silica surface.”! The procedure of
spin coating the AP—NFC conjugates was repeated 1—11 times. After
immobilization of AP—NFC films, the surfaces were washed (3 X 2
mL) for 3—4 h with buffer (0.1 M TRIS 50 mM MgSO, 0.2 M NaCl
buffer pH 8.8) to remove noncovalently bound AP.

Determining Enzymatic Activity of AP—NFC Bioactive Films. The
enzymatic activity of AP—NFC films was measured using a small
chromogenic substrate 4-nitrophenyl phosphate sodium hexahydrate
(p-NPP). A total of S00 L of enzyme reaction buffer (0.1 M TRIS S0
mM MgSO,, pH 8.8) and 500 uL of freshly prepared solution of p-
NPP (2 g L") in diethanolamine MgCl, buffer (Reagena Oy Ltd,,
Finland) was incubated with NFC film samples that had been spin
coated on silicon surfaces. Absorbance at 405 nm of the enzyme
reaction solution at a specific time points were measured with a
spectrophotometer (Varioscan, Thermo Electron Corporation), and
the amount of AP was calculated using a standard curve determined
for nonconjugated AP in solution.

Long-Term Stability of AP on Different AP—NFC Films. To study if
the conjugation of AP to the different NFC derivatives affected the
stability of AP, the enzymatic activity of a series of samples incubated
at elevated temperatures were studied. Silicon surfaces having two spin
coated layers of all three different AP—NFC conjugates were kept in
enzyme reaction buffer at either room temperature or +37 °C. The
enzymatic activity of the films was measured at time points of 16, 24,
48, and 168 h. Solutions of AP (0.43 uM) in enzyme reaction buffer
were used as controls and they were stored in the same conditions and
enzyme reaction were performed similarly as to immobilized AP.

Conjugation of Hydrocortisone to AP. Hydrocortisone 3-oxime
(Sigma-Aldrich, H6635) was conjugated to AP using EDC and s-NHS
(Thermo Scientific, 22980 and 24510, respectively) as above. The
formed hydrocortisone—AP conjugate was purified from unreacted
hydrocortisone 3-oxime, EDC, and s-NHS using desalting column.
Protein concentrations were measured using BCA Protein Assay Kit
(Pierce, 23225). MALDI-TOF MS was applied to determine the
extent of chemical conjugation degree of the haptens to the carrier
protein as described previously for SFB—AP (Supporting Information,
S1).

Production and Purification of Anti-Hydrocortisone Antibody. An
anti-hydrocortisone Fab-fragment antibody (anti-hydrocortisone anti-
body) that had been selected from immunized mouse antibody phage
display library against the hydrocortisone—AP conjugate was used.*>*!
The hydrocortisone specific antibody fragment clone, anti-hydro-
cortisone, was cloned into pKKtac expression vector containing His,
tag for Fab-protein purification.*> Protein production of anti-
hydrocortisone Fab fragment was performed in Escherichia coli bacteria
strain RV308 (ATCC 31608) and purified by metal affinity
chromatography™® followed by dialysis into PBS.

Conjugation of Anti-Hydrocortisone Antibody to TEMPO-NFC
and Its Immobilization onto Solid Support. The antibody
conjugation and immobilization was performed as described for AP
above. Briefly, 200 uL of 0.133 g L' EDC/s-NHS activated TEMPO—
NEC and 100 pg of anti-hydrocortisone antibody were reacted in PBS
buffer pH 7.2 for 4 h at 22 °C. Bioactive films were spin coated as
described above for AP—NFC conjugates. Silicon surfaces having one
or two layers of antibody—NFC conjugate were prepared. One or two
layers of only TEMPO—NFC were also spin coated as negative
controls. The conjugation of antibody to TEMPO—NFC was studied
by how much antigen was bound to the surfaces. The antigen, that is,
hydrocortisone, had been conjugated to AP to facilitate its detection.
The antibody-NFC surfaces were incubated with 100 uL of
hydrocortisone—AP conjugate (10 mg L") in PBS buffer pH 7.2 for
2 h at 22 °C and washed with of PBS buffer pH 7.2 overnight at +4 °C
to remove any nonspecifically bound hydrocortisone—AP conjugate.
The activity of AP bound to antibody-NFC surfaces was detected as
previously described for immobilized AP.
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Atomic Force Microscopy (AFM) Imaging. AFM was used to
analyze the morphology of the NFC derivatives before and after AP
conjugation and immobilization. AFM was also used to characterize
the structural features of the different NFC derivatives. A NanoScope
Illa Multimode AFM instrument (E-scanner and J-scanner, Digital
Instruments/Veeco) was used with an NSCIS/AIBS cantilever
(uMASCH, U.S.A.). All images were recorded in tapping mode in
air with scan rates of 0.8—1 Hz (free amplitude was about 0.65 V). The
damping ratio was around 0.7—0.85. Images were flattened to remove
possible tilts in the image data. Otherwise, no further processing of the
images was done.

Quartz Crystal Microbalance with Dissipation (QCM-D). QCM-D
(E4 instrument, Q-Sense AB, Sweden) was used to determine
nonspecific adsorption of proteins to unmodified NFC surfaces and
PEI surfaces. With QCM-D, the changes in frequency (Af) and
dissipation (AD), that is, changes in mass and viscoelastic properties
on the sensor surface, are followed simultaneously as a function of
time at the fundamental resonance frequency (5 MHz) and its
overtones. The interpretation of QCM-D data has been discussed in
detail elsewhere.**** Quartz crystals coated with silica (QSX 303, mass
sensitivity constant C = 0.177 mg m > Hz ') were used. Prior to use,
the sensor crystals were washed for 30 min at room temperature in 2%
SDS solution, rinsed with Milli-Q water, and dried in a nitrogen flow.
The NFC layers were spin coated with NFC prepared as described
previously."”” The proteins studied were AP, bovine serum albumin
(BSA), SFB—AP and hydrocortisone—AP conjugates. Spin-coated
crystals were stabilized in the QCM-D chambers for 24 h against PBS
buffer pH 7.2 before the measurements were started. The nonspecific
protein binding of all the four proteins were tested on both PEI and
NEC.

B RESULTS

Estimation of the Degree of Substitution for Epoxy-
Functionalized NFC. The functionalization of NFC was
characterized by '*C CP/MAS NMR and the Kjeldahl method.
The first allylation step lead to the removal of approximately
40% of hemicelluloses and a 0.01 degree of substitution (DS)
for modification by butyl and allyl functionalities, as determined
by 13C CP/MAS NMR (see Supporting Information, Figure
S2). The final degree of substitution after second allylation step
was estimated by integrating the combined area of both peaks
from allyl groups and the area of the anomeric C1 carbon in
cellulose (see Supporting Information, Figure S2). Because the
NMR results are semiquantitative, they were verified for the
final product using bromination of double bonds, as described
by Heinze et al.** The results of both methods agreed well and
gave the DS values for allyl groups after two allylation steps of
0.055 by NMR and 0.066 by bromination. The subsequent
functionalization of allyl groups to epoxy groups was followed
by the Kjeldahl method. For this measurement epoxy groups
were first aminated. According to this method the amount of
epoxy groups was 0.64 mmol g ' cellulose and corresponds to a
degree of substitution for epoxy groups 0.061 (Table 1). The
results show that the allyl groups were converted to epoxy
groups almost quantitatively.

Estimation of the Degree of Substitution for Amine-
Functionalized NFC. XPS was used for the determination of
the DS*** for silylated amine modified NFC. XPS spectra and
data are shown in Supporting Information, Figure S3 and Table
S3. The degree of amination on the fibril surface was calculated
from the nitrogen and silicon content. The surface content of
nitrogen was 1.7% and the surface content of silicon was 1.5%,
corresponding to surface substitution values of 0.21 for the
nitrogen marker and 0.19 for the silica marker (Table 1). The
degree of substitution was calculated to be 1.24 mmol of
functional groups per gram of cellulose.
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Table 1. Different Functionalizations of NFC, the DS Values
Obtained for the Different Derivatives and the Degree of
Derivatization in Relation to the Total Amount of Cellulose

Functionalized NFC Degree  of  substitution | Degree of derivatization
(maximum DS) (mmol g'I cellulose)
Epoxy functionalized NFC | DScpoxy 0.061 (DSmax =3)" | 0.64°
oI A\ DSy 0.066 (DS = 3)°
{gm‘} DSay1 0.055 (DSpax = 3)°
OH
n
Amine functionalized NFC | DSg; ~0.2 (DSmax = 3)d 1.24"
?i(CHso)z(CHz)aNH: DSy ~0.2 (DSpmax = 3)°
6]
&‘ti
o] 0
OH
n
TEMPO oxidized NFC Surface charge ~0.9 meq g | 0.9'
pulp, corresponds to 57 %
00H A . . .
{n 0 efficiency in oxidation of
HONamree EEI: C—6 hydroxyls of wood
cellulose crystal

“Degree of substitution for epoxy groups per anhydro§1ucose units
(AGUs) calculated from results of Kjeldahl method. “DS for allyl
groups per AGU determined by *C/CP MAS NMR. DS for allyl
groups per AGU analyzed by bromination of double bonds. “ps per
AGU analyzed from XPS silica marker.**¢ °DS per AGU analyzed
from XPS nitrogen marker.>>*¢ fDegree of surface charge and
oxidation efficiency determined by conductometric titration of
carboxylic acid groups, the theoretical maximum for wood cellulose
crystal is 1.5 meq g ', which corresponds to every second glucose unit
on the surface of cellulose crystal carrying a carboxylic acid group.””
TEMPO oxidation is selective to primary alcohols (cellulose C6
position), and thus, there is only 1 reactive unit per 2 AGUs available
on the crystal surface. ®Result from Kjeldahl method. Result
estimated from XPS data. ‘Result from conductometric titration of
carboxylic acid groups.

Estimation of the DS for TEMPO-oxidized NFC. The
amount of carboxylic acid groups on TEMPO-oxidized pulp
was determined by conductometric titration. For the sufficient
fibrillation, the content of the carboxylic acid groups has to be
higher than 0.7 meq g of pulp, and the theoretical maximum
of wood cellulose crystal is ~1.5 meq g~'.*” The content of the
carboxylic acid groups of the TEMPO-oxidized pulp was over
0.9 meq g of pulp (Table 1). The result corresponds to about
57% efficiency of oxidization of available C-6 hydroxyl groups
on the surface of crystalline cellulose.*®

Structural Analysis of Functionalized Fibrils by AFM.
The morphology and fine structure of the spin-coated films of
functionalized NFC were studied by AFM (Figure 1A, C, and
F). The AFM images show that there are clear morphological
differences between the different NFC types. Especially
pronounced was the very fine structure of TEMPO—-NEFC,
which is seen only in the small 1 X 1 ym image (Figure 1E,
inset) compared to the more coarse amine—NFC and epoxy—
NFC. The TEMPO—-NEFC fibers were more homogeneous in
size and have fibrils of approximately 4 nm in diameter. Both
amine—NFC and epoxy—NFC were more coarse and had larger
variation in fibril heights (diameters) ranging from ~10 to 100
nm. However, the amine—NFC seemed to form a more densely
packed and tighter film with more fiber—fiber interactions than
epoxy—NFC. From AFM analysis we can conclude that all the
NEC films were fully covering and porous.
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Figure 1. AFM topography images (10 X 10 ym) of surfaces made
from negative controls without AP and from AP—NFC conjugates.
Inserts are 1 X 1 ym magnifications of the images: (A) Epoxy—NFC
control (maximum height 40 nm, insert maximum height 20 nm); (B)
AP—epoxy—NFC conjugate (maximum height 40 nm, insert maximum
height 25 nm); (C) Amine—NFC control (maximum height 200 nm,
insert maximum height S0 nm); (D) AP—amine—NFC conjugate
(maximum height 400 nm, insert maximum height 100 nm); (E)
TEMPO—NFC control (maximum height 8 nm insert maximum
height of 8 nm; (F) AP—~TEMPO—NFC conjugate (maximum height
of 100 nm, insert maximum height S0 nm).

Characterization of SFB—AP. Primary amines on the
surface of AP were activated using SFB (see Scheme 1). The
reaction between SFB and AP was confirmed by MALDI-TOF
MS (Figure S1). Peak masses of AP (m/z = 47202.5) and
SFB—AP (m/z = 48693.1) showed that on average 11.3
formylbenzoate (M = 132.109 Da) moieties were introduced
per AP molecule. AP contains 29 Lys residues on its surface
and, therefore, the efficiency of Lys modification was ~39%.
Additionally a m/z = 97273.1 peak was detected, corresponding
to a covalently cross-linked dimer of SFB—AP. Larger
oligomers of SFB—AP were not seen and would likely be
difficult to detect with MALDI-TOF. The concentration of
SFB—AP was 1.13 g L™".

Characterization of AP Conjugated to NFC by the
Different Routes. The three different (TEMPO, epoxy, and
amine) AP—NFC conjugates were characterized by first spin
coating the AP—NFC suspensions on silica surfaces. Negative
controls prepared with NFC as described above were also
made. Surfaces were assayed for enzymatic activity using the p-
NPP substrate. The amount of immobilized AP was calculated
from its activity compered to nonconjugated AP. The yield of
conjugation reaction for AP was less than 1% because a large
excess of AP was used in the reactions and reaction conditions
were not optimized for this parameter.

