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cellulose nanofibrils produced from softwood
pulp fibres by LPMO+
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Lytic polysaccharide monooxygenase (LPMO)-catalysed oxidation of cellulose has emerged as a green
alternative to chemical modifications in the production of cellulose nanofibrils (CNFs) from wood pulp
fibres. The effect of the hemicellulose content of the starting pulp fibres on the oxidation capabilities
of cellulose-active LPMO is important and has not been investigated previously. In this study, the pro-
duction of LPMO-oxidised CNFs was evaluated on two commercial softwood pulp fibres with different
hemicellulose contents. Thin and colloidally stable CNFs were readily obtained from kraft pulp with a
hemicellulose content of 16%. The preserved hemicellulose fraction in the kraft pulp enhanced the access
of LPMO into the fibre cell wall, enabling the production of homogeneous CNFs with a thin width of
3.7 + 1.7 nm. By contrast, the LPMO-oxidised dissolving pulp with a lower hemicellulose content of 4%
could only be partially disintegrated into thin CNFs, leaving a large amount of cellulose microfibril aggre-
gates with widths of around 50 to 100 nm. CNFs disintegrated from the LPMO-oxidised kraft pulp could
be processed into nanopapers with excellent properties including an optical transmittance of 86%, tensile
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strength of 260 MPa, and Young's modulus of 16.9 GPa. Such CNFs also showed acid-triggered nanofibril
gelation owing to the introduced carboxyl groups on cellulose microfibril surfaces. These results indicate
that the inherent hemicelluloses present in the wood cell wall are essential for LPMO-mediated CNF pro-

rsc.li/greenchem duction from wood pulp fibres.

the manufacturing process should also be considered. Life-
cycle assessments have indicated that nanocellulose has a
much larger environmental footprint than its raw material,
pulp fibre. In addition to the mechanical disintegration step, a

Introduction

Renewable origin, biodegradability, light weight, and suit-
ability for an astonishingly wide variety of advanced materials

(cc)

have made CNFs particularly popular in the development of
renewable materials and credible rivals to synthetic
polymers."* Processing of wood pulp fibres into CNFs has
become industrially appealing, and several pilot plants for
commercial production of CNFs have already been estab-
lished.? In a typical process to produce CNFs, wood pulp fibres
are chemically treated to become more susceptible to disinte-
gration. Subsequently, the fibre slurry is passed through a
microfluidizer that disintegrates the fibre cell wall into thin,
nanoscale filaments. However, to produce truly sustainable
nanocellulose-based materials, the environmental impact of
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large part of this environmental burden results from the
chemical pre-treatment, emphasising the urgent need to seek
more sustainable solutions.”

Enzymatic pre-treatment has long been recognised as an
environmentally friendly alternative to chemical modifications
and has been successfully used to alter various properties of
wood pulp fibres. By working under mild, aqueous reaction
conditions, enzymes can potentiate considerable reductions in
the environmental impact of industrial processes.” In CNF pro-
duction, a classical approach has been the pre-treatment of
the pulp fibres with monocomponent endoglucanases which
impair the integrity of the fibre cell wall and facilitate sub-
sequent mechanical disintegration.®® As the degree of poly-
merisation of cellulose rapidly decreases while its surface
chemistry is not altered by the hydrolytic endoglucanase reac-
tion,” multiple passes of endoglucanase hydrolysed pulp fibres
through the microfluidizer are still required in order to
produce CNFs.” In addition, the lack of stabilising surface
charges makes the obtained CNFs prone to aggregate, forming
bundles of filaments.
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The recent discovery of lytic polysaccharide monooxygen-
ases (LPMOs) has provided a unique opportunity for the oxi-
dative modification of cellulose without the use of harsh
chemicals.'® In particular, cellulose-active C1-oxidising LPMOs
have piqued interest in the green production of CNFs, as they
can introduce charged carboxyl groups on cellulose microfibril
surfaces."* This resembles one of the common chemical pre-
treatment methods, 2,2,6,6-tetramethylpyperidine-1-oxy radical
(TEMPO)-mediated oxidation, which selectively oxidises the C6
primary hydroxyl groups of cellulose to carboxyl groups.'?
Compared to other cellulose-active enzymes, the reaction
mechanism of LPMOs is rather different. LPMOs contain cata-
lytic copper in their active site."® Binding onto cellulose,
LPMOs employ a radical oxygen species to catalyse selective
hydroxylation of the glucose moiety. This results in destabiliza-
tion and cleavage of the p-1,4 glycosidic bond and formation
of two new cellulose chain ends, one native and the other
modified.'” In the case of C1-oxidising LPMOs, the modified
reducing end contains an aldonic acid, ie. gluconic acid.'®
Therefore, the requirements for the reaction to occur include
an electron donor, typically ascorbic or gallic acid, for the
reduction of the catalytic copper on the enzyme’s active site,
and an oxygen species for the formation of a copper-oxyl
radical.'® Depending on the available oxygen species, which
can be either 0, '*'” or H,0,,"®'° LPMOs demonstrate either
oxygenase or peroxygenase activity, respectively. Of these two
possible co-substrates, H,O, has been shown to result in
higher reaction rates.”>*'

Owing to the newly-formed cellulose chain ends with an
aldonic acid functionality, the pulp fibres oxidised by C1-oxi-
dising LPMOs can be mechanically disintegrated by using
mild disintegration methods and the produced CNFs show col-
loidal stability in aqueous suspension.’>>® The ability of C1-
oxidising LPMOs to boost cellulose nanofibrillation has
already been demonstrated on both softwood**** and hard-
wood pulp fibres.>**> Particularly, in our previous work, the
nanofibrillation extent of LPMO-treated wood holocellulose
fibres has even reached a similar level to that of chemical pre-
treatments, i.e. individualisation of nanofibrils with a width of
ca. 4 nm.>® By contrast, the typical width of nanofibrils pro-
duced by hydrolytic endoglucanase pre-treatment is much
larger, 10-30 nm.*®

