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Abstract

Background: Lytic polysaccharide monooxygenases (LPMOSs) are etgmemdent enzymes that cleave polysact
charides through an oxidative mechanism. These enzymes are major contributors to the recycling of carbon| in nature
and are currently used in the biore nery industry. LPMOs are commonly used in synergy with cellulases to enhance
biomass deconstruction. However, there are few examples of the use of monocomponent LPMOs as a tool for cel-
lulose brillation. In this work, we took advantage of the LPMO action to facilitate disruption of wood cellulose bers
as a strategy to produce nano brillated cellulose (NFC).

Results: The fungal LPMO from AA9 family 4O9E) was used in this study as it displays high speci city toward

cellulose and its recombinant production in bioreactor is easily upscalable. The treatment of birchwood bers with
PeLPMOBOE resulted in the release of a mixture oki@ized oligosaccharides without any apparent modi cation |n
ber morphology and dimensions. The subsequent mechanical shearing disintegrated th@ideldded samples
yielding nanoscale cellulose elements. Their gel-like aspect and nanometric dimensions demonstrated that LPMOs
disrupt the cellulose structure and facilitate the production of NFC.

Conclusions: This study demonstrates the potential use of LPMOs as a pretreatment in the NFC production process.
LPMOs weaken ber cohesion and facilitate ber disruption while maintaining the crystallinity of cellulose.

Keywords: Lytic polysaccharide monooxygenase (LPMO), Biore nery, Nano brillated cellulose (NFC), Micro|uidizer,
Molar mass, 13C CP/MAS NMR

. J

Background (1-100 nm). Nanocelluloses are usually divided into two
Replacement of the fossil oil-based products with renew main types: cellulose nanocrystals (CNCs) and nano
able materials is a critical demand to implement bicec brillated cellulose (NFC). CNCs have been reported for
onomy. Cellulose appears as a potential candidate sincthe rst time in the 1950s and are commonly obtained
it is the most abundant renewable polymer produced by acid hydrolysis resulting in nanorods with high aspect
on Earth through photosynthesis [12]. Since a few dec ratio derived from the crystalline part of the bers [9,
ades, interest for cellulose-based materials has tremenl0]. NFC is obtained by mechanical delamination of the
dously increased by the renewal of nanocelluloses [3-8].bers as rstly reported in the early 1980s. It consists in
e term nanocellulose is employed when the cellulosic exible brils with length higher than CNCs and lateral
objects present at least one dimension in the nanoscal@limensions depending on the production process but
ranging from few nanometers to tens of nanometers [11,
12]. Both CNC and NFC are used in many applications