The volume and amount of AP—NFC conjugate that was
applied by spin coating was restricted by practical consid-
erations. Too large volumes of NFC tended to give uneven
surfaces, as did too high concentrations of NFC. In practice, the
useful maximum concentration was for TEMPO 0.1 mg L™ and
for both epoxy— and amine—NFC 1.13 mg L™". The volume for
all was S0 uL.

The spin coating procedure was repeated up to 11 times.
Samples having different numbers of layers were then
compared to each other. In Figure 2, the total amount of
protein bound to the silicon surface after each successive
coating layer is shown. The amount of protein added during
each successive layer per mass of NFC is shown in Figure 3. For
each of the different NFC derivatives there was an increase in
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Figure 2. Enzymatic activity of spin-coated AP—NFC films showing
the effect of spin coating multiple layers. The amount of AP increased
for each successive spin-coated layer. The white bars represent epoxy—
NEC, black bars represent TEMPO—NFC, and gray bars represent

amine—NFC.
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Figure 3. Immobilization density of AP (pmol) on each NFC
derivative (ug). The values are calculated by determining the total
activity of AP after each successive layer and dividing by the total NFC
amount. White bars represent epoxy—NFC, black bars represent
TEMPO-NFC, and gray bars represent amine—NFC.

activity for each successive layer. All three NFC derivatives
showed good adhesion to underlying layers and to the PEI
primed silicon surface. For each successive step, the limiting
factor for the amount of NFC added was the practical limits set
by the spin coating process. For the first three layers, the
amine—NFC performed very well and allowed the largest
amount of AP to be immobilized. Addition of more layers of
amine—NFC after the first three ones did not increase activity.
The TEMPO—-NFC showed a linear increase in activity for
each layer up to 11 layers. The epoxy—NFC showed less
immobilized AP than the TEMPO, but unlike the amine—NFC,
it showed a linear increase up to 10 subsequent layers. By
comparing different samples, it could be concluded that the
catalyst triethylamine, had no significant impact on the amount
of conjugated AP for the epoxy—NFC.

TEMPO-NFC contained significantly higher amounts of
reactive groups compared to the two other NFC derivatives
(Table 1). The effect of higher degree of substitution is seen in
over 10X higher capacity of bound protein (Figure 3, note
logarithmic scale) per weight of cellulose. The higher surface to
bulk ratio of TEMPO—NFC allowed a higher degree of AP
conjugation, but the finely divided structure allowed application
of only a much smaller amount of material in the spin coating.
Therefore the total amount of protein that was possible to
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apply on the surface (Figure 2) was not as much higher as
could have been expected based on the capacity (Figure 3).

Characterization by AFM (Figure 1) showed some additional
differences between the different conjugates. Especially the
TEMPO—-NFC differed most markedly from the others by its
distinct fine structure (Figure 1E). A difference between the
different NFC derivatives is also that objects with a size
corresponding to small clusters of protein molecules can be
seen in the amine—NFC and TEMPO—NEC but not in the
epoxy—NFC. This may be due to the difference in the
chemistry used for the conjugation as discussed below.

The negative controls were analyzed for the possibility that
noncovalently bound protein may be either physically
entrapped in the NFC matrix or noncovalently coupled to
the NFC by, for example, charge—charge interactions. In all the
control surfaces, the AP activity was below the detection limits
after washing the surfaces similarly as for the other samples. We
noted, however, that if the surfaces were not properly washed
(less than 1 h in buffered solution), a slight AP activity could be
measured. It was also noted that the enzyme responsible for the
activity was desorbing from the surfaces during activity
measurements.

Long-Term Stability and Activity of AP—NFC Con-
jugates. The effect of the conjugation on the stability of AP
with the different functionalized NFC was studied. Spin-coated
films were stored in buffer at elevated temperatures and their
activities monitored. Initial experiments showed that free AP in
solution was stable at +4 °C for several months, but at 21 and
37 °C, the activity decreased rapidly. The activity decreased by
90% after 16 h at 21 °C and over 95% after 16 h in +37 °C.
After 24 h at these temperatures, almost no activity could be
detected. In contrast, all conjugated AP—NFC combinations
showed a marked increase in stability. After 168 h at 21 °C, all
three conjugates showed no decrease in AP activity compared
to the initial AP activity on the films measured immediately
after spin coating and washings. After 168 h at 37 °C, the AP
TEMPO—-NFC, AP amine—NFC, and AP epoxy—NEFC
conjugates showed 27, 18, and 26% of their original activity,
respectively.

Conjugation of hydrocortisone to AP, and anti—
hydrocortisone antibody purification. MALDI-TOF MS
data showed that hydrocortisone—AP conjugates had the
conjugation degree of 6—10 hydrocortisones per 1 AP
monomer. After purifications, the concentration of the final
hydrocortisone—AP conjugate was 1.36 g L™' in PBS. The
anti—hydrocortisone antibody concentration after metal affinity
chromatography purification was 3 ¢ L' in PBS.

Antibody Conjugation to TEMPO-NFC and Its
Immunological Detection. Based on the efficiency of
conjugating and immobilizing AP, TEMPO—NFC was chosen
for further studies for immobilizing antibodies to surfaces. Anti-
hydrocortisone antibody was conjugated to TEMPO—NFC and
spin-coated with one and two layers on a silicon surface.
Hydrocortisone conjugated to AP was used as the antigen for
analyzing the functionality of the anti-hydrocortisone antibody
conjugated to TEMPO—NFC. The use of this AP conjugate
gave the advantage that bound hydrocortisone could be
detected directly by the AP + p-NPP reaction. In a negative
control, the anti-hydrocortisone antibody was left out. The
results of the functional analysis are shown in Figure 4. The
bound hydrocortisone—AP conjugate was estimated to be 11
ng on both one and two layered surfaces based on the
enzymatic activity of AP (Figure 4). The negative control
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Figure 4. Immobilization of anti-hydrocortisone antibody onto a
surface by TEMPO-oxidized NFC and its detection with hydro-
cortisone—AP conjugate. The amount of hydrocortisone—AP
conjugate per surface area on both one- and two-layered silicon
surfaces is very similar.

without anti-hydrocortisone antibody showed between 24 (two
layers) and 6 (one layer) times lower activity compared to the
samples containing all components. The higher background for
the sample with one coating may be due to some residue
exposure of the underlying PEI surface.

Nonspecific Binding of Proteins to NFC and PEI
Surfaces, a QCM-D Study. The nonspecific adsorption of
proteins, in our case, BSA, AP, SFB—AP, and hydrocortisone—
AP, to unmodified NFC and PEI surfaces was studied using
QCM-D. Results presented in Table 2 showed very low

Table 2. Amounts of BSA, AP, Hydrocortisone—AP, and
SFB—AP Bound nonspecifically to PEI and NFC Surfaces in
PBS pH 7.2°

Af/AD on ng/cmz PEI/
protein Af/AD on PEI NFC NFC?
BSA —1.3/0.15 —0.6/0.04 23.0/10.6
AP —2.16/0.05 —1.1/-0.04 32.2/19.5
hydrocortisone—AP —0.33/-0.01 0/0.01 5.84/0
SFB—AP —0.9/0.06 —0.45/0.04 15.9/7.97

“fo=5Hz, n=3,f;/n time 2=3 h, C = 0.177 mg m > HZ ", bValues
calculated by Sauerbrey equation Am = —(CAf/n).**

adsorption of all the proteins on NFC and also on PEI The
negative change in frequency, which indicates the positive mass
change detected on the sensor surface, was less than 2.2 Hz for
all protein samples during the contact time of 2—3 h time,
indicating no significant adsorption. This very low adsorption
of proteins to cellulose surface show that NFC itself has a low
background effect in assays where proteins are immobilized for
example on solid surfaces.

B DISCUSSION

We show here that nanocellulose provides an efficient strategy
for immobilizing proteins on surfaces. The properties of NFC
allow an approach that is different from typical immobilization
protocols®”® because the covalent linkage of the protein can be
performed in solution using suspended NFC and the
immobilization itself relies on the physical interactions of
NEC that lead to film formation on surfaces. The physical
interactions of NFC are based on the noncovalent networks
that the long cellulose fibrils form when spread on surfaces and
their interactions through hydrogen bonding.
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The protein—NFC films had a nanoporous structure that had
an influence on how molecules of different sizes can interact
with the immobilized proteins. The chemistry of how NFC was
functionalized had a significant impact on how the protein was
immobilized and how the bioactive films were formed, but the
immobilized protein itself did not significantly alter the film-
forming capability of NFC. The way NFC formed films and
coatings depended significantly on its size distribution, that is,
processing history. Also, the three alternative ways of
introducing functional groups on the NFC surface all lead to
a different characteristic of the resulting NFC—protein
conjugates. The amount of reactive groups, fibril dimensions
(specific surface area), and conjugation chemistry used for
linking enzymes to NFC derivatives all have an impact on the
degree of conjugation.

The degree of functionalization for the different NFC
derivatives was determined according to the most suitable
method for each functional group. Although the methods
differed from one another, we can compare the amount of
functional groups on the different NFC derivatives as follows.
In the case of epoxy—NFC, the degree of functionalization of
0.06 corresponds to 6% of modified anhydroglucose units
(AGUg). In the case of amine—NFC, the DS of 0.2 corresponds
to 20% of modified AGUs. In the case of TEMPO—NEFC, the
reaction is regioselective to primary alcohols (in cellulose C6
hydroxyls) and the reaction acts only on the fibril surface. Thus,
the degree of functionalization only considers surface C6
hydroxyls. The degree of surface functionalization of ~0.9 meq
g pulp corresponds to rou§hly 57% of modified primary
alcohols on cellulose crystal. 7 In our case, therefore, the
TEMPO—-NFC was the most highly substituted and epoxy—
NEC was the least.

The procedures of conjugating protein to both TEMPO—
NFC and amine-functionalized NFC involve several reaction
steps, while the conjugation to epoxy-functionalized NFC
proceeded in a single step (Scheme 1). The reaction times for
conjugation to amine- and TEMPO-functionalized NFC was
much faster than the conjugation to epoxy-functionalized NFC.
The epoxy route also gave the lowest density of immobilized
AP. From literature, it is previously known that the reactions to
epoxy-activated supports are very slow, leading for example to
attempts to increase reaction rates by salt-induced alggregation.6
The efficiency of epoxy immobilization in this work was
comparable to previously published results .**

Comparing the AFM images of the protein—NFC films
(Figure 1), we note that the surfaces with proteins conjugated
to amine- and TEMPO-functionalized NFC show globular
aggregates of molecules with the diameter of about 70 nm.
Such aggregates are not seen in the epoxy-functionalized NFC.
Because the sizes of the aggregates are larger than is expected
for the natural dimeric form of AP (5—6 nm), it is likely that
these aggregates are small clusters of AP enzyme. In both
strategies for immobilizing to amine and TEMPO-functional-
ized NFC, the side reactions can lead to the formation of
chemically cross-linked AP enzyme. When immobilizing to
amino groups, the intermediate step of making SFB—AP leads
to the modification of about 40% of the lysine residues in AP.
As the formed formylbenzoate group is reactive toward amino
groups, the cross-linking of individual SFB—AP molecules to
larger oligomers is possible and at least the dimer form of AP
was confirmed by MALDI-TOF (see Figure S1). This cross-
linking is likely to lead a mechanism where the immobilized
units are oligomeric clusters instead of monomers of AP to
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SANH-NEFC. Similarly, in the case of TEMPO-NEFC, a
carboxyl acid activating reagent EDC/s-NHS mixture was used.
Excess activator was not removed prior to addition of AP
because of the poor stability of the activated carboxylic acid
group in aqueous solution. As AP was added to the activation
mixture it is possible that some excess of activator reacted with
surface exposed aspartic and glutamic acid residues on AP (see
Figure S6) and, thus, resulting in cross-linking of AP protein
molecules to larger clusters. Such clusters of AP or individual
AP molecules could not be identified in epoxy—NFC films. The
clustering is not expected in the epoxy—NFC case due to the
nature of the chemistry used for conjugation. Individual AP
molecules would probably be hard to identify in the fibril
network due to their small size and much lower modification
density compared to amine- and TEMPO-functionalized NFC.