Although the advantages of LPMO treatment over endoglu-
canases have been rather well demonstrated, many aspects of
the oxidation capabilities of LPMOs are still unknown, includ-
ing their ability to oxidise different types of wood pulp fibres.
Two of the most common commercial wood pulps, dissolving
pulp and kraft pulp, have different chemical compositions.
Dissolving pulp is produced by an acid pre-hydrolysis step to
remove hemicelluloses, yielding fibres comprising 90-92%
cellulose and 3-6% hemicellulose.?® Kraft pulp retains a sub-
stantial amount of hemicellulose, approximately 17%.>” This
hemicellulose fraction has been shown to reduce hornification
in the pulp fibre, increase its water retention, and promote re-
swelling of dry pulp in water.”®° Interestingly, numerous
studies have indicated that hemicellulose also has a significant
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impact on both chemical modifications and the performance
of cellulose-active enzymes on pulp fibres. Kraft pulp fibres
rich in hemicellulose are generally regarded as highly accessi-
ble for chemical modifications, such as TEMPO-oxidation."?
Conversely, pure cellulosic substrates, including bacterial and
tunicate cellulose, often show low chemical modification
yields.>" By contrast, the effect of hemicellulose has been the
opposite for enzymatic modification. Substrates enriched in
hemicellulose have shown lower hydrolysis yields by cellulases
than pure cellulose, indicating that hemicellulose might form
steric hindrance on cellulose microfibril surfaces preventing
enzyme binding.**** In addition, a recent study found that
LPMO released more soluble products from bacterial cellulose
than hemicellulose-containing pulp fibres.** Therefore, it
could be expected that the presence of hemicellulose has a
profound impact on the accessibility of wood pulp fibres
toward LPMOs.

In this work, we aimed to clarify the significance of the
starting material composition in the production of CNFs by
enzymatic pre-treatment with LPMO. For this, a C1-oxidising
TtLPMO9E originating from the ascomycetous fungus
Thermothielavioides terrestris was produced in Pichia pastoris,
and its optimal reaction conditions were determined. LPMO
was used to oxidise both dissolving pulp and kraft pulp fibres.
After the LPMO treatment, the pulp fibres were homogenised
in a microfluidizer, and the morphology and properties of the
resulting CNFs were characterised. In addition, the obtained
CNFs were further used to prepare cellulose nanopapers and
hydrogels, and their mechanical and rheological properties
were studied.

Results
Optimal reaction conditions for Tt{LPMO9E

TtLPMOO9E was obtained from a heterologous host P. pastoris
in a good yield, approximately 125 mg L™" of the culture super-
natant as determined after purification. The apparent mole-
cular weight of the recombinant enzyme containing a
C-terminal (His)s tag was 30 kDa (Fig. S17). In addition to the
oxidase or peroxygenase activities demonstrated by LPMOs in
the presence of cellulose, LPMOs also show peroxidase activity
in the presence of H,0,. The peroxidase activity has been uti-
lised as a reporter for LPMO catalytic integrity in a spectropho-
tometric assay where a soluble substrate 2,6-dimethoxyphenol
(2,6-DMP) is converted by LPMO into a chromogenic product
at the expense of H,0,.>® This assay confirmed that the recom-
binantly produced TtLPMO9E was active. Even though 2,6-
DMP is not a native substrate for LPMOs, the detected activity
on this substrate confirmed the presence of the catalytic
copper on the enzyme’s active site and indicated that
TtLPMOO9E was correctly processed by the host.

TtLPMOOE has been previously shown to be cellulose-active
and C1-specific,>® while its thermostability and optimal reac-
tion pH have not been reported. To evaluate the stability of
TtLPMOG9E, the enzyme was incubated for up to 72 h at various

This journal is © The Royal Society of Chemistry 2022
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temperatures ranging from 30 to 90 °C, after which the
residual activity was assayed against 2,6-DMP. The results indi-
cated a good ability to resist heat induced inactivation. During
the whole incubation time of 72 h, TtLPMOOE retained over
38% of its initial activity at temperatures up to 60 °C, while
being not completely inactivated even at 90 °C (Fig. 1a). The
most favourable temperature for TtLPMOO9E appeared to be
40 °C, as it retained 74% of the initial activity, the highest
among all the tested temperatures. In addition, a moderate
increase in the initial activity (24%) was also observed after 6
to 24 h of incubation at 40 °C. It is not surprising that
TtLPMO9E demonstrated good thermostability, as T. terrestris
has proven to be an excellent source of thermostable
enzymes,’”*® and LPMOs in general have been found to be
thermally resistant.>®

A model cellulosic substrate, microcrystalline cellulose
(McCQ) used to probe the optimal reaction pH.
Quantification of the released soluble sugars, i.e. cello-oligo-
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Fig. 1 (a) Stability of TtLPMOOSE after pre-incubation at various temp-
eratures. The residual activities were measured against 2,6-DMP at pH
6.5 and 25 °C. (b) Optimal reaction pH for TtLPMOO9E in a series of
50 mM sodium malonate buffers at 40 °C. The relative activities were
determined as the release of glucose equivalents from microcrystalline
cellulose (MCC).
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saccharides during TtLPMOYE oxidation of MCC, revealed a
bell-shaped profile over the studied pH range (Fig. 1b). It
should be noted that the pH profile describes the overall reac-
tion of cellulose chain cleavages, as pH has an impact to both
LPMO activity and the ability of the reductant to donate
an electron. By using gallic acid as the electron donor, the
highest amount of soluble sugars released by TtLPMO9E was
observed at pH 5.0. These optimised reaction conditions
(40 °C and pH 5.0) were employed for the following reactions
on pulp fibres.