iCorrespondence: ana.villares@inra.fr thanks to their amazing properties such as high mechani
Fgﬁiems Biopolymeéres Interactions Assemblages, INRA, 44316 Nantes, cal strength, ability to stabilize emulsions, gas barrier,
Full list of author information is available at the end of the article dispersing properties and others [, 13-17]. Methods
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of NFC production from wood cellulosic bers are determined. Results provide new insights on the LPMO
numerous but most of them can be summarized in two action as well as the proof of concept that LPMOs can be
main steps [8]. e rst one consists in a pretreatment e ciently implemented for NFC production.
that can be either chemical (by 2,2,6,6-tetramethylpi
peridine-1-oxyl (TEMPO)-mediated oxidation or car Results
boxymethylation) or enzymatic (endoglucanase and/or Production of PALPMOYE in bioreactor
xylanase treatment) [18-25]. Mechanical nano brillation An important feature to consider upon production of
is achieved in the second step by di erent technologiesrecombinant LPMOs is the perfect processing of the
such as high-pressure homogenization, micro uidiza signal peptide during secretion to ensure correct bind
tion or grinding, among the most widely reported [@B]. ing of the catalytic copper ion by the histidine brace
e pretreatment step is mandatory since starting bers that includes the N-terminal histidine residue. Opti
cannot be otherwise processed. e goal of the pretreat mal processing of signal peptides during heterologous
ment step is to (i) weaken the ber cohesion to allow production is protein dependent, and heterogeneity on
ber processing, (ii) lower the energy consumption of N-terminal sequences is a recurrent problem [31]. In P.
the mechanical process and (iii) improve the nal qual pastoris, the use of the -mating factor (-MF) as signal
ity of NFC. us, the e ciency of the pretreatment step  peptide is sometimes associated with incorrect cleav
is a key point in the process since it greatly impacts theage by the Stel3 protease [31]. erefore, we designed
quality of the nal NFC and also the energy e ciency of a plasmid construct using the native signal sequence of
the process. Accordingly, the development of innovativethe PaLPMO9E encoding gene to foster recombinant
pretreatments for NFC production is still an intense eld protein production in P. pastoris. Using this strategy, the
of investigation. production yield of PAPMO9E, assessed by measuring
Lytic polysaccharide monooxygenases (LPMOs) arehe recombinant protein production in the medium after
copper-dependent enzymes that cleave polysaccharidesmduction, signi cantly increased (about twofold) when
through an oxidative mechanism. ey are classied as the native signal sequence was used. Beyond the fact
Auxiliary Activity (AA) enzymes by the Carbohydrate- that the recombinant LPMO was expressed to high level,
Active enZymes database (CAZy; http://www.cazy.org).N-terminal sequencing indicated that the processing of
e proposed mechanism of action consists of the cleav the signal peptide was fully achieved yielding a functional
age of cellulose by the insertion of oxygen at C1 and/orenzyme batch.
C4, with the subsequent formation of a lactone, which is Taking advantage of this new construct, we set up the
spontaneously hydrolyzed to aldonic acid or a ketoaldoserecombinant production of PaLPMOS9E in bioreactor up
respectively [26]. ese enzymes have been initially used to 2 g of protein per liter of culture after 5 days (Addi
in synergy with glycoside hydrolases to boost the -sactional le 1: Fig. S1) enabling the enzymatic process
chari cation of plant biomass, and they have been ineor ing of wood cellulosic bers under industrially relevant
porated in last-generation commercial enzyme cocktailsconditions.
for the production of biofuels [27]. Recent studies have
shown that LPMOs may be used in synergy with cellu LPMO pretreatment allows the production of NFC
lases and/or xylanases to facilitate the deconstruction ofNano brillated cellulose (NFC) was produced accord
cellulose bers in an attempt to produce NFC [2&9]. ing to the work plan described in Fid.. Bleached birch
In that line of research, we had previously demonstratedwood Kraft bers (28 g) at a consistency of 3.5% (w/w)
that monocomponent LPMOs can disrupt the cellulose were incubated with PAPMO9E and ascorbate as
bers structure by the creation of nicking points that electron donor. Ascorbate was set at 0.5 mM, which is
weaken the ber cohesion [30]. In this study, we assessedlightly lower in concentration than previously reported
the use of LPMOs as pretreatment of cellulosic bers for [30,32]. However, taking into account the pulp consist
NFC production. Bleached birchwood Kraft pulp was ency, the ascorbate/LPMO ratio is similar to our previ
submitted to LPMO action and then processed with a ous experiments. After 24 h of incubation, bers were
micro uidizer to demonstrate the industrial relevance of boiled for 10 min to inactivate the enzymes and then
the process. LPMO-treated bers were successfully dis Itered and dispersed at 2% consistency (Additional
persed at nanoscale while untreated bers could not be le 1: Fig. S2). Firstly, supernatants of the IFRMO9E-
processed. e structure of the NFC all along the disper treated bers were analyzed by high performance anion
sion treatment was investigated by using MorFi analy exchange chromatography (HPAEC) for the detection
sis, optical and atomic force microscopy and solid-stateof soluble non-oxidized and oxidized oligosaccharides
NMR. Monosaccharide composition of the bers and released upon enzymatic action. Oxidized oligem
molar mass distribution of cellulose chains were alsoers were detected, and the degree of polymerization


http://www.cazy.org

Moreau et al. Biotechnol Biofuels (2019) 12:156 Page 3 of 13

Bleached birchwood Kraft fibers 3.5 % (w/w) ‘

+ + LPMO 1/500 E/S ratio l
ascorbate /ascorbate 0.5 mM

5 mM
0-5m | LPMO Kraft fibers 2% (w/w)
100 °C, 10 min

Ultra Turrax Ultra Turrax
Microfluidizer

NFCO

3 x 400 ym NFC1

Fibers without
LPMO treatment
cannot be
processed

5x 200 uym NEC2

Microfluidizer

5x 100 uym NFC3

Fig. 1 General scheme of the treatments performed on bleached birchwood Kraft bers for the preparation of nano brillated cellulose (NFC) by
Pa_PMO9E pretreatment combined with mechanical shearing and photographs of the samples