The formation of such small clusters would explain the
globular aggregates seen in the AFM images and could also
partly explain the increased efficiency of immobilization to
amine and TEMPO functionalized NFC, since for every
functional group a cluster of AP could bind instead of individual
molecules as in the epoxy functionalized case. The cross—
linking of enzymes together can also aid the stabilization and
preservation of enzyme activity. Both conjugation methods on
TEMPO— and amine—NFC combine two features that are
thought to be very effective in protein immobilization and
enzyme stability preservation; the multipoint covalent immobi-
lization of protein® and carrier-bound cross-linked enzymatic
aggregation.” In our case, the multipoint covalent attachment
occurs both between individual enzyme molecules and between
the enzyme and the solid support (in our case, NFC), resulting
in a system where the protein is simultaneously covalently
bound to the carrier as well as cross-linked to small clusters.
However, increased stability of AP was also seen for the epoxy—
NFEC, which shows that the NFC structure is a generally
biocompatible environment for proteins. It is likely that the
hydrophilic nature of cellulose and its rigid structure are
reasons for this. It was also shown that the NFC films have very
low nonspecific binding which is a clear advantage over many
polymer matrixes and other functional surfaces used for
immobilization.*” The low protein binding to NFC may also
be a contributing factor for the biocompatibility of the NFC.
Another clear effect of the protein conjugation to NFC was the
observed increase in stability. Increase in stability has been
described to occur for several enzymes and has been attributed
to intramolecular cross-linking.2 In this work, we did not
investigate mechanism of the increase of stability in a systematic
way. However, we observe that in accordance with published
work, multipoint cross-linking® can result in increased stability
and that this conclusion is in accordance with the other results
of this work. Previously has also been shown that the cross-
linking chemistry and the microenvironment of the carrier has
an effect on the inactivation and stabilization of enzymes.’ It
has been shown that for better stability covalent immobilization
is a more advantageous immobilization method over adsorption
and that hydrophilic carriers are more advantageous that
hydrophobic ones. These results are in line with our findings of
increased stability with protein conjugation to NFC.

When applying layers of AP—NFC by spin coating an
increase in enzymatic activity was seen for each successive layer.
As a general trend, the measured activity of AP with p-NPP as
the substrate increased with successive layers, suggesting that
the layers had a porous structure that allowed the transport of
the small substrate through the network and that underlying
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layers contributed to the total activity (Figures 2 and 3).
However, clear differences between the different types of NFC
were observed. Initially the NFC with AP coupled to amine—
NFC showed a greater amount of AP activity, but after about
four layers the efficiency declined (Figure 3). The reason for
this is likely to be that a densely packed film was formed which
did not allow the penetration of even the small p-NPP molecule
deeper into the structure of the film. Therefore the response
was seen only from the topmost layers. The tighter packing of
amine functionalized NFC fibrils in the film can be seen in the
AFM images (Figure 1). On the other hand, the epoxy—NFC
and TEMPO—NFC showed a linear and continuous increase in
the amount of immobilized protein, suggesting a more porous
or loosely packed film. TEMPO—NEFC has a large aspect ratio,
is very even in size distribution, and contains a large number of
carboxyl groups on its surface. The finer structure of the
TEMPO-NFC is also clear from the AFM images (Figure 1),
thus, making the film forming and swelling properties very
good. The apparently less dense film structure of epoxy—NFC
compared to amine—NFC may be that the chemical
modification of epoxy—NFC lead to a greater reduction of
hemicelluloses (alkaline treatment) as well as to an
introduction of hydrophobic groups on the fibrils and,
therefore, to a poorer or more coarse film structure compared
to amine—NFC.**

The experiments using immobilized antibodies did not show
a significant increase in binding of antigens with additional
deposited layers of antibody—NFC conjugate. The density of
immobilization detected for the first layer (11 ng on antibody
conjugated TEMPO—NFC) corresponded to the density
achieved using the direct immobilization of AP. Because
additional layers did not increase the response, we conclude
that large proteins (such as AP) do not diffuse through the
TEMPO-NFC film structure. An AP monomer is a globular
protein with a diameter of approximately S—6 nm in its active
dimer form. This shows that, although the NFC conjugation
and immobilization is versatile in functioning for different types
of targets, the porosity”' of the NFC layer and the structure of
the analytes have a dependency that affects the overall
performance of the system and should be taken into account
in the design. Thus, the TEPMO—NFC immobilization can be
advantageous in systems where a large density is achieved due
to the porosity of the surface layer and its availability for small
molecules. The exclusion of macromolecules can be beneficial
when targeting small molecules, but may be a limitation in
applications where macromolecules are targeted.

Bl CONCLUSIONS

In this work we have shown that NFC derivatives can be used
as matrixes for conjugation and stabilization of enzymes and
proteins and that bioactive films immobilizing the proteins on
surfaces are readily formed by these protein—NFC conjugates.
Typically it is technically challenging to perform chemical
reactions on surfaces or on surface-immobilized polymers
because of slow kinetics and difficulties to mix reagents
efficiently, leading to slow reactions and low yields. Scale-up
and process design is also problematic for large solid surfaces.
We therefore propose that the procedure described here, to
first perform chemical reactions in solution and then spread the
mixture on the target surface, will provide a technically more
feasible procedure. The conjugation reactions can be performed
under well-controlled mild aqueous conditions, mixing, and
temperature, while spreading of the mixture for immobilization
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could be readily automated by various printing or coating
technologies. The work is also a demonstration that cellulose in
its highly fibrillated NFC form shows highly desirable

properties that lead to new methods in technology.
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Supporting Information

Supporting information contains S1) MALDI-TOF MS sample preparation for SFB—AP with
MALDI-TOF MS spectra of AP and SFB—AP (Figure S1), S2) description of allylation of MFC prior to
epoxidation and the B3C CP/MAS NMR spectra of allylated MFC (Figure S2), and S3) descriptions of
the determination of functionalization degree of amine—-NFC accompanied by XPS spectra (figure S3)

and elemental concentrations (Table S3) of NFC and amine—NFC.

S1 MALDI-TOF analysis of AP and SFB—AP. In order to prepare the MALDI-TOF samples of AP
and SFB-AP TA-solution was prepared by diluting 0.1 % trifluoroacetic acid in MilliQ—water in 1:1
proportion to acetonitrile. A saturated solution of sinapic acid (Fluka, 49508—10MG-F) in TA—solution
was used as matrix. Protein samples were diluted in TA—solution. 1 pl of 1:1 ration of protein/matrix
mixture was spotted on a ground steel target plate and flight times were measured. The standard used in
the measurements was Protein Calibration Standard II (Brukser Daltonics, 207234). The MALDI-TOF
spectra of SFB—AP and AP are shown in figure S6. From the spectra we can see that the difference in
mass between AP and SFB—-AP is m/z 1496.4. The reaction of SFB and lysine residues attaches
formylbenzoate to the lysine residue via peptide bondage. One attached formylbenzoate yields a rise of
mass by 132.1 Da. This means that in average there are 11.3 modified lysine groups on each AP
molecule. In the SFB-AP spectra there is another peak at m/z 97273.143. This can correspond to a
dimmer of AP with 21.8 modified lysines. As aldehydes can react with primary amines to produce

imines the formation of covalently bound dimers and even larger oligomers is possible in the case of

SFB—-AP.
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Figure S1. MALDI-TOF spectra of SFB—AP (top) and AP (bottom). SFB—AP monomer carrying ~11.3

formylbenzoate molecules is seen at m/z 48693.090 and a dimer of it at m/z 97273.143. AP molecule is

seen at m/z 47196.714.



S2 3C CP/MAS NMR spectra of epoxy functionalized microfibrillated cellulose (epoxy—MFC). The
allylation of MFC was done in two steps because in the first reaction the soluble hemicelluloses disturb
the reaction. In the first step 40% of hemicelluloses are removed and a very low yield of butyl and allyl
modification is achieved (DSpytyi+ayi = 0.01) which can be seen from the left hand side NMR spectra.
The amount of allyl groups is very low and it falls below the detection limits of the method thus butyl
peaks are used for the determination of modification extent. After the second allylation step the extent of
allyl modification can be determined from the allyl peaks at 140-120 ppm. The DSay1 after two step
allylation was calculated to be 0.066 by combining the integrated areas of both allyl peaks and

comparing it to the anomeric C1 peak in cellulose.

|
|
C, ' |
. |
|
1\ |
| | |
| [
Al L] Cy7-Cio AL C17_C19
‘ YAYERE R T -Ch=Cin,
| ".. : T -“. | A '(—Aﬁ] /_g
/A VoL f \ A .,
s ettt N’ TP Sy R | [FE T R e, vy
T T T T T T T T T T T T 1
140 130 120 110 100 90 80 70O 60 50 40 30 2 ppm 140 130 120 110 100 90 80 70 60 50 4 3 20 10 ppm

Figure S2. The °C CP/MAS NMR spectra of MFC fibers after the first allylation step (left) and after
the second allylation step (right). A schematic drawing of the functional groups attached on a glucose

unit of cellulose chain is presented to ease the interpretation of the spectra.



S3 Determining the degree of functionalization of amine functionalized nanofibrillated cellulose
(amine—NF'C). The degree of amine functionalization was calculated from the surface silicon and surface
nitrogen content analyzed by X—Ray photoelectron spectroscopy (XPS) as described in Johansson et al.!
Figure S2 shows XPS survey spectra peaks due to emission of O 1s, C Is, N s, Si 2s and Si 2p
electrons. Survey scans were used in determination of surface elemental concentrations. O 1s (oxygen)
and C 1s (carbon) originate from cellulose whereas N 1s (nitrogen), Si 2s and Si 2p (silica) are markers
for successfully aminated nanocellulose samples. Table S2 shows the elemental concentrations and
relative abundance of different carbon bonds achieved by curve fitting of carbon C1 s spectra.” The
degree of amination was calculated from the nitrogen and silicon content. The surface content of
nitrogen was 1.7 % and the surface content of silicon was 1.5 % for amine—NFC, corresponding to

surface substitution values of 0.21 for nitrogen marker and 0.19 for silica marker, respectively.
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Figure S3. Low resolution XPS survey spectra recorded for unmodified fluidized NFC (top panel) and

for amine—NFC (bottom panel).



Table S3. XPS data for NFC and amine-NFC.

Elemental concentration (at-%) gﬂ(e;:)i)ve abundance of carbon bonds
Sample O1s Cls Nls Si2p C-C C-O0 O0-C-O C=0
Unmodified NFC 43.4 56.4 0.1 0 3.8 76.8 18.6 0.8
Aminated-NFC  41.5 553 1.7 1.5 8.9 72.9 17.4 0.8
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Cellulose nanofibrils show remarkable properties with applications in several fields of materials science,
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how the residual xylan that is found in cellulose nanofibrils that have been produced from hardwood

pulp affects these properties. We used enzymatic hydrolysis to specifically remove xylan and studied
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rheological properties, morphological features, and properties of paper-like films of cellulose nanofibrils.

We found that removal of xylan enhances the formation of fibril networks, resulting in both stiffer gels
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Introduction

New developments for processing cellulose into fibrils with
widths in the nanometer range have widely expanded its poten-
tial for use in materials science. As a polymer chain, cellulose is a
homopolymer formed by the repeating unit of B-(1-4)-p-gluco-
pyranose. In natural materials such as wood the cellulose poly-
mer is packed into fibrils with a diameter of 3-5 nm. These fibrils
are referred to as elemental fibrils and they are further packed
together with hemicellulose to form what is known as microfi-
brils with a diameter of ~10 to 20 nm." The microfibrils are
packed further into larger fibrils finally forming macroscopic
wood cellulose fibres.>®* The processing methods for the
production of native fibrillar nanocellulose materials are based
on disintegration of fibres mechanically and biochemically into
high aspect ratio nanosized fibrils.* The resulting fibrils are 3-20
nm in diameter and microns long and referred to as nano-
fibrillated cellulose (NFC) or microfibrillated cellulose (MFC).
The high aspect ratio and the excellent mechanical properties of
the fibrils make NFC special as a material.* It is also possible to
obtain high strength NFC fibrils by other means such as TEMPO-
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and stronger films. However xylan also stabilizes the fibrils against flocculation. Also the history of
processing of the preparations affects the results significantly.

oxidation which are reviewed elsewhere.® The stiffness of indi-
vidual cellulose I crystals is very high, measured to be between
134 and 143 GPa and the strength in the GPa range.”®

NFC has been shown to form excellent stiff gels as aqueous
dispersions at low solid content,* flexible and tough aerogels,’
composite materials,'*'* foams,** stabilizing emulsions and
dispersions,**™ biomedical applications® with applications for
different types of materials even for oil recovery.”” Many of these
applications rely on the stiffness and the high aspect ratio of the
fibrils in NFC materials which leads to percolating networks
that are further influenced by fibril entanglement and interac-
tions between fibrils.>*®

Depending on the origin and the processing history, there
can be up to 30% of hemicellulose present in NFC.* In softwood
NFC, the main hemicellulose is galactoglucomannan and in
hardwood NFC it is glucuronoxylan.”® It is known that the
fibrillation of pulp into microfibrillated cellulose is aided by
the presence of hemicellulose, which is most likely due to the
negative charges on hemicellulose that lead to charge repulsion
between the fibrils.** The drying of pulp has a negative effect on
the fibrillation process.”* This is most likely due to irreversible
coalescence of fibrils together®-** which could be driven by the
formation of strong hydrogen bonding and contamination of
the fibril surface during the drying process making the cellulose
surface passive, i.e. less reactive.”® It has been shown that the
more hemicellulose is present in the material the less drying
affects the fibrillation and other properties of pulp.**

A full understanding is still lacking of how the hemicellulose
is located in the fibril structure and how it affects the NFC
material properties in solution or in the dried state. It is
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expected that at least part of the hemicellulose is on the surface
of the fibrils.>**” Previous studies on total enzymatic hydrolysis
of cellulosic material, also NFC, have shown that hemicellulases
especially xylanases are crucial for the efficient hydrolytic
solubilisation of cellulosic materials.*® Xylanases are enzymes
that specifically hydrolyse xylans to xylose and small xylo-olig-
omers leaving cellulose intact.” The results suggest that
hemicelluloses are associated in the fibril structure in such a
way that they prevent cellulases to freely access the cellulose.?
Other studies on hard wood pulp materials have shown that
only some 35% of xylan can be solubilized from the materials by
using xylanases demonstrating that not all the xylan in pulp is
accessible for the enzyme.*® The rest of the hemicellulose is
most probably located within the fine structure of fibrils in
between elemental fibrils. Therefore it is unclear how much
hemicellulose can be solubilized from fibrillated material such
as NFC where still elemental fibrils are closely associated and
protecting at least some fraction from hydrolysis.