Nanofibrillation of pulp fibres treated with Tt(LPMO9E

The commercial dissolving pulp and kraft pulp fibres origi-
nated from softwood and had hemicellulose contents of 4 and
16%, respectively, as determined by carbohydrate analysis
(Table S1t). The pulp fibres were treated with T{LPMO9E in
reactions containing gallic acid as an electron donor for the
enzyme. After the enzymatic reactions, the solid contents were
adjusted to 1% (w/v) and water slurries of the pulp fibres were
disintegrated using a microfluidizer M-110EH (Microfluidics
Ind., USA). After one pass through the 200 and 100 pm micro-
fluidic chambers at a pressure of 1600 bar, the water slurries
of TtLPMOYE-oxidised pulp fibres were transformed into gel-
like suspensions. The CNFs disintegrated from the TtLPMO9E-
oxidised dissolving pulp and kraft pulp fibres are hereafter
termed D-CNFs and K-CNFs, respectively. The successful oxi-
dation of the two pulps was confirmed by FTIR analysis
(Fig. S27). The FTIR spectra of K-CNFs and D-CNFs showed a
new peak at 1595 cm™" corresponding to the deprotonated car-
boxyl group in the LPMO reaction product aldonic acid,
suggesting that TtLPMO9E was able to introduce carboxyl
groups on both types of pulp fibres. The carboxyl contents of
K-CNFs and D-CNFs were 0.22 and 0.08 mmol g, respectively,
as measured by conductometric titration.

The crystallinity index (Crl) values of the pulp fibres and
the obtained CNFs were deduced by the peak height method
from their XRD patterns (Fig. S3t). The CrlI values for D-CNFs
and K-CNFs were 58.3% and 58.2%, respectively. The Crl
values for the original dissolving pulp and kraft pulp fibres
were 66.6% and 63.7%, respectively. These results indicated
that TtLPMO9E-oxidation combined with mechanical disinte-
gration reduced the crystallinity of the dissolving pulp by 8.3%
while the crystallinity of the kraft pulp fibres was reduced by
5.5%. The observed reduction in crystallinity suggested that
TtLPMO9E mainly targeted and disrupted the -crystalline
regions of cellulose as previously discovered.'' However, no
significant difference in crystallinity was found between the
obtained D-CNFs and K-CNFs.

The yields of the CNFs were assessed as a mass recovery
from the starting pulp fibres, which indicated yields of 68%
and 84% for D-CNFs and K-CNFs, respectively. Carbohydrate
analysis showed that the enzymatic oxidation did not signifi-
cantly alter the hemicellulose content of the two pulp fibres
(Table S1t). The degree of polymerisation (DP) values of the
starting pulp fibres and the obtained CNFs were determined
by viscometric analysis. The DP values for D-CNFs and K-CNFs
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were 720 and 820, respectively, while the DP values of the start-
ing dissolving pulp and kraft pulp were 1240 and 1870,
respectively. This result indicated that T(LPMO9E catalysed a
relatively higher number of cellulose chain cleavages on kraft
pulp than on dissolving pulp.

In addition to introducing carboxyl groups to the cellulose
microfibril surfaces, the cellulose chain cleavages catalysed by
LPMO should also result in the release of soluble cello-oligo-
saccharides.”® The release of soluble cello-oligosaccharides
during the LPMO reaction can to some extent indicate the
number of available LPMO binding sites, which relates to the
accessibility of the pulp fibre cell wall. The initial release of
soluble sugars by TtLPMO9E from the two wood pulp fibres
was found to be similar (Fig. 2). However, after 12 h, the liber-
ation of soluble sugars from the dissolving pulp slowed down
and after 36 h it halted completely, signifying that the accessi-
ble surfaces had been exhausted. By contrast, soluble products
were released from the kraft pulp during the whole reaction
time of 72 h, which could indicate that kraft pulp has more
accessible surfaces for the LPMO. This observation agreed
with the observed higher relative loss of DP in the kraft pulp
than in the dissolving pulp. The final soluble sugar yield was
54 mg g ' for kraft pulp, which was 80% higher than that
(30 mg g™ ") for the dissolving pulp.

The obtained CNF suspensions were further examined by
light microscopy and atomic force microscopy (AFM) (Fig. 3).
Light microscopy revealed that both pulp fibres were exten-
sively disintegrated by one pass through a microfluidizer after
LPMO pre-treatment. The starting pulp fibre cells were several
millimetres long and tens of micrometres wide (Fig. 3a and b).
By contrast, the gel-like CNF suspensions no longer contained
any micrometre-sized particles (Fig. 3c and d). AFM analysis
showed that K-CNF nanofibrils were well-individualised and
had a uniform thin width (Fig. 3f). D-CNF fibrils formed a
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Fig. 2 Releases of soluble glucose equivalents by TtLPMO9E during the
oxidation of dissolving pulp and kraft pulp fibres. The soluble sugars

were detected using a phenol-sulphuric acid assay. The standard devi-
ations represent three replicate reactions.
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Fig. 3 Light microscopy images of the starting (a) dissolving pulp and
(b) kraft pulp fibres, and corresponding nanofibrils (c) D-CNFs and (d)
K-CNFs prepared by TtLPMO9E-oxidation and subsequent mechanical
disintegration. AFM height images of (e) D-CNFs and (f) K-CNFs. (g—j)
Photographs of vials containing 0.1% (w/v) CNF suspensions demon-
strate the stability of the dispersions before and after 7 days of
incubation.