(DP) ranged between DP2 and DP6 (Additional I& in the case of NFC3 (passing through the 100 pm
Fig S3), as previously observed for the action of thehamber).

enzyme PaLPMO9E on phosphoric acid swollen cel

lulose (PASC) [32]. Only C1l-oxidized oligomers and LPMO-treated bers are e ciently nano brillated

not C4 oxidation products were detected con rming by micro uidization

that PaLPMOOYE is active on cellulose substrate with aOptical microscopy images from starting bleached
Cl-type regioselectivity. After lItration and mild dis birchwood Kraft bers mostly consisted of dispersed
persion by an Ultra Turrax device, higher mechanical bers of tens of micrometers in width and several hun
shearing was achieved by using a micro uidizer pro dreds of micrometers in length, which are the typical
cessor, which is commonly used for NFC production atdimensions expected (Fig2). Upon PaPMO9E treat
industrial scale. e micro uidizer is equipped of three  ment, bers still remained as bundles that seemed to be
Z-chambers that progressively decrease in diametemslightly brillated even if width did not change signi-
(400, 200 and 100 m) to increase shearing and bril cantly. After micro uidization, brillation was clear for
lation e ciency. e rst signi cant result of this study all samples. e rst passes in the Z chamber of 400 m
was that LPMO-pretreated bers were able to be pro (NFC1) produced the rupture of several bundles result
cessed in the micro uidizer without further mechani ing in a slight decrease in width (13.44.4 mm) and the
cal pretreatment, which is the rst requirement for the release of small fragments that were scarcely detected
production of NFC from cellulose bers. In contrary, by optical microscopy. e second passes through the Z
control bers that had undergone pretreatment in the chamber of 200 m (NFC2) resulted in a clear decrease
same conditions but without enzyme loading could in both width and length of bers, so that bundles were
not be homogenized, as they blocked the system at thseparated and cut in length. is e ect was even more
entrance to the cell. Figurd shows the photographs of noticeable after the third treatment through the 100 m
bleached birchwood Kraft bers throughout the treat chamber (NFC3), which produced a clear disruption
ments. LPMO-treated suspensions obtained after passof bers. In this case, sample was completely brillated
ing through the 200 pm chamber (NFC2) displayed geland a homogeneous gel-like matrix could be observed.
consistency, which is an indirect proof of e cient dis Observations at the nanoscale by AFM supported these
persion at nanoscale. is e ect was more pronounced assumptions (Fig2). Starting birchwood Kraft bers (KF)
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Fig. 2 a—c, g—i Optical microscopy and d—f, j-| AFM images of starting bleached birchwood Kraft beisRKE)9Pareated bleached
birchwood Kraft bers (KF-LPMO), Ultra Turrax dispelseMBaE-treated bers (NFCO) andARMO9E-treated bers submitted to mechanical
shearing (NFC1-3). The red square in optical microscopy images indicates the area scanned by AFM

showed the particular pattern of wrinkles and micre images showed a slight separation of the micro brils,
brils more or less aligned, characteristic of cellulose- b even if the ber structure remained preserved. e e ect
ers [33]. After PAPMOOYE treatment (KF-LPMO), AFM of PaLPMO9E was con rmed by the AFM images after
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dispersion by Ultra Turrax (NFCO), where more de ned by the MorFi analyzer. is analysis, with a detection
micro brillated structures were observed. Even if opti threshold of 15 pm, does not characterize the small
cal microscopy images did not detect signi cant changesest generated elements and nanoparticles but provides
in the ber structure, AFM suggested that RPMO9E a size distribution of the residual ber elements. e
action resulted in the separation of micro brils. When mean area-weighted length (Fi@) did not change sig
samples were submitted to the rst shearing mechanicalni cantly upon PaLPMO9E treatment, or even after
treatment (400 m, NFC1