The adsorption of different hemicelluloses has been studied
on a variety of cellulosic materials.***** There are certain struc-
tural features, such as a critical length of the hemicellulose
back-bone and the substitution degree that determine the
affinity of hemicellulose on the cellulose surface.***> For
example, it has been shown that the shortest xyloglucan that
can adsorb onto Avicel cellulose must be at least 12 sugar units
long.** The critical length for xylan adsorption onto bacterial
cellulose has been shown to be 15 xylose units.*" It has also been
shown that the more substituents the hemicellulose has the less
it will adsorb onto the cellulose surface.** The two major xyla-
nases from the filamentous fungi Trichoderma reesei hydrolyse
xylan to xylose and 2-7 unit xylo-oligomers and are thus
expected to release the hemicellulose from the -cellulose
surface.*

In this work we were interested in understanding how the
percolating networks in NFC dispersions are affected by the
presence of hemicellulose and how hemicellulose may affect
interactions between cellulose fibrils and thereby nodes of
interactions between fibrils that affect the rheological proper-
ties. Hemicellulose (in our case xylan) was partially hydrolysed
by an enzymatic treatment and the effect of xylan hydrolysis on
fibril interactions in the NFC dispersion was studied by rheo-
logical measurements and microscopy. More information on
the organisation of the fibrils was obtained by studying the
performance of dry films prepared from the NFC dispersions.

Experimental
Preparation of nanofibrillated cellulose

NFC was prepared by mechanical disintegration of bleached
birch kraft pulp by ten passes through a M7115 Fluidizer
(Microfluidics Corp.), essentially according to previous reports.*
The solid content of the prepared water dispersion was ~1.9%.

Total hydrolysis of NFC and the analysis of sugar content

A total hydrolysis of the NFC suspension (dry weight 1.9%) was
performed to determine its total xylan content.*® An enzyme
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mixture containing four different commercial enzyme products
was used (Econase (cellulase, Roehm Enzyme Finland) 20 mL,
Ecopulp X-200 (xylanase, Roehm Enzyme Finland) 50 mlL,
Gamanase (mannanase, Novo) 100 mL and Novozyme 188
(B-glucosidase, Novo) 50 mL). The mixture was then diluted
with 200 mL of 50 mM sodium acetate buffer pH 5 and desalted
using a Biogel P-6 gel (Bio-Rad) column using the same buffer.
The total activity of the mixture was 29.8 FPU (filter paper units)
mL . The load of enzyme used for total hydrolysis of NFC was
50 FPU g~ ' and the reaction was allowed to proceed for 48 h at
40 °C (stirring 250 rpm), after which an additional 10 FPU g *
amount of enzyme cocktail was added and the reaction
continued for another 18 h to ensure total hydrolysis of the
sample. The mixture was cleared by centrifugation (4000 rpm,
10 min, Eppendorf), supernatant was boiled for 5 min to
inactivate enzymes and centrifuged again. Monosaccharides
were determined by chromatography (DIONEX ISC-5000, Car-
boPac PA20) from the second supernatant. The dry weight of the
first pellet from the total hydrolysis reaction was also
determined.

NFC sample preparation

A stock solution of NFC was prepared as described previously.*
For experiments, an aliquot of the stock solution was diluted
with 50 mM sodium acetate pH 5 to a concentration of 4.55 g
L~" while mixing with a magnetic stirrer (<1000 rpm). Mixing
was continued for about 30 seconds after which the solution
was sonicated with an ultrasonifier (Vibra-Cell VXC 750, Sonics
and Materials Inc., U.S.A.) using a standard tip (20%, 5 min).
After sonication the solution was again mixed with the magnetic
stirrer for about ~30 s. After this pre-treatment, xylan was
hydrolysed using purified pI9 xylanase from T. reesei.** The total
volume of the reactions was 3.52 mL with a final concentration
of 0.4% NFC and an enzyme dosage of 3 mg g~ . The samples
were incubated at 45 °C for 24 h. Part of the samples were mixed
with a magnetic stirrer (800 rpm) and part were allowed to react
without stirring. Control samples were treated identically except
that buffer was added instead of enzyme.

Analysis of xylan released from NFC

Samples were first clarified by centrifugation (20 000 rpm,
20 min). The clarified samples were then subjected to further
enzymatic hydrolysis to break down possible oligosaccharide
products into constituent monosaccharides. The following
enzyme mixture was used: endoglucanase (24 nk at mL ™),
xylanase (187 nk at mL™'), mannanase (18 nk at mL™'),
B-xylosidase (1 nk at mL '), B-mannosidase (18 nk at mL ),
B-glucosidase (4 nk at mL™"), a-galactosidase (11 nk at mL %),
arabinosidase (6 nk at mL™"), and o-glucuronidase (9 nk at
mL ™). A 1: 4 ratio of enzyme to sample was used and sodium
acetate buffer pH 5 (100 mM) was used for dilutions. Incubation
was continued for 24 h at 45 °C. Finally the samples were boiled
for 5 min to inactivate the enzymes and then centrifuged.
The monosaccharide composition was analysed from the
supernatant by chromatography as described above.
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Rheological characterization of NFC suspensions

Xylanase treated and control samples were characterized for
their rheological properties using cylinder and cup geometry
(CC15, gap between the cup wall and bob 0.5 mm), with a stress
controlled rheometer (StressTech, Reologica Instruments Ab,
Sweden). Viscoelastic properties of the NFC dispersions were
measured by oscillatory stress sweep tests (0.01-1 Pa) under a
constant frequency of 0.1 Hz and by frequency sweep tests
(0.01-10 Hz) at a constant stress amplitude of 0.03 Pa. Three
samples were analysed for each treatment. The error of the
measurements was calculated from the set of samples and it
represents the accuracy of the sample preparation, i.e. how
reproducible the sample preparation was. After the xylanase
treatment the samples were allowed to equilibrate to room
temperature for 3 h prior to rheological measurements. 3 mL of
each sample was pipetted into the measuring cup and the bob
was lowered to the measuring position. The sample was allowed
to relax for 5 min before the measurement was started.

Preparation and characterization of dried NFC films

Xylanase treated NFC and control samples were used to make
thin, paper-like films. The films were prepared passing NFC
dispersion (1 mL, 4 g L™') through a membrane (Durapore
GVWP, 0.22 pm, Millipore, US) in a vacuum filtering device
whereby the NFC deposited on the membrane as a film. The
deposited NFC film was peeled off from the supporting
membrane and gentle pressure was applied on it using a 300 g
load for 10 min. Films were dried overnight at 65 °C, and then
allowed to stabilize at 50% humidity at 21 °C before tensile
testing under ambient conditions. For the tensile testing, a mini
tensile tester (Deben, UK) was used. A 20 N load cell was used
with a nominal strain rate of 0.5 mm min '. At least 4 dupli-
cates were made from each sample. The films were cut into
strips of 2 mm x 20 mm and had a thickness of about 7-10 um.
A micrometer slide calliper was used to determine the widths of
the samples. The thickness was measured with a scanning
electron microscope (JEOL JSM-7500F FEG, Japan) using an
acceleration voltage of 1-15 kV depending on the sample.
Samples were sputtered with palladium to enhance imaging
conditions and prevent the charging of the samples. For the
thickness measurements, films were aligned perpendicular to
the electron beam. At least 8 measures were made from
different places of the film cross-section.

Cryogenic transmission electron microscopy (Cryo-TEM)
imaging of NFC fibrils

Cryo-TEM was used to analyse the morphology of the NFC fibrils
in solution. NFC dispersions were diluted 1 : 10 and vitrified by
purging in a liquid propane-ethane mixture on c-flat grids
using a vitrobot (FEI, U.S.A.). Imaging was performed with a
JEOL JEM-3200FSC Cryo-TEM 300 kV.

Atomic force microscopy (AFM)

NFC samples were diluted 1 : 400 with water and a 30 pL aliquot
was spread on freshly cleaved mica (Electron Microscopy
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Sciences). The samples were allowed to dry for 24 h, attached on
steel supports with double-sided tape (Scotch) and imaged
using a NanoScope IIla Multimode AFM instrument (E-scanner,
Digital Instruments/Veeco) with an NSCI5/AIBS cantilever
(LMASCH, USA). All images were recorded in tapping mode in
air with scan rates of 0.8-1 Hz (free amplitude was about 0.65 V).
The damping ratio was around 0.7-0.85. Images were flattened
to remove possible tilts in the image data. Otherwise no further
processing of the images was done.

Dynamic vapour sorption (DVS) measurement of NFC films

Dynamic water vapour sorption of NFC films was done with a
DVS-1 instrument (Surface Measurement Systems, UK) to
investigate if the amount of xylan within the films has an effect
on the water sorption capability of NFC. NFC films were dried
overnight at 60 °C in a desiccator containing phosphorus
pentoxide before the measurement. The measurement had five
16 hour steps at 0%, 25%, 50%, 75% and 90% relative humidity.
The amount of water vapour content was measured during the
whole experiment.

Results
Total xylan content and release of xylan from NFC

Table 1 summarises the sugar content results from total enzy-
matic hydrolysis of NFC analysed by chromatographic methods.
In addition to solubilised sugars there were 1.7% of non-soluble
materials such as lignin.

We conclude that ~27% of the NFC sample consisted of xylan
(xylose, methylglucuronic acid and xylotrioses), ~71% of cellu-
lose (glucose), ~0.3% of glucomannan (2:1 mannose to
glucose?) and 1.7% of insoluble materials. The hydrolysis with
only pI9 xylanase for 24 hours at 45 °C (with stirring and without)
showed that only part of the total xylan was accessible to the
enzyme releasing 32-36% of the total xylan as soluble saccha-
rides. There were no significant differences between samples
that had been stirred or not. The release of xylan during the
hydrolysis corresponded to approximately a 10% reduction of
total mass. Experiments showed that increasing enzyme load or
hydrolysis time did not increase the release of xylan.

Effect of xylan removal and continuous mixing on NFC
dispersion rheology

Stress sweep measurements were performed on xylanase-
treated samples that had been mixed or not mixed during the

Table 1 The amount of mono- and oligosaccharides released from NFC by total
enzymatic hydrolysis

Mono-/oligosaccharide” Glu Xyl Man Me-gluA Xyls

Amount solubilised (%) 71 26.2 0.2 0.6 0.3

“Glu = glucose, Xyl = xylose, Man = mannose, Me-gluA =
methylglucuronic acid, and Xyl; = branched xylotrioses (hexenuronic
acid xylotriose and 2-O-(4-O-methyl-3-L-idopyranosyluronic acid)-
xylotriose).
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hydrolysis. The elastic modulus (G'), viscous modulus (G”) and
phase angle of a typical measurement (NFC) are presented in
Fig. 1A. The average G’ and G” values in the linear viscoelastic
region and the critical stress at the onset of non-linear behav-
iour were determined from the curves (Fig. 1B). From Fig. 1B it
is seen that G’ values are an order of magnitude higher than G”
values and thus the systems are all predominantly elastic. Xylan
hydrolysis had a clear effect on the elastic modulus, but the
effect was dependent on the treatment procedure. Letting the
xylan hydrolysis proceed without mixing resulted in a higher G’
than the corresponding control sample without xylanase. Mix-
ing with a magnetic stirrer during the hydrolysis on the other
hand led to a significant decrease in G'. This lowering of G’ was
more pronounced when xylan had been removed. The critical
stress values present the onset of elastic-to-viscous transition
and clearly show that this phenomenon occurs at lower stress
values for samples that are mixed compared to those that are
not mixed. From the samples that are mixed the one treated
with xylanase stands a significantly lower stress value than the
one not treated with xylanase. Xylan hydrolysis increases the
critical stress value compared to native NFC.

No significant differences were observed in frequency
dependent behaviour of the different NFC samples. The
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Fig. 1 Effects of xylanase treatment and continuous mixing on rheological

properties of NFC dispersion. (A) A typical stress sweep test for NFC dispersion
showing the behaviour of elastic and viscous moduli (G’, G"”) and phase angle. (B)
Elastic moduli (G'), viscous moduli (G”) and the critical stress values of the different
samples. In graph (A) B: G/, O: G”, and O: phase angle. In graph (B) l: G/,
: G”, and O: critical stress.
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modulus of all NFC solutions rose as a function of frequency
with an equal slope (data not shown).