mass of entangled threads with varying widths in the range of
10 to 50 nm, and D-CNFs also contained large aggregates of 50
to 100 nm formed by nanofibril coagulation (Fig. 3e). The
thinner width of K-CNFs was related to their higher carboxyl
content, similar to the CNFs produced by TEMPO-mediated
oxidation.** The widths of K-CNFs were further analysed from
the AFM images and a histogram of the width distribution is
shown in Fig. S4.f The widths of D-CNFs could not be ana-
lysed, as they were not apparent in the AFM images due to
extensive aggregation. The results showed that K-CNFs had a
narrow width distribution ranging from 1 to 10 nm with an
average width of 3.7 + 1.7 nm. Such a width profile is similar
to that of the nanofibrils obtained from wood pulp fibres

This journal is © The Royal Society of Chemistry 2022
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using TEMPO-mediated oxidation (2-3 nm),** carboxymethyl-
ation (2.3-3.5 nm),*® or quaternisation (1.6-2.1 nm).**

The colloidal stability of the CNF water suspensions was
investigated by a sedimentation test. The solid contents of the
CNF suspensions were first adjusted to 0.1% (w/v), after which
the suspensions were left to stand at room temperature. The
aqueous suspension of K-CNFs appeared rather transparent
(Fig. 3i) while the suspension of D-CNFs was opaque white
(Fig. 3g). The D-CNFs were observed to sediment after being
incubated for 7 days (Fig. 3h), while the K-CNFs remained as a
stable colloidal suspension (Fig. 3j). Analysis of the charge
density revealed the underlying reason for the differences
between the two CNFs in colloidal stability. The obtained
C-potential for K-CNFs was —41 + 1.7 mV. The {-potential of
D-CNFs was —29 + 1.4 mV, which was deemed insufficient to
stabilise the CNF suspension as a (-potential value higher
than —30 mV is generally regarded unstable.

Properties of the nanopapers

A thinner nanofibril width is generally preferred in various
material applications due to enhancements in the optical- and
mechanical properties of the bulk material.*>*® To compare
their performance in bulk materials, D-CNFs and K-CNFs were
processed into nanopapers by vacuum filtration from their
water suspensions followed by drying under compression.
Field emission scanning electron microscopy (FE-SEM) micro-
graphs of the nanopaper surfaces and cross-sections are pre-
sented in Fig. 4. The surfaces of the nanopapers showed
typical network structures of random-in-plane oriented CNFs
(Fig. 4a and b). The surface of the K-CNF nanopaper appeared
slightly smoother than that of the D-CNF nanopaper. In
addition, the cross-section of the K-CNF nanopaper revealed a
uniform layered structure of evenly deposited nanofibrils,
formed during vacuum filtration of a stable colloidal suspen-
sion (Fig. 4d). By contrast, the layered structure of the D-CNF

Surface

Cross-section

Fig. 4 FE-SEM micrographs for the surfaces (a and b) and freeze-frac-
tured cross-sections (c and d) of nanopapers prepared from D-CNFs
and K-CNFs.
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nanopaper contained a few large fibril aggregates formed by
CNF agglomeration in the unstable suspension of nanofibrils
with a lower carboxyl content (Fig. 4c).

Photographs of the obtained nanopapers are presented in
Fig. 5. The D-CNF nanopaper was white and translucent
(Fig. 5a). The K-CNF nanopaper with a smooth surface and a
neat, layered structure was transparent (Fig. 5b). Such trans-
parent feature is typically observed for nanopapers prepared
from thin, well-individualised nanofibrils. The optical pro-
perties of the nanopapers were further evaluated by measuring
their total transmittance (Fig. 5¢) and haze (Fig. 5d). As the
thickness of the nanopaper plays an important role in light
propagation,® it should be mentioned that the thicknesses of
the D-CNF and K-CNF nanopapers were 42 and 32 pm, respect-
ively. The total transmittance for the D-CNF nanopaper was
63%, with a high haze of 78%. The K-CNF nanopaper demon-
strated a higher total transmittance of 86% and a lower haze
of 43%, indicating much lower light scattering. The higher
total transmittance was mainly attributed to two factors. First,
the porosity of the K-CNF nanopaper was lower (5.5%) than
that (12.9%) of the D-CNF nanopaper (Table S2t). In addition,
the thin width of the K-CNFs (3.7 nm) likely ensured better
nanoparticle packing efficiency during vacuum filtration, as
demonstrated also in the smaller thickness of the nanopaper.
An interesting observation is that the total transmittance of
the K-CNF nanopaper (86%) was in fact comparable to that of
a thinner nanopaper (20 pm) prepared from TEMPO-oxidised
CNFs, which showed a total transmittance of 90%."”

The mechanical properties of the nanopapers were
measured by tensile testing. Fig. 6 presents the stress—strain
curves under uniaxial tension, and the physical and mechani-
cal properties of the nanopapers are summarised in Table S2.}

3 an b ———
< 80 K-CNFs 80 o
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Fig. 5 Photographs of nanopapers prepared from (a) D-CNFs and (b)
K-CNFs. (c) Total transmittance and (d) haze of the nanopapers.
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Fig. 6 Stress—strain curves of nanopapers prepared from D-CNFs and
K-CNFs.