Effect of xylan removal and continuous mixing on NFC fibril
morphology

Cryo-TEM and AFM images were taken for samples (Fig. 2) that
had been treated with xylanase with and without mixing and
controls. No differences between treatments were observed
compared to non-treated controls. Xylanase treatment or
continuous mixing does not seem to have an effect on the
morphology of the fibrils; no shortening of the fibrils or
significant differences in bundling can be seen in any of the
samples. The fibril diameters, i.e. heights, from the AFM images
are very similar for all samples; NFC 6.8 £ 4.0 nm, mixed NFC
9.1 £+ 4.2 nm, xylanase treated NFC 9.0 + 4.3 nm and xylanase
treated mixed NFC 9.6 + 3.4 nm. The heights and deviations
were calculated from heights obtained from the cross-section of
20 fibrils in different images.

Preparation and characterization of thin paper-like films

Films of NFC were made using samples that had been treated
with xylanase and controls without xylanase. Each set included
samples that had been mixed or not mixed during the treat-
ment. Although the film preparation followed an identical
procedure, the different NFC treatments resulted in different
film thicknesses and thus different film densities. The film
thicknesses and densities are summarised in Table 2.

Typical stress—strain curves for differently processed NFC
film samples are shown in Fig. 3. The mechanical properties of

Fig.2 Cryo-TEM images of NFC suspensions: top left, NFC; top right, NFC mixed;
bottom left, NFC treated with xylanase; and bottom right, NFC treated with
xylanase and mixed. Insets: AFM height images of the corresponding samples
spread and dried on freshly cleaved MICA. Scan size 1 x 1 um and height 60 nm.
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Table 2 Thickness and average density of differently treated NFC films

NFC NFC-Xyl® NFC mixed’” NFC-Xyl mixed
7 (um) 12.2 £ 1.45 8.2+ 0.90 8.5+ 0.84 9.4+ 0.83
p (mg mm™3) 1.2 1.6 1.8 1.4

“ Xylanase treated NFC. ? Continuously mixed NFC. ° Continuously
mixed NFC that was treated with xylanase.
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Fig. 3 Typical stress—strain curves for the differently processed NFC films. NFC
(solid black line), continuously mixed NFC (dashed black line), NFC treated with
xylanase (solid grey line), and continuously mixed NFC treated with xylanase
(dashed grey line).

Table 3 Mechanical properties of differently treated NFC films

Ultimate Young's Yield

tensile modulus  Strain-to-  strength

strength (MPa) (GPa) failure (%) (MPa)
NFC 199 £ 35 10.0 £3.1 5.24 £0.6 113 +22
NFC-Xyl* 243 + 38 13.1+19 4.81+£0.3 126 +24
NFC mixed? 252 £ 17 14.6 1.3 5.55+£0.4 149+6.3
NFC-Xyl mixed® 166 =+ 34 11.1+1.3 3.80£0.6 100 * 26

“ Xylanase treated NFC. ? Continuously mixed NFC. ° Continuously
mixed NFC that was treated with xylanase.

the four NFC films are summarised in Table 3. Treatments
showed in general significant effects on the mechanical prop-
erties. The measured parameters (stiffness (Young's modulus),
yield strength, ultimate tensile strength, and strain to failure)
show dependence on both mixing and xylanase treatment of the
samples. A general trend is that in mixed samples the xylanase
treatment weakened the mechanical properties and in non-
mixed samples the xylanase treatment improved mechanical
properties. However for the values for strain to failure, the
xylanase treatment generally led to lower values.

Dynamic water sorption measurement of NFC films

Water uptake was used as a way of identifying differences
between xylanase treated and non-treated NFC films. Control
samples and samples with xylanase treatment either with or
without mixing showed very similar water uptake profiles
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Fig. 4 Relative water vapour uptake by paper-like films made of differently
treated NFC. —-[0- NFC, —O- xylanase treated NFC, — - continuously mixed NFC
and —@- continuously mixed xylanase treated NFC. Treating NFC with xylanase
with or without mixing did not significantly change moisture uptake compared to
controls without xylan treatment.

(Fig. 4). In total a 16% mass gain was reached at 90% relative
humidity in all films.

Discussion

NFC prepared from hard and softwood has been widely used for
developing new innovative materials and has proven to be very
promising for many applications. In this work we addressed the
question of how the hemicellulose content of the NFC can affect
its properties. We used a type of NFC preparation that has been
widely used in other studies.***317:36-34

Initially we found that 27% of the NFC preparation consisted
of xylan, the major hemicellulose in hardwood. Treating the
NFC with a purified xylanase (pI 9 variant from T. reesei)
released 32-35% of xylan. Extending hydrolysis time or enzyme
dosage did not release more xylan indicating that the remaining
xylan was not accessible. Xylan is naturally found between
elementary microfibrils of cellulose in the plant cell walls. Most
likely the xylan that was hydrolyzed and removed in the current
experiments was located easily accessible on the surface of the
small bundles of microfibrils that form the NFC. The xylan that
was not hydrolysed by the enzyme was most likely in between
the microfibrils of the NFC. Interestingly, the hydrolysis of xylan
did not result in any notable change in the dimensions or shape
of the NFC as analyzed by both Cryo-TEM and AFM. It is
therefore difficult to estimate exactly how the xylan is associated
with the cellulose, if it was thinly and evenly spread out along
the fibrils or only as loosely associated. The water sorption
behaviour was performed to detect possible changes in the
cellulose fibril structure during xylan hydrolysis. Previously it
has been shown that the water sorption capability of cellulosic
material is dictated by the crystallinity of the materials below
RH 75% and by structural features such as porosity above RH
75%.°® In our work we saw no differences in water sorption
behaviour of the different samples suggesting that the xylanase
has not altered the cellulose structure.

Rheological measurements showed significant differences
between xylanase treated and non-treated NFC samples.
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However, it was found already in preliminary experiments that
the viscoelastic properties of NFC dispersions are very much
dependent on their shearing history even in the absence of
xylanase, which is probably related to shear-induced changes in
the floc structure of the dispersions.’® In our work, we also
observed a marked difference in G’ between the mixed and non-
mixed NFC dispersions without xylanase (Fig. 1B), although
they had identical chemical composition. This highlighted the
necessity of developing a pre-treatment protocol involving
initial break-up of aggregates and networks by sonication and
mixing prior to enzymatic treatment. This pre-treatment
protocol served very well to achieve a reproducible base-level to
which different treatments could be performed and reduced
significantly the variation between experiments.

The enzymatic hydrolysis of xylan led to a clear increase in the
elastic modulus of the sample when the sample was not mixed
(Fig. 1B). Continuous mixing lowered the modulus of the non-
treated samples but the samples that were both mixed and
treated with xylanase resulted in the lowest modulus values
overall. Interpretation of the results is difficult because appar-
ently several different effects are occurring simultaneously. The
initial pre-treatment of the samples involving sonication is
expected to open up bundles of fibrils and increase fibril
entanglement and therefore interaction nodes between fibrils.
We also note that this non-enzyme treated, non-mixed sample
gave high modulus values. Treating the sample with xylanase,
but not mixing increased the modulus further. We interpret this
change as an increase of interactions between fibrils resulting in
a stronger percolating network. On the other hand, the contin-
uous mixing of samples without the addition of xylanase
significantly decreased the modulus. The mechanism behind
this is most likely related to less effective percolation due to the
formation of flocs as a result of the shear forces during mixing."®
The bundling might cause the loss of percolation by the loss of
interaction nodes throughout the gel and result in local
concentrated interactions of fibrils in the gel. In the work by Vian
et al.”* it was shown that the presence of hemicellulose did not
affect the bundling of fibrils during dehydration of the system yet
it prevented the irreversible flocculation of the fibrils. It was also
shown that reducing the amount of hemicellulose in the system
caused bundling of the fibrils all the more extensively the more
hemicellulose was extracted and the flocs grew larger when
larger amounts of hemicellulose were removed. This suggests
that there might be a similar mechanism of bundling caused by
shear forces with and without the removal of hemicellulose, yet
the exact structure of the flocs in solution conditions remains
unclear. Sonication of samples that were not treated by xylanase
led again to increased viscosity, most likely due to/consistent
with the opening up of flocculated structures. This finding is
consistent with the findings of Vian et al.>* that fibrils with
hemicellulose do not flocculate irreversibly and can be dispersed
again. The xylanase treatment of samples that were mixed led to a
still larger decrease in modulus. The mechanism thatleads to the
decrease of modulus in the mixed samples was therefore
apparently enhanced by xylanase treatment. This is contradic-
tory to the effect of xylanase without mixing. It could be possible
that the increase in interactions brought about by xylanase
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treatment is favourable to a certain extent (as when the disper-
sion is at rest), but that a further increase in interactions during
mixing results in such a high level of flocculation that the
network structure is hampered.

The elastic-to-viscous transition of the gels as studied by
increasing the applied stress supports these conclusions
(Fig. 1B, Critical stress). This transition occurs at the lowest
stress values for the mixed and xylanase treated samples. The
critical stress value then increased in the order, mixed and non-
treated, non-mixed and non-treated, with the strongest gels for
the xylanase treated and non-mixed. The results follow the logic
that mixing induces aggregation of fibrils that leads to weaker
gels. Xylan removal enhances this effect, but if samples were not
mixed, the xylan removal made the gelling network stronger.

The effect of xylanase treatment for making paper-like films
was seen in two ways. Firstly, the thickness of the films was
reduced as expected by the loss of mass due to hydrolysis.
However also mixing reduced the thickness apparently by
allowing a denser packing of the fibrils. In line with this it has
previously been shown with pulp materials that the density is
increased and that the pore size is decreased when xylan is
enzymatically removed indicating that the packing of the fibres
is more efficient.** There was also a clear effect on the
mechanical properties of the films by the treatment with xyla-
nase. When NFC samples were not mixed during the enzymatic
reaction, the films became stiffer and stronger as a result of the
treatment. This is in line with the rheology data where gel-
stiffening occurred by the same treatment. However, contin-
uous mixing of NFC also resulted in stronger and stiffer films
without enzymatic treatment. Since the mixed/non-mixed
samples without enzymatic treatment were chemically identical
there must be other factors leading to increased properties. As
can be seen from the measured thicknesses, also the thickness
of the mixed samples was lower, which indicates better pack-
aging of fibrils in the films and thus increased interactions
between fibrils. The denser packaging allowed by the aggrega-
tion of the fibrils then seems to lead to better properties. On the
other hand, as the further weakening of the gel properties in the
rheological experiments indicated, the enzymatic treatment
further weakened interactions between fibrils in mixed samples
and thus led to weaker films. Thus the effect of xylanase treat-
ment was in the same way opposite in both film formation and
for gel formation depending on how the fibrils were mechan-
ically treated. However, in all cases the values for strain-to-
failure of the samples were lower for xylanase treated NFC. This
shows that the stiffness and strain values are not necessarily
directly dependent and that xylan plays a role in the extension of
fibril networks on the region of the plastic deformation. Inter-
actions between fibrils that are mediated by xylan then can
allow more creep and extension, while the interactions in fibrils
where xylan was removed were stiffer but less flexible. It appears
that softening of the interface between NFC fibrils due to the
xylan layer is beneficial and allows movement of the fibrils
under tensile stress. Although it is difficult to distinguish
between the fine effects of dispersion quality and the strength of
the interaction between the fibrils, the film properties show
consistent results and reveal different aspects of the fibril

This journal is © The Royal Society of Chemistry 2013



properties. It has also been shown previously for pulp materials
that the tensile strength is decreased and that the fibre stiffness
is increased when hemicelluloses are removed.*®

The formation of interacting nodes in percolating networks
has been seen as a major explanation of the properties of NFC.
In this work we addressed the question of how hemicellulose (in
our case xylan), a major component of typical NFC preparations,
affects its properties. The results support a major role of fibril
networks in NFC properties, but show that xylan as an addi-
tional component clearly affects fibril interactions and there-
fore the details of how NFC performs. Investigating the role of
interactions within NFC networks is greatly affected by the
history of the preparation and in which form the fibrils are
present, i.e. if they are open or aggregated. Microscopy imaging
did not reveal such differences and they were only seen by
detailed rheological measurements. The results show that xylan
in this way plays a key role in fibril stability in aqueous
surroundings preventing for example fibril coalescence during
mechanical mixing. In some cases the mechanical properties
can be enhanced by xylan removal, but as stability may be
decreased a better control of processing conditions may be
required when xylan is present.

Conclusions

Only some 35% of the xylan present in the NFC network can be
removed by or is accessible to xylanase. The presence of xylan
affects the NFC network properties clearly but effects are not
unambiguous and the comparison of the effects to gel proper-
ties and film properties is somewhat difficult to correlate. The
biggest effect of xylan still seems to be on the association
behaviour of the NFC fibrils. The xylan that is easily removed by
enzyme hydrolysis and affects the stability of NFC seems to be
on the surface of the fibrils and the rest of the xylan not
affecting the association of the fibrils is within the fibril struc-
ture. Despite the presence of xylan NFC is very sensitive to
processing history. Mixing for example induces changes in the
hydrogel structure that affect the mechanical properties.
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Abstract
Here we report for the first time that the binding of Trichoderma reesei major cellulase Cel6A

and Cel7A cellulose binding modules (CBM) have a very different way of binding to the
substrates originating from wood compared to microbial cellulose. Our findings indicate that the
CBM proteins see the two substrates, nanofibrillated cellulose and bacterial microcrystalline
cellulose, as very different from one another. We show that the substrate has a large impact on
the exchange rate of the two CBM, and moreover, that CBM-Cel7A seems to have an extra mode
of binding on NFC but not on BMCC. This mode is not translated to the double CBM
comprising of CBM-Cel7A and CBM-Cel6A. These results have impact on the cellulase
research mostly done with non-wood cellulose substrates and offer new understanding on how

these industrially relevant enzymes act.

Introduction
Carbohydrate binding modules (CBMs) are found in a large variety of proteins that are active

in one way or another on plant cell walls. These are mainly cellulases but also for example

xylanases and mannanases*™. There are several examples of convergent evolution leading to

1
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several different protein families with similar function®. Especially in bacterial these families are
very diverse®. Analogously the CBMs can show affinity for chitin and are also found as parts of
chitin active proteins’. In this work we focus on the type of CBM that is found in fungi and are
classified as belonging to Family 1%®°. These have been the subject of much investigation
because of the efficiency and importance of fungal enzyme systems for degrading cellulosic
material both as a part of the ecosystem and also increasingly for technical applications™®*..
These fungal CBMs have a compact structure comprising of only about 35 amino acids*?. The
structure has a stable fold that is referred to as a cysteine knot and which is also found in other
small adhesion proteins such as conotoxins™. As the name indicates, cysteine knots are stabilized
by disulfide bonds and in the case of family 1 CBMs, two or three of them are found. On one
face of the folded Family 1 CBM proteins there is a distinctive arrangement of three aromatic
residues that has been shown to play a key role in cellulose adhesion. The interaction between
aromatics and pyranose rings is widely observed also elsewhere, and it has also been shown that
by changing the character of the aromatic residues also the binding characteristics can be
changes™. In addition to these pi-electron interactions, also hydrogen bonding is involved in
forming affinity and specificity between protein and cellulose*?. The binding is highly specific
and shows even selectivity for the different crystalline faces of cellulose™*.

The CBMs have proved to play an essential role for how enzymes function. There are effects
on both substrate recognition and catalytic activities.'” The most straightforward explanation of
their function is to guide the enzyme towards the substrate and enhance local concentrations on
surfaces, but in many cases the role have been found to be more subtle®. Another reason for an

interest in these CBMs is that they provide a way to modify cellulose through a self-assembly

mechanism*®*°. This can be utilized for protein immobilization®. However more recently there



has been a large interest in cellulose as a nanoscale material®*. By either acid hydrolysis or by
mainly mechanical disintegration cellulose fibrils and crystallites are released >’ Because
cellulose as a polymer has very attractive mechanical and physical properties many types of
advanced materials have been made, including photonic materials and high performance
composites®®?°. Interestingly for example the strength of cellulose surpasses steel on a weight-to-
weight comparison.

In this work we set out to gain understanding of both cellulose as a structure and how
macromolecular architectures can be designed for adhesion to it by a protein engineering
approach using family 1 CBMs. It was already known that linking two CBMs together does
affect the overall interaction to a very large extent and that this two-domain interaction can to
some extent explain the architecture of cellulose degrading enzymes in general’. The
thermodynamic principles behind such cooperativity are well known ** and depend on geometric
constraints and the general architecture of the complexes that are formed. We hypothesized that
making a series of different linkers between two CBMs could reveal how binding sites are
located on the cellulose surface and how the linking of binding modules changes the dynamics of
interactions. Using a set of differently designed molecules, different sources of cellulose, and
accurate measurement techniques enabling the study of binding kinetics allowed a new set of

tools to investigate cellulose for use as a material or for the enzymatic breakdown of it.

Results

Analysis of proteins
DCBM-12, -24, and 48 were produced as HFBI-DCBM fusions to aid the purification.

Different DCBM proteins were gained by trypsin cleavage of the corresponding HFBI-DCBM.



The CDB-Cel7A and CBM-Cel6A were gained by papain cleavage of HFBI-DCBM-12. Amino
acid analysis (AAA) of the fractions from RP-HPLC run after papain cleavages showed the
identity of the two fractions; i.e. which of them CBM-Cel7A was and which CBM-Cel6A.
Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-TOF MS) was used
to verify the amount of linker region present in the proteins and the extent of glycosylation of the
proteins. According to MALDI-TOF DCBM-24 contained14-25 glycan groups and DCBM-48
34-50. Both of the proteins contained multiple O-glycosylation sites on the linker (T, S, see
figure S1 for sequences), DCBM-48 double the amount of DCBM-24. The glycosylation patterns
were heterogenic and showed a broad peak at m/z ~12730-14500 (DCBM-24) and m/z ~18400-
20730 (DCBM-48). DCBM-12 and the single CBMs were not glycosylated. There were no broad
peaks on their MALDI-TOF spectra nor do the peaks on the spectra contain differences by m/z
162 (hexose) or m/z 203 (GIcNAc). The multiple peaks on their spectra come from a varying
lengths of linker attached on them. Especially the CBM-Cel6A protein that was cleaved by
papain showed variation in the linker length on both sides, the main peak was at m/z 5414.
CBM-Cel7A main peak was at m/z 3850 (CBM-Cel7A + serine from linker) and minor peaks
referring to CBM-Cel7A only (m/z 3763) and CBM-Cel7A + one to four threonine residues.
DCBM-12 has a major peak at m/z 9039 and minor peaks showing that trypsin has cleaved on

both sides of the arginine in the linker sequence between HFBI and DCBM-12.

Binding isotherms
Figure 1 shows the binding isotherms of CBMs and DCBMs on A: BMCC, and B: on NFC.

On BMCC an increase in affinity was seen for DCBM-12 and DCBM-24 constructs compared to

single CBMs. Linker length affects the binding of the double constructs; DCBM-48 construct



shows lower affinity compared to DCBM-12 and DCBM-24 and CBM-Cel7A. DCBM-24 shows
the highest affinity.

On NFC for the DCBMs the linker length affected the binding in the same way as on BMCC;
DCBM-24 and DCBM-12 having a higher affinity than DCBM-48 and CBM-Cel6A having the
lowest affinity. On NFC there was no advantage of linking CBM-Cel7A and CBM-Cel6A
together because CBM-Cel7A had the highest affinity on its own. Table 1 summarizes the
partitioning coefficients, K,, obtained from the data in the beginning of the isotherm. The
corresponding affinities, kg, and maximum binding capacities, Bmax, are presented in
supplementary table 1. Table 2 shows that the correlation of K;-values of the five proteins
between two substrates. This correlation is consistent for all other proteins being 1.5 except for
CBM-Cel7A being much higher 3.6. This indicates clearly that CBM-Cel7A behaves differently

on the two substrates compared to the other proteins.

The Gibbs free energy of binding, AG
For the calculation of Gibb’s free energy for binding the binding capacity, Bmax, iS needs.

Binding isotherms with larger protein concentrations (up to 50 UM free protein concentration)
are presented for all proteins on both substrates in semi-logarithmic plots in figure 2A-D. The
maximum binding capacities obtained from this data are presented in table 3. The linear forms of
the binding isotherm graphs are presented in supplementary figure 2. The data with higher
protein concentrations shows that CBM-Cel7A binds with a greater capacity than any of the
other proteins on both substrates. The data also shows that the single CBMs are far from their
actual maximum binding capacities, although substantial amount of protein was used in the

experiments. On the other hand, it can be seen that the maximum binding capacity of DCBM-48



has been reached on both substrates, and that DCBM-12 and -24 are not far from their maximum
capacities. These values for DCBM-48 can be used to calculate accurate Gibb’s free energies,
AG, for the binding event using equation (4) presented in Online methods. To calculate an
estimated range of the AG-value for the other proteins on both substrates, we used the K;-values
obtained from the initial slope of the data and varied the Bnax-value in equation (4). We used
three Bmax-values; Bmax, low, which was obtained from data in figure 2 and which is lower than
the actual Bnyax for all other proteins than DCBM-48, a double that of the low value (Bmax,
intermediate), and a triple that of the low value (Bmax, high). A schematic illustration of the three
Bmax —Vvalue levels are presented in supplementary figure 3 with the binding isotherm for CBM-
Cel7A on NFC to illustrate the range of Bmax-values.

Table 4 summarizes AG-values for the different binding events. From table 4 it is evident
that the free energies of binding are lower for DCBM-proteins than for CBM-proteins. Thus the
binding of DCBM s is more favorable than CBMs. The differences for the AG-values are not very
large between different DCBMs. We can also see that AG-values for CBM-Cel7A on NFC and
BMCC are very close to each other and also to the ones obtained for CBM-Cel6A. The AG-
values for DCBMs are also very close to each other for both substrates indicating that the
binding is energetically similar for the double constructs on both substrates. Since the peculiar
binding of CDB-Cel7A cannot be explained by energetic differences of the binding events, it

seems to a matter of geometry or the substrate or both.

Xylanase assay for CBM-Cel7A
There is roughly 27 % xylan in the NFC material that we use. Of this, 30 % can be

specifically hydrolyzed by pl9 xylanase from T. reesei, which corresponds to about 10 % loss of



the total mass. To test how the xylan on NFC affects the CBM-Cel7A binding we used xylanase
pl9 enzyme to hydrolyze xylan from NFC and tested the binding of CBM-Cel7A on this
xylanase treated NFC compared to non-treated NFC. The binding of CBM-Cel7A increased
about 20% on the xylanase treated NFC compared to the control. These results suggest that the
xylan hydrolysis opens up substantial amount of binding sites on NFC for CBM-Cel7A rather

than the CBM-Cel7A binding to xylan.

Nanoscale effect of the NFC substrate
Since NFC has not been widely used as a substrate for CBMs in binding studies it could be

that the nanoscale structure somehow induces a boost in CBM-Cel7A affinity. To test this we
performed binding studies on the pulp material that the NFC was prepared from. The binding
isotherm is shown in supporting information figure S4. The order of binding is the same for the
proteins CBM-Cel7A having greater affinity and capacity and thus partitioning coefficient than
the DCBMs and CBM-Cel6A. The K;-values are very close to those obtained for NFC and thus

the binding is the same regardless of the nanoscale structure.

Exchange rates of CBM and DCBM on NFC and BMCC
Next, to investigate the kinetics of the bindings, we performed a series of experiments to

measure the extent of exchange of proteins from the substrate surface. At equilibrium exactly the
same amount of non-labelled protein initially used for the equilibrium reaction at concentration
equal to free protein concentration was added to reaction mixture. The amount of *H-protein in
solution was monitored during time and compared to the original amount of *H-protein at

equilibrium state. The results presented in figure 5 shows that the only combination of protein



and substrate that fully exchange to 50% from the original amount of *H-protein bound are
CBM-Cel7A and CDB-Cel6A on BMCC. The exchange of these two proteins on BMCC is fast
and fully reversible. On the other hand, none of the DCBMs on BMCC exchanged fully during
the time course of the experiment (3600 s). DCBM-12 and DCBM-24 exchange roughly to 10%
and DCBM-48 exchanges roughly to 30%. The coupling of the CBMs together clearly hinders
the exchange rate. On NFC none of the proteins fully exchange to 50% during the time course of
the experiment. The CBMs exchange roughly to 20% showing that the exchange rate is a lot
slower for these proteins on NFC compared to BMCC. The DCBMs exchange even slower on
NFC than the CBMs showing again that the coupling of the individual pieces together affects the
exchange rate by slowing it down. The DCBM-24 seems not to exchange at all from NFC during

the time course of the experiment and DCBM-12 and -48 exchanges roughly to 5-10%.

Discussion
By studying the binding initially on BMCC we observed that there was a significant effect of

the linker length to the binding properties of the DCBM proteins. The data at low protein
concentrations was highly reproducible between experiments due to the excellent accuracy of
analytical technique based on scintillation counting (Figure 1). As a measure of affinity we
calculated partitioning coefficients (K; = Bmax/Kg). This coefficient was obtained by fitting the
equation for a one-site Langmuir isotherm (equation (1)) to the data and using the values for kgq
and Bnax that were obtained. We note that the uncertainty of the Bmax (and hence the ky) is large
when only using initial parts of the isotherms for fitting, as will be discussed below. However,
the ratio K; can be reliably estimated since it is mathematically equal to the limit of the

derivative of the one-site Langmuir equation as the concentration of free protein approaches zero.