The mechanical performance of the K-CNF nanopaper was
much higher than that of the D-CNF nanopaper. The average
tensile strength of the K-CNF nanopaper was 260 MPa, 88%
higher than that of the D-CNF nanopaper (138 MPa). The
toughness (work-to-fracture) of the K-CNF nanopaper was 10.6
MJ] m®, twice as much as that (5.1 MJ] m~®) for the D-CNF
nanopaper owing to the increases in the modulus, tensile
strength and strain-to-failure at the same time, a result of the
higher carboxyl content and enhanced nanofibrillation of the
kraft pulp fibres.

Gelation behaviour of the LPMO-oxidised CNFs

Previous studies have shown that by taking advantage of the car-
boxyl group, well-dispersed TEMPO-oxidised CNF suspensions
with low nanocellulose content at pH 8 can be converted into
strong hydrogels by decreasing the pH with dilute acid.*®
Nanofibrils that do not contain surface charges, obtained by e.g.
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endoglucanases, require approximately an order of magnitude
higher solid content in water suspension to become physically
entangled into an equally strong hydrogel.® Therefore, evaluat-
ing the potential of LPMO-oxidised K-CNFs to form hydrogels is
of great interest. Due to the lack of colloidal stability of D-CNFs
in water, their rheological properties were not studied.

Rheological measurements showed that G’ and G" were not
much affected by the applied angular frequency across all the
investigated CNF concentrations at both pH 8 (Fig. 7a) and pH
2 (Fig. 7b). In addition, G’ was an order of magnitude higher
than G" (Fig. S5t). These results revealed that the dispersions
behaved as elastic gels. However, lower nanofibril concentrations
of 0.125-0.25% (w/v) demonstrated low G’ values, less than 10 Pa
at pH 8 (Fig. 7a). At these concentrations, the G' values were
slightly lower than CNF dispersions with a similar solid content
obtained by endoglucanases.® This was attributed to the much
thinner nanofibril width of 3.7 nm obtained by Tt{LPMO9E-oxi-
dation compared to that of the endoglucanase-derived CNFs
(10-20 nm). When the solid content was 0.5% and higher, the
gel network was approximately five times stronger than that of
endoglucanase-derived CNFs which could be attributed to
enhanced interfibrillar interactions of entangled nanofibrils
with a high surface area. After the pH of the CNF dispersion was
adjusted with dilute acid, the strength of the gels was further
enhanced (Fig. 7b), similar to TEMPO-oxidised CNFs.*®

The obtained elastic moduli are shown as a function of
CNF content for both pH values in Fig. 7c. The gelation was
strongly dependent on the CNFs concentration, as the G’
values increased linearly upon increasing the CNF content. In
addition, approximately five times increase in the G’ values
was observed upon the addition of acid over the entire studied
CNF concentration range. For instance, the 1.5% (w/v) nanofi-
bril suspension at pH 8 had a G’ value of ca. 2 x 10* Pa, while
the acid-treated suspension at the same concentration had a G’
value of approximately 10* Pa. This value is comparable to that
for a 3% endoglucanase-derived CNF dispersion,® indicating
an enhanced ability of the LPMO-oxidised nanofibrils to form
strong network structures in a dilute suspension.

a b c
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Fig. 7 Rheological behaviour of 0.125, 0.25, 0.5, 1.0, and 1.5% (w/v) water dispersions of K-CNFs (a) at pH 8 and (b) at pH 2, where the storage
modulus (G') and the loss modulus (G") are plotted as a function of frequency. The measurements were conducted at 25 °C. (c) The storage moduli

of K-CNFs at an angular frequency of 1 Hz against the CNF concentration.
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Discussion

In the wood cell wall, hemicellulose exists in close association
with cellulose microfibrils, where the two structural polysac-
charides interact mainly through hydrogen bonding.**°
Hemicellulose is known to significantly influence the cell wall
morphology owing to its ability to prevent cellulose microfibril
coalescence.’*> Hemicellulose acts as a spacer between the
basic structural units of the cell wall, i.e. cellulose microfibril
bundles, and effectively inhibits the aggregation of
cellulose.”®>* Indeed, it has been shown by small-angle X-ray
scattering analysis that the removal of hemicellulose from the
wood cell wall results in an increased cellulose microfibril
bundle diameter, a phenomenon which arises from the aggre-
gation of cellulose.” The dense hydrogen bonding formed
between the cellulose microfibril bundles makes the cell wall
poorly accessible to liquid water, limiting the access of
enzymes.”®>® Thus, the accessibility of T*LPMOOE to the dis-
solving pulp that comprises >92% cellulose (4% hemicellulose
and 3% lignin) is limited due to the presence of excessive cell-
ulose aggregation. Although dissolving pulp could also be oxi-
dised by TtLPMOOYE to a lesser extent as revealed by the release
of soluble sugars, the cellulose chain cleavages could be
expected to be limited on the outer surfaces of the fibre cells.