Since this part of the curve is accurate we obtain a reliable value for this ratio. The ratio can also
be thought of as the partitioning of free and bound protein at low concentrations when
competition for binding sites is negligible. As presented in Table 1 the DCBM-24 shows the
highest K, closely followed by DCBM-12. Interestingly the CBM-Cel7A showed an affinity that
was higher than the DCBM-48, and the CBM-Cel6A showed the lowest K,. When the
experiments were repeated with birch wood NFC a surprising difference was noticed. For NFC
the clearly highest partitioning was found for CBM-Cel7A. The rest of the constructs showed the
same relative order of affinity although the affinities were higher overall. To investigate the
difference between BMCC and NFC more closely we calculated the ratio of K;-values for each
protein at the two different substrates (Table 2). The ratios for the partitioning coefficients were
about 1.5 for all proteins except CBM-Cel7A. This indicates that the substrates are seen by these
proteins in a very similar way, except that the NFC as expected has 1.5 times more surface area
per weight than the BMCC. The CBM-Cel7A on the other hand has a very high partitioning
coefficient on NFC, but also the ratio as calculated in Table 2 is over twice that of the other
constructs. We can deduce that the CBM-Cel7A can find some binding mode or site on NFC that
is not found on BMCC, and which is not found by CBM-Cel6A. Some feature in NFC is
available for CBM-Cel7A that does not exist in BMCC, but all other constructs behave
identically in relation to each other on the two substrates. It is especially notable that the
synergies between modules seen for the DCBM-12 and DCBM-24 constructs are not able to
incorporate this extra mode of binding for CBM-Cel 7A.

Next we evaluated if full isotherms, allowing the calculation of binding energies would be
feasible. Data points were collected at very high protein concentrations. These data points are

showed in semi-log plots in Figure 2. The highest protein concentrations were around 50 pM. At



these concentrations only about 1-10 % (DCBM) or 20 % (CBM) of the total protein are bound
to cellulose. Due to the high overall protein concentrations and low percentage of total protein
bound to cellulose it was not feasible to acquire data points at even higher concentrations. We
note that for the DCBM constructs the capacity levels off to a value that can be reliably
determined but in the case of the free modules the estimated capacities may be too low. Because
these values are likely to be too low it can lead to an error in the estimation of change in AG.

The change in free energy was calculated using standard equations (equation (4) in methods).
We then used upper and lower estimates of Bnax (see Supplementary Fig. 3) to evaluate the value
of AG (Table 4). This allowed us to estimate the degree of synergy in the DCBM constructs. The
AG values show clearly that in all DCBM constructs there is a synergy that comes from the
linkage. It is thus energetically favorable for the proteins to be linked together.

We next considered how differences between the two substrates could explain the
observations. The most obvious difference between NFC and BMCC is their polysaccharide
composition: BMCC is pure cellulose whereas NFC has, in addition to cellulose, roughly 27%
xylan®.. To try and understand the difference in binding sites available for CBM-Cel7A on NFC
but not on BMCC, we thus investigated how the hydrolysis of xylan affected the binding. This
was done by using xylanase to hydrolyse xylan from NFC and to study the binding of CBM-
Cel7A on this substrate. The results showed that the binding of CBM-Cel7A was increased about
20% by the xylanase treatment. This indicates that the xylan hydrolysis opens up substantial
amounts of binding sites on NFC for CBM-Cel7A. From this it seems not plausible that the
greater binding affinity of CBM-Cel7A on NFC would be caused by an affinity towards xylan.
However, it could be that CBM-Cel7A binds to xylan but when xylan is released it binds to

cellulose with a much larger affinity. In this case we could expect to see small differences in the
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binding behavior of CBM-Cel7A to hydrolyzed and non-hydrolyzed NFCs since surface area of
the fibrils is not changed drastically by hydrolysis of xylan from the fibril surface®, and it is not
expected that these proteins bind elsewhere in the fibril than on the surface'®'’. On the other
hand, it seems still more logical that xylan inhibits the binding of CBM by masking the cellulose
surface. This has been shown with cellulases, that xylanase are needed in order for the cellulases
to fully hydrolyze NFC*. We show that the binding of CBM-Cel7A is greatly affected by xylan
hydrolysis and this also suggests that at least partly the xylan available for the xylanase is located
on the surface of the fibril at the CBM binding sites.

As the peculiar binding of CBM-Cel7A could not be explained by the xylan content, we
sought answers from another difference between the substrates: the nanoscale architecture. NFC
from wood source has not been widely used for CBM binding studies; usually substrates include
BMCC, Avicel, tunicin and Valonia cellulose. The mechanical processing of pulp to NFC and
the nanoscale structure could potentially have affected the substrate in adding features, which are
not present in BMCC. To investigate this, we performed similar binding studies on the pulp
material from which the NFC is prepared. The results showed that pulp has much less surface are
for the proteins to bind but it is seen as the same material as NFC by the proteins since the
partitioning coefficients of the proteins on pulp were very close to those obtained for NFC and
the order of the binding was the same; namely CBM-Cel7A having the greatest affinity. The
results show that cellulose substrate from wood source, no matter how fine or coarse the
structures, is seen in a different way by CBM-Cel7A than BMCC. The source of the material
seems to count for the protein.

A third difference between the two substrates is their crystalline structure; wood cellulose

crystalline regions composing mainly of cellulose Ig and BMCC of cellulose 1,. Also wood
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cellulose amorphous to crystalline ratio is different than that of BMCC; BMCC being more
crystalline.?3** This could be of great significance for the two proteins having a difference of
one amino acid residue in their binding faces”***. We next studied the exchange rate of the
different constructs on the two substrates in order to evaluate if they show differences. This was
done by equilibrium exchange experiments where the extent of exchange of *H-labelled protein
is determined by competition with unlabeled protein. From the results presented in Figure 3 it
was evident that the coupling of the individual CBM together greatly reduced the extent of
exchange. On BMCC both CBM alone fully exchange to 50% of the original within the time
scale of the experiment (<600 s) and thus the binding can be considered truly reversible and fast
(Figure 3 B). The linking slowed the exchange rate and the extent of exchange to only 10-30%
for the DCBM constructs (Figure 3 D). On NFC, the exchange of the individual CBM did not
reach 50% from the original amount of bound *H-protein (Figure 3 A) and the exchange was thus
markedly slower than for BMCC. This more slow exchange from NFC for the CBM-Cel7A and
CBM-Cel6A both could be due to the different structure of NFC compared to BMCC. The
exchange of DCBM constructs was even slower from NFC than those of CBM (Figure 3 C) and
thus consistent with results on BMCC: linking the two CBM together slows down the exchange
rate. These results suggest that CBM-Cel7A and CBM-Cel6A both experience NFC as a
different substrate compared to BMCC, yet is doesn’t provide a good explanation on why the
CBM-Cel7A has a boost in affinity on NFC and why the DCBM proteins do not exhibit this
property.

One way would be to experiment whether the two proteins compete on binding sites on the
two substrates fully, partially or not at all and if there would be differences between the

competitions on different substrates, i.e. to see if the binding of the one is affected by the
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presence of the other. This was examined by competing labelled CBM with unlabeled CBM of
the same kind and of different and comparing the results (experimental and data in
supplementary materials, supplementary Fig 6.). The results showed that both proteins are
affected by the presence of the other in a same way as they are affected by the presence of the
unlabeled protein of the same kind. This suggests full competition of the CBM-Cel7A and CBM-
Cel6A on both substrates and it does not provide straight forward answers to the deviant binding
behavior of CBM-Cel7A on NFC.

In conclusion, we were able to show that the linker length plays a critical role in protein
constructs with two binding units, in our case the CBM proteins. We showed that the linking
provides an increase in affinity at certain lengths for DCBM constructs and it increases the
affinity when the proteins binding to BMCC. On the other hand, we were able to show that
CBM-Cel7A binding to NFC substrate behaved in a very different way than was expected. The
CBM-Cel7A had an increased affinity compared to the DCBM and to the CBM-Cel6A, and the
linking of the individual CBM proteins was not favorable affinity or capacity vise. However, the
linking of the CBM proteins together was shown to be energetically more favorable, and is
beneficial in this regard.

The increased affinity of CBM-Cel7A was shown not to be induced by the nanoscale
structure of NFC nor the xylan content. However, we were able to show that the exchange rate of
the proteins is greatly dependent on the substrate, since individual CBD proteins exchange
reversibly from BMCC but not from NFC. Moreover, the extent of exchange was dependent on
the linking; the DCBM constructs exchanged much slower than the CBM proteins on both

substrates.
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Our findings indicate that the CBM-Cel7A sees the two substrates, NFC and BMCC, as very
different from one another. It seems to have another binding mode on NFC rather than another
binding site, since we saw no evidence on non-competitive binding of the two CBM on NFC.
The other mode of binding of Cel7A-CBM is not translated to the DCBM constructs, since the
affinity of DCBM constructs on NFC is lower than that of CBM-Cel7A. It seems that the linking
of CBM-Cel7A together with CBM-Cel6A inhibits the other binding mode of CBM-Cel7A, and
causes the DCBM construct to behave more like a double CBM-Cel6A. We show for the first
time that for the binding of CBM onto substrate the substrate origin matters greatly and results
gained from experiments on one substrate are not comparable to results gained with another
substrate, or at least the comparison should be done by caution.

Our results can offer new consideration for cellulase studies, especially to the energetics of
the cellulase binding. It is clearly more favorable for the enzyme to bind to a substrate together
with the CBM than without it*®**”. The gain seems to be also in the energetics of the binding
because the DCBM binding, regardless of the linker length, is more favorable than the binding of
an individual CBM. Our results also raise a question whether it is somehow evolutionary that the
CBM-Cel7A recognizes wood cellulose with a higher affinity than other cellulose materials

because wood is the primary source of energy for the organism is originates from?
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Figure Legends

Figure 1. (A) The beginning of the binding isotherms of Ce-7A, Cel6A, DCBM-12, DCBM-24,
and DCBM-48 on BMCC. (b) The beginning of the binding isotherms of Ce-7A, Cel6A,
DCBM-12, DCBM-24, and DCBM-48 on NFC. (+) CBM-Cel7A, (x) CBM-Cel6A, (o) DCBM-

12, (o) DCBM-24, (A) DCBM-48.

Figure 2. (A) Semi-logarithmic plots of the binding isotherms of CBM-Cel7A and CBM-Cel-6A
on NFC. (B) Semi-logarithmic plots of the binding isotherms of CBM-Cel7A and CBM-Cel-6A
on BMCC. (C) Semi-logarithmic plots of the binding isotherms of DCBM-12, DCBM-24, and
DCBM-48 on NFC. (D) Semi-logarithmic plots of the binding isotherms of DCBM-12, DCBM-
24, and DCBM-48 on BMCC. (+) CBM-Cel7A, (x) CBM-Cel6A, () DCBM-12, (o) DCBM-24,

(A) DCBM-48.

Figure 3. (A) Exchange of *H-labelled CBM-Cel7A and CBM-Cel6A from NFC. (B) Exchange
of *H-labelled CBM-Cel7A and CBM-Cel6A from BMCC. (C) Exchange of *H-labelled DCBM-
12, DCBM-24, and DCBM-48 from NFC. (D) Exchange of *H-labelled DCBM-12, DCBM-24,
and DCBM-48 from BMCC. (+) CBM-CBHI, (x) CBM-CBHII, (o) DCBM-12, (o) DCBM-24,

(A) DCBM-48

Tables

Table 1. The partitioning coefficients (K, = Bmax/Kg) for single and double CBM obtained from

the Langmuir isotherm fitted to the data on Figure 1 A and B
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CBM-Cel’TA CBM-CelcA DCBM-12 DCBM-24 DCBM-48

BMCC |14 0,61 2,47 2,82 1,07

NFC 4,98 1,05 3,87 4,18 1,67

Table 2. The correlations of partitioning coefficients, K,, for single and double CBM between

NFC and BMCC calculated from K,-values in table 1

CBM-Cel’TA  CBM-CelcA DCBM-12 DCBM-24 DCBM-48

NFC /e BMCC
KK,

3,57 1,72 1,56 1,49 1,56

Table 3. Binding capacities, Bnyax, for single and double CBM on NFC and BMCC obtained

from the data shown in figure 2

CBM-Cel7TA CBM-CelcA DCBM-12 DCBM-24 DCBM-48

BMCC | 8,20 5,78 4,01 4,09 1,07

NFC 18,24 10,74 9,21 8,61 4,05

“The unit of Bax is pumol/g
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Table 4. Gibb’s free energy difference for the binding, AG, for CBM-Cel7A, CBM-Cel6A,

DCBM-12, DCBM-24, and DCBM-48 on NFC and BMCC.

substrate Brmax. CBM-Cel7TA CBM-CelcA DCBM-12 DCBM-24 | DCBM-48
low -30,7 -28,2 -31,8 -32,1
NFC inter -29,0 -26,5 -30,1 -30,4 -31,7
high -28,0 -25,5 -29,1 -29,4
low -29,6 -28,4 -32,7 -33,0
BMCC inter -27,9 -26,7 -31,0 -31,3 -33,9
high -26,9 -25,7 -30,0 -30,3

* Bnhax-value for DCBM-48 from data in figure 2 is an accurate value, thus it can be used to
calculate the exact binding energy associated with the binding event. The AG-values for CBM-
Cel7A, CBM-Cel6A, DCBM-12 and DCBM-24 are estimates (see supplementary information
for the estimation, supplementary Fig. 3). Bmnax, low is the value gained from data on figure 2,

inter is 2X (Bmax, low), and high is 3x(Bmax, low). The unit of AG is kJ/mol.

Methods

Protein production and purification
The DCBMs were produced as HFBI-DCBM fusions in T. reesei (sequences shown in

supplementary information, figure S1) and the following transformants were used: VTT-D-
133335 (HFBI-DCBM-12), VTT-D-133336 (HFBI-DCBM-24), and VTT-D-133337 (HFBI-
DCBM-48). The strains were then cultivated in 7 L bioreactors on media containing 50 vol-%
spent grain extract, 60 g/L lactose, 1 g/L yeast extract, 4 g/L KH2PO4, 2.8 g/L (NH4)2S04, 0.6

g/L MgS0O4 - TH20, 0.8 g/L CaCl2 - 2H20, 2 ml/L trace solution. The pH was let to drop from 5
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to about 3 during cultivation. At 24 h intervals 48 mg pepstatin A and 28 mg soy bean trypsin
inhibitors (both from Sigma-Aldrich) were added to the cultures to minimize protein degradation.
The culture supernatants were separated from the biomass by filtration through GF/A filters
(Whatman). Protein expression levels were analyzed by RP-UPLC and were 0.2 g¢/L, 0.4 g/L,
and 3.0 g/L for HFBI-DCBM-12, -24, and -48, respectively. The proteins were purified using
aqueous two phase extraction and reverse-phase high-performance liquid chromatography (RP-

HPLC) as described earlier29 followed by lyophilization.

Protein preparation
The fusion proteins were cleaved with sequencing grade modified trypsin (Promega) in

25mM Tris-HCI — 150mM NaCl buffer for 2 hours in room temperature to yield DCBMs. The
trypsin digestion reaction was followed by RP-UPLC using a 2.1 x 100 mm, 1.7 um, C4 Acquity
BEH300 prST column and an Acquity I-Class system with a photodiode array detector (Waters,
MA, USA). The proteins were eluted in a linear mobile phase gradient from 20 — 60% B using
water (A) and acetonitrile (B), both containing 0.1% trifluoroacetic acid. Concentrations of the
analysed proteins were determined using standard samples with protein concentrations
determined by amino acid analysis (Amino Acid Analysis Lab, Uppsala University, Sweden).

In a similar fashion, the HFBI-DCBM-12 was cleaved using papain (Sigma), in 0.1 mM
Sodium Phosphate buffer pH 7 for o/n in room temperature to yield CBM-Cel7A and CBM-
Cel6A. The papain cleavage was followed and the proteins were purified as described above for
the trypsin cleavage. The identity of the individual CBMs were verified by amino acid analysis
(Amino Acid Analysis Lab, Uppsala University, Sweden) and matrix-assisted laser

desorption/ionization — time of flight mass spectrometry (MALDI-TOF MS, Brucer Autoflex II
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MALDI-TOF). MALDI-TOF was also used to analyze the extent of glycosylation of the DCBMs

and CBM:s.

Protein labelling
All five proteins were labelled with tritium for interaction studies by reductive methylation as

reported previously’*®. 1.9 mg of lyophilized protein was dissolved in 1.9 mL of 0.2 M borate
buffer, pH 8.96 and cooled on an ice bath. 13.2 puL of 0.37 % formaldehyde and 100 mCi of 3H
enriched NaBH4 (10 Cimmol-1, NET023H100MC, PerkinElmer) in 150 uL of 0.01 M NaOH
were added and reacted for 30 minutes, gently mixing every now and then. The reaction was
terminated by RP-HPLC. The specific activities were 0.52 Cimmol-1 for DCBM-12, 0.69

Cimmol-1 for DCBM-24 and 1.25 Cimmol-1 for DCBM-48.

Binding isotherms
Binding studies were done essentially in the same way as reported previously*®**°. Shortly,

a 100 uM stock solution of DCBM and CBM containing 10 % 3H-labelled proteins in 100 mM
sodium acetate buffer (pH 5.0) with 100 mM NaCl and 0.1% BSA was prepared. Solutions with
different fusion protein concentrations were made from the stock solution by diluting with the
same buffer. The BSA was used to minimize nonspecific binding of the proteins to test tube
walls and filters. 100-200 pL of each protein solution was mixed with an equal volume of 1-2 g
L-1 NFC in MilliQ-water (or 1.28 g L-1 BMCC) and stirred in ambient temperature with 250
rpm for 1 h. After equilibration, the suspensions were filtered through disposable filters

(Millipore, Millex®-GV filter unit, PVDF, hydrophilic, 0.22 pm, 13 mm, non-sterile) and the
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amount of free protein was determined by liquid scintillation counter (PerkinElmer, Tri-Carb

2810TR) from the filtrate.

Xylanase assay
The pl9 xylanase of T. reesei was used to hydrolyze xylan from NFC*. The enzyme

specifically hydrolyses xylan from NFC as described by previous reports®. The hydrolysis of
NFC was carried out for 24h in 45 °C and a control NFC was treated exactly the same but
without xylanase. The hydrolysed and non-hydrolysed NFC was used to study the effect of xylan
hydrolysis with CBM-Cel7A using a 2.5 uM stock solution of the CBM containing 10% 3H-
labelled protein. 100 pL of either the NFC were let to reach equilibrium with 100 pL of the
protein solution. The reactions were ended by filtrating and the amount of free protein was

measured by liquid scintillation counter.

Exchange rate assay
The exchange rate experiments were done according to previous reports>>“%. Shortly, to

determine the equilibrium exchange rates for CBM and DCBM on both BMCC and NFC, 3H-
labelled proteins were allowed to react with the same unbound protein. A 100 pL aliquot of
BMCC (1.28 g L-1) or NFC (2 g L-1) was allowed to react with 100 pL of the 3H-labelled
protein. When equilibrium was reached the same amount of unlabeled protein was added. The
reaction was stopped by filtering the sample after a certain time (11-3600s) from dilution. The
concentration of the added protein was equal to the concentration of the free protein in the
equilibrium reaction. By this way the equilibrium was not affected, but only the amount of

labelled protein in the solution was diluted. The experiments were carried out by taking multiple
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time points from a set of parallel samples and comparing to the original equilibrium

concentration of the protein.

Calculations used for Gibb'’s free energy difference
Langmuir one-site binding model is written in equation (1).

B — [Bmax]x[Free] (1),

kgXx[Free]

where Bnax 1S the maximum binding capacity, kq is the binding affinity, and [Free] is the
concentration of the free protein. When the free protein concentration approaches zero the initial

slope for Langmuir isotherm is written as follows in equation (2):

! [Bmax]
Blpreeio = 222 = K, @)

Free]—-0 k4

where K; is the partitioning coefficient and describes the relation of adsorption and desorption at

very low protein concentrations. Gibb’s free energy is written as follows,

AG = RTIn(K,) 3),

where Ky is the dissociation constant, which is comparable to the binding affinity kq, and thus the

equation can be written in terms of the Bnax and K, using equation 2, as shown in equation 4,

AG = RT(In(Bpgy) — In(K,)) (4),
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where R is the universal gas constant and T is temperature.
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Supplementary Information

Sequences of the HFBI-DCBM proteins

HFBI-DCBM-12

ENLYFQGPGASTSTGRGPGGQACSSVWGQCGGONWSGPTCCASGSTCVYSNDYYSQCLPGANPPGTTTTS

HFBI-DCBM-24

ENLYFQGPGASTSTGRGPGGQACSSVWGQCGGQNWSGPTCCASGSTCVYSNDYYSQCLPGANPPGTTTTSQPAT
TTGSSPGP

HFBI-DCBM-48

ENLYFQGPGASTSTGRGPGGQACSSVWGQCGGQNWSGPTCCASGSTCVYSNDYYSQCLPGANPPGTTTTSQPAT
TTGSSPGPPGANPPGTTTTSQPATTTGSSPGP

Supplementary figure 1. Amino acid sequences of the three different HFBI-fusion proteins that
were used to gain the DCBM-12, -24, and -48 by trypsin cleavage. DCBM-12 was used to gain
CBM-Cel7A and CBM-Cel6A by papain cleavage. Linker regions are in black (the arginine
where trypsin cleaves is shown in pink), HFBI sequence is shown in blue, CBM-CEL7A
sequence is shown in red, and CBM-CELGA sequence is shown in green.

Binding affinities and capacities of CBM and DCBM on BMCC and NFC

Table 1. Binding affinities (kq) and capacities (Bmax) for single and double CBM gained from
Langmuir one-site binding fit on data in figure 1 of the main text

CBM- CBM- DCBM- DCBM- DCBM-
Cel7A Cel6A 12 24 48
1 | 426 515 748 707 319
Bmcc | Bmax (umolg)
ke (LM) 3.03 8.38 3.03 251 297
NFC | Brox (umolg?) | 28,96 18.45 26,22 29 36 138
ke (M) 581 17,58 6.77 7.02 831




=)
-
@)
£
=
£ 1
o 40
(@]
| -
o
o
[
>
o
f0a)
60

Free Protein [uM]

Supplementary figure 2. (A) Linear representation of the binding isotherms of CBM-Cel7A,
CBM-Cel6A, DCBM-12, DCBM-24, and DCBM-48 on BMCC. (B) Linear representation of the
binding isotherms of CBM-Cel7A, CBM-Cel6A, DCBM-12, DCBM-24, and DCBM-48 on
NFC. (+) CBM-CBHI, (x) CBM-CBHIL, (z) DCBM-12, (o) DCBM-24, (A) DCBM-48.
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Supplementary figure 3. Schematic illustration of the levels of variation of Bnyax-values shown
on semi-log plot of CBM-Cel7A binding isotherm on NFC. The values were used to calculate the
variation of free energies of binding for CBM-Cel7A, CBM-Cel6A, DCBM-12, and DCBM-24.
Bmax, 0w presents the highest value of the maximum capacity that was obtained experimentaly.
This value is not an actual maximum and thus represents a minimum which is always exeeded
when the cellulose surface is fully covered. Bmax, intermediate (Bmax, inter) is double that of Bmax,

low and Bpmax, high is thriple that of Byax, low.

Binding isotherms of CBM and DCBM on pulp used to prepare NFC
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Supplementary figure 4. Binding isotherms of CBM-Cel7A, CBM-Cel6A, DCBM-24, and
DCBM-48 on pulp. The partitioning coefficients, K;, for the proteins are shown in the table
within the figure. (+) CBM-CBHI, (x) CBM-CBHII, (o) DCBM-24, (A) DCBM-48

Competition of CBM-Cel7A and CBM-Cel6A on NFC and BMCC

To examine the possible competition of the CBMs on binding sites on BMCC and NFC, we
compared how the binding of *H-labelled CBM-Cel7A was affected by non-labelled CBM-
Cel6A and vice versa. A control experiment with buffer only showed the behavior of the protein
when the free protein concentration is diluted with no CBM in the solution. This was done in
order to see if the added non-labelled CBM affects the binding at all. From the results it was
evident that the added non-labelled CBMs affect the binding and they compete with the labelled
counterpart in the solution because the results are different form the buffer dilution control.
There seems not to be a difference on either substrate whether the competing counterpart is the
same or the other CBM because the experiments give very similar results regardless of the
components of the experiments. These results suggest that the CBM-Cel7A and CBM-Cel6A
fully compete on binding sites on both substrates. This is in agreement with the Gibb’s free
energies associated with the bindings, also very similar for both proteins on both substrates.



A 25uM solution of CBM containing 10% *H-protein was diluted 1:1 with a 25 pM solution of
the same or the other unlabeled CBM. 100uL of these mixture solutions were let to react with
100 pL of NFC (2 g L-1) and BMCC (1.28 gL-1). As controls the original 25uM solutions with
10% labelled protein and 12.5uM solution with 10% labelled protein (prepared by dilution of 1:1
of the 25uM solution) were used.
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Supplementary figure 6. Competition of *H-labelled CBM-Cel7A and CBM-Cel6A with non-
labelled CBM- Cel7A (3H-7A+7A and 3H6A+7A) and CBM-Cel6A (3H7A+6A and 3H7A+6A)
on both substrates, NFC and BMCC. Control experiment with *H- Cel7A and CBM-Cel6A
without dilution (3H-7A and 3H-6A), and with buffer dilution (3H-7A+buf and 3H-6A+buf)
were made. A BMCC, e NFC.
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Biochemical modification and functionalization of
nanocellulose surface

Cellulose is an abundant biopolymer found in many different
organisms ranging from microbes to plants and animals. The
homopolymer, composed of repeating glucose units, forms
mechanically strong nanosized fibrils and rods. In plants cellulose
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forms macroscopic fibers, which are incorporated in the cell walls.

Recently, it has been shown that cellulose fibers can be
disintegrated into the fibrils and rods by different chemical
treatments. These materials are called nanocellulose.
Nanocellulose is a promising material to replace fossil based
materials because it is renewable, biodegradable and abundant. It
holds great potential in many applications due to its superior
mechanical properties and large surface area. For most
applications modification of nanocellulose surface is needed due
to its tendency to aggregate by hydrogen bonding to adjacent
cellulose surfaces.

In this thesis we took a biochemical approach on nanocellulose
surface modification to achieve modified and functional materials.
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