Hemicellulose was not found to cause steric hindrance on
the cellulose microfibril surfaces and block the access of the
LPMO in the kraft pulp. This resulted from the preferential
location of hemicellulose on the hydrophilic faces of the cell-
ulose crystallites,*>*” instead of the hydrophobic ones that
may serve as binding sites for TtLPMOYE.’® Therefore, the
presence of hemicellulose in the kraft pulp was found to effec-
tively enhance the accessibility for TtLPMO9E by inducing
swelling between the cellulose microfibril bundles, thus
keeping the microfibril surfaces well-exposed and water-acces-
sible. Our results are consistent with a recent study that evalu-
ated two different delignification processes on wheat straw.
The harsher of the two studied processes led to the concomi-
tant removal of hemicelluloses from the cell wall, increasing
interfibrillar interactions of cellulose which consequently
decreased enzyme accessibility.>® Reversely, bacterial cellulose
produced in the presence of hemicelluloses has been shown to
form a composite material with enhanced accessibility to
hydrolytic cellulases.®°

In addition to enhancing the substrate accessibility for
TtLPMOO9E, hemicelluloses also affected the properties of the
produced nanopapers. Interestingly, the tensile strength (260
MPa) and Young’s modulus (16.9 GPa) of the K-CNF nanopa-
per were higher than those for nanopapers of TEMPO-oxidised
CNFs from kraft pulp, which showed a typical tensile strength
of ca. 230 MPa and a modulus of ca. 6.9 GPa.*”®! Although the
width of the obtained nanofibrils by LPMO-catalysed oxidation
and TEMPO-mediated oxidation are similar, it is possible that
the intact hemicellulose fraction in the LPMO-oxidised CNFs
contributes to the higher tensile strength and modulus of the
resulting nanopaper. Hemicelluloses act as a glue-like matrix
in the interphase between the load bearing nanofibrils, enhan-
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cing the interfacial interactions.®> TEMPO-oxidation is known
to cause partial degradation of hemicelluloses,®® which makes
the ability of LPMOs to selectively target cellulose while
leaving hemicellulose intact particularly attractive. Indeed, the
obtained results indicate that LPMO-oxidation might offer sig-
nificant advantages in terms of the mechanical performance
of nanocellulose-based materials.

Although cellulose degradation by the LPMOs can be
boosted by the addition of H,O, as a co-substrate,*>*! in this
work, H,0O, was not introduced in the reaction with commercial
pulp fibres due to a potential risk of overdosing and enzyme
inactivation as previously reported.'®®* The LPMO reactions
were performed with continuous mixing for 72 h to ensure
homogeneous oxidation of the pulp fibres under standard
aerobic conditions. However, it would be desirable to increase
the reaction speed for larger scale industrial CNF production.
Therefore, further optimisation of the reaction conditions
including controlled feeding of H,0, is necessary in the future.

Conclusions

In summary, the cellulose-active and C1-oxidising T¢tLPMO9E
from T. terrestris was found to introduce almost a three-fold
higher carboxyl content on kraft pulp fibres (0.22 mmol g™)
than on dissolving pulp fibres (0.08 mmol g™*). This led to
enhanced nanofibrillation of the kraft pulp fibres and pro-
duction of more individualised CNFs with a thinner width
(3.7 nm) than those from dissolving pulp fibres. The enhanced
nanofibrillation also resulted in better optical and mechanical
properties of the subsequently prepared nanopapers. More
pronounced loss in DP, and enhanced release of soluble
sugars confirmed that the kraft pulp fibre cell wall was more
accessible to the LPMO than was the dissolving pulp. These
results suggested that instead of being a steric hindrance on
the cellulose microfibril surfaces, hemicellulose is critical for
the accessibility of LPMOs owing to the enhanced swelling of
the wood fibre cell wall. Water suspensions of the CNFs from
the kraft pulp also exhibited acid-triggered gelation behaviour
deriving from the enzymatically introduced carboxylic acid
groups. This gelation behaviour can be further exploited in an
environmentally friendly preparation of hydrogels with a high-
water content. Our work demonstrated that native hemicellu-
loses in the wood pulp fibres are crucial for the LPMO-assisted
CNF production that is environmentally friendly, contributing
to the adaptation of LPMOs in industrial nanofibrillation
processes.

Materials and methods
Materials

Never-dried softwood kraft pulp was kindly provided by Nordic
Paper, Karlstad, Sweden. Never-dried softwood dissolving pulp
was kindly provided by Domsjo Fabriker AB, Sweden. Both
pulp fibres were used as received.
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LPMO selection and sequence analysis

The selected LPMO (TtLPMO9E) has been previously character-
ised as cellulose-active and C1 regioselectivite.>*® The amino
acid sequence of TtLPMO9E was obtained from UniProt
(protein-ID: XP_003657366.1). The native signal peptide of
TtLPMO9E was predicted using SignalP software 4.1. The
theoretical molecular mass of the mature recombinant LPMO
was calculated from the amino acid sequence without the
signal peptide using the Expasy ProtParam tool. The calculated
theoretical molecular mass of TtLPMOGOE is 23 kDa.

Gene synthesis and cloning

The gene encoding TtLPMO9E was synthesised, and codon
optimised by GenScript, USA. The synthetic gene encoded a
native secretion signal at the N-terminus and (His), tag at the
C-terminus of the corresponding protein. The gene was
inserted into the EcoRI-Notl position of the P pastoris
expression vector pPICZB, in which the c-myc epitope and
polyhistidine tag were omitted. The construct was transformed
into E. coli TOP10 cells (Thermo Fisher Scientific) by electro-
poration, and the transformants were cultivated in a low salt
Luria-Bertani (LB) broth containing 25 pg mL™' zeocin
(Invitrogen). Plasmid DNA was extracted using a GeneJet
Plasmid Miniprep kit (Thermo Scientific). The construct was
confirmed by restriction pattern analysis (EcoRI and Notl -
Thermo Scientific), and the positive clones were sequenced by
Eurofins Genomics, Germany. A construct with a verified
sequence was linearised using Pmel and transformed into
P. pastoris X-33 cells by electroporation. The transformants
were selected on YPDS agar containing 100 pg mL™" zeocin.
Integration of the LPMO-encoding gene into P. pastoris
genomic DNA was confirmed by colony PCR utilising AOX1
primers and a standard protocol.

Production and purification of TtLPMO9E

The yeast was initially cultivated in 50 mL of glycerol complex
medium (BMGY). For the protein production phase, the over-
night cultivation was used to inoculate Fernbach flasks con-
taining 300 mL of buffered methanol complex medium
(BMMY). First, the cells were collected by centrifugation (850g,
10 min, RT) and then suspended in BMMY for a final cell
density (ODggo) of 1. The cultivations were performed at 30 °C
and 250 rpm for 4 days. To induce recombinant protein pro-
duction, methanol was added daily to the cultivations for a
final concentration of 2%. BMGY and BMMY contained 1%
yeast extract, 2% peptone, 1.34% yeast nitrogen base, 4 X
10~°% biotin, and 100 mM potassium phosphate buffer pH
6.0. BMGY also contained 1% glycerol, and BMMY contained
0.005% antifoam 204 (Sigma Aldrich). The cultivations were
ended by separating the cells from the growth liquid by cen-
trifugation (4300g, 30 min, 4 °C). A protease inhibitor (Pierce
Protease Inhibitor Tablets, EDTA-free, Sigma-Aldrich) was
added to the supernatant containing the extracellular LPMO,
and the supernatant was further purified by filtering through a
0.45 pum PES membrane (Filtropur BT50, Sarstedt).
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For biochemical characterisations, the His-tagged
TtLPMOSE was purified by immobilised metal-ion affinity
chromatography (IMAC) using a fast protein liquid chromato-
graphy system (FPLC Akta, GE Healthcare, USA) equipped with
IMAC FF HiTrap column (Bio-Rad). The binding buffer was
50 mM NaCl-20 mM sodium phosphate, pH 7.4. Gradient
elution was performed using 500 mM imidazole and 500 mM
NaCl. The LPMO was buffer exchanged on a Biogel P-6 (Bio-
Rad) column to 20 mM sodium acetate pH 5.0. For large reac-
tions on pulp fibres, the filtered supernatant containing
TtLPMOOE was buffer-exchanged to 20 mM sodium acetate pH
5.0 in an ultrafiltration unit (Amicon Stirred Cell, Merch
Millipore) equipped with a 10 kDa cut-off PES membrane. In
both protocols, the obtained enzyme was copper saturated by
the addition of CuSO, to a final concentration of 500 uM.
Excess copper was removed by extensive washing in 20 mM
sodium acetate buffer, and the enzyme was further concen-
trated in 5 kDa cut-off Vivaspin 20 centrifugal concentrators
(GE Healthcare). The obtained LPMO was analysed by
SDS-PAGE and Western-blot according to previously described
protocols.?® The protein concentrations were determined using
a Pierce BCA protein assay kit (Thermo Scientific).

LPMO activity assays

The peroxidase activity of T(LPMO9E was determined spectro-
photometrically (Cary 50 UV-VIS) against the soluble synthetic
substrate 2,6-dimethoxyphenol (2,6-DMP; Sigma Aldrich). The
formation of the reaction product (coerulignone) was monitored
at a wavelength of 469 nm. The assay contained an appropriate
amount of the enzyme, 1 mM 2,6-DMP, 100 pM H,0, and
50 mM sodium phosphate buffer pH 6.5 in a final volume of
1 mL, as described by Breslmayr et al.*> The reaction temperature
was 25 °C. Three technical replicates were used for all assays. To
determine the temperature stability, T(LPMO9E was incubated
for 0, 3, 6, 12, 24, 36, 48, and 72 at 30-90 °C, after which the
residual activity was assayed at 25 °C as described above.

The optimum pH was determined based on the amount of
released total soluble sugars (cello-oligosaccharides) from a
natural insoluble cellulosic substrate, microcrystalline cell-
ulose (MCC). The reactions were performed at 40 °C in a series
of 50 mM sodium malonate buffer with pH in the range of
4.0-8.0. The reactions contained 0.4 wt% MCC (Avicel PH-101)
and 2 mM gallic acid as the electron donor for the enzyme in a
total volume of 500 pL. The reactions were performed under
magnetic stirring for 20 h. All reactions were performed in
triplicate, and reactions without LPMOs were conducted as
controls. The reactions were stopped by separating the enzyme
from the remaining substrate by filtering the reaction liquid
through 0.2 pm nylon syringe filters (Thermo Scientific). The
released soluble cello-oligosaccharides were quantified as
glucose-equivalents with a phenol-sulphuric acid assay accord-
ing to a previously reported method.®®

LPMO oxidation of the pulp and preparation of CNFs

Dissolving pulp and kraft pulp fibres (2.5 g of each) were dis-
persed in 20 mM sodium acetate buffer, pH 5 and soaked over-
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night. For the LPMO reactions, the fibres were diluted to a final
concentration of 0.4% (w/v). The LPMO reaction contained
90 mg g~' TtLPMOOE at an approximate molar ratio of 4 pmol
g " of enzyme to cellulose, and 2 mM gallic acid as the electron
donor for the enzyme. The LPMO reactions were performed at
40 °C under magnetic stirring for 72 h. The reactions were
stopped by separating the fibres from the suspension. To remove
the enzyme, the fibres were washed with 10 pM NaOH pH 9.
NaOH was removed by extensive washing with ultrapure water in
a vacuum filtration unit equipped with a Durapore® 0.65 pm
DVPP membrane (Merck). The LPMO-oxidised fibres were
adjusted to 1% (w/v) in ultrapure water and passed once through
an M-110EH microfluidizer (Microfluidics Ind., USA), equipped
with 200 and 100 um chambers. The microfluidizer was oper-
ated at a pressure of 1600 bar and at room temperature.

Preparation of nanopapers

To prepare the nanopapers, 200 mg of the nanofibrils were
suspended in ultrapure water at a final concentration of 0.1%
(w/v). Water was removed from the suspensions in a vacuum-
filtration setup equipped with a filter funnel (¢ = 70 mm) and
a filter membrane (0.22 pm, DVPP). The wet cakes obtained
from filtration were carefully peeled off and placed between
two stainless steel meshes. The films were dried under
pressure at 50 °C for 24 h.

Characterisation

An inverted light microscope (Nikon Eclipse Ti-S, USA) running
imaging software Nis-Elements version 4.60 was used for the
optical microscopy analyses. The solid content of the samples
was adjusted to 0.1% (w/v) before observation. Fourier trans-
form infrared spectroscopy (FTIR) was performed using a
PerkinElmer Spectrum 2000 instrument equipped with an
MKII Golden Gate Single Reflection ATR system from Specac
Ltd, UK. The ATR crystal was an MKII heated diamond 45° ATR
top plate. The measurement was performed in a spectral range
of 600-4000 cm ™" with a resolution of 4 cm™". Carboxyl con-
tents were determined by conductometric titration. Briefly, sus-
pensions containing 100 mg of cellulose were diluted in ultra-
pure water and the pH and conductivity of the suspensions
were adjusted with 0.1 M HCI and 0.01 M NacCl to 2.5 and
~1200 pS cm™", respectively. The suspensions were stirred and
titrated with 0.04 M NaOH by adding 0.1 mL aliquots at 60 s
intervals, and the conductivity was monitored with a conducto-
metric station (SevenCompact, Mettler-Toledo, USA). The zeta
(€) potentials were measured at 25 °C using a Zetasizer nano ZS
instrument (Malvern, UK) and following the Smoluchowski
method. Before measurements, the solid contents were
adjusted to 0.05% (w/v) and NaCl was added to a final concen-
tration of 1 mM. Atomic force microscopy (AFM) analyses were
performed on a MultiMode 8 atomic force microscope (Digital
Instruments, USA) operated in the ScanAsyst-air mode. Widths
of the nanofibrils were measured from the obtained images
using Gwyddion software. Powder X-ray diffraction (XRD) pat-
terns were recorded using an X'Pert Pro X-ray diffractometer
(PW 3040/60, Philips, Netherlands) in the reflection mode
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(5-35° 20 angular range, steps of 0.05°). Cu Ka radiation (4 =
1.5418 A) was generated at 45 kV and 40 mA and monochroma-
tised using a 20 pm Ni-filter. Diffractograms were recorded
from rotating specimens using a position sensitive detector.
The crystallinity index was calculated from the ratio between
the intensity of the (200) peak (I00) and the intensity of the
minimum (Iyy) between the (200) and (110) peaks. The degree
of polymerisation (DP) was calculated from intrinsic viscosity
number measured according to the ISO 5351:2000 standard.
Briefly, 30 mg of the samples was dissolved in 50 mL of 0.5 M
copper ethylenediamine for 30 min before measurements. DP
was converted from intrinsic viscosity number using the
equations: 5 = 0.42 x DP for DP < 950 and 7 = 2.28 x DP®7¢ for
DP > 950. The optical transmittance of nanopapers was
measured with a spectrophotometer having a supercontinuum
white-light source (SC-5, YSL Photonics, China) as the incident
beam. Transmitted light was captured in an integrating sphere.
The transmittance values are reported as an average from the
measurement range of 500 to 900 nm. Haze was measured
based on the ASTM D1003 standard and a previously published
method.®® The mechanical properties of nanopapers were
tested under uniaxial tension at 25 °C with an universal
mechanical tester (Instron 5944, USA) equipped with a 500 N
load cell and a video extensometer. The specimens were cut
into strips of 3 mm in width and 50 mm in length and con-
ditioned at 25 °C and 50% relative humidity for 48 h before
testing. At least five specimens were tested from each sample
and the results are reported as an average of at least four speci-
mens. The tests were performed using a strain rate of 2 mm
min~' and a gauge length of 20 mm. The modulus was deter-
mined from the slope of the initial linear deformation range
(0-0.1%) of the stress-strain curve. Toughness, defined as work
to fracture, was calculated as the area under the stress-strain
curve. Microstructures of the nanopaper surfaces and freeze-
fractured cross-sections were imaged with a field-emission
scanning electron microscope (FE-SEM, S-4800 Hitachi, Japan).
For observations, the samples were attached with carbon tape
onto a specimen holder and coated with a 5 nm layer of plati-
num/palladium using a sputter coater (208HR, Cressington
Scientific Instruments, UK). Rheology analyses were performed
using a Discovery HR-2 rheometer (TA Instruments, USA)
equipped with a 20 mm parallel plate geometry. The gap size
was 1 mm and the temperature was set to 25 °C. Briefly, the fre-
quency sweeps of 0.1-100 rad s~ were measured in the linear
viscoelastic regime with a controlled strain rate. Strain rates
(%) were 5, 1, 0.5, 0.5 and 0.2 for the 0.125, 0.25, 0.5, 1 and
1.5% (w/v) samples, respectively. Acid crosslinking of the
samples was performed by surrounding the sample with 0.05
M HCI, which was allowed to stand for 2 h before the measure-
ment. To avoid evaporation, the samples were sealed with oil.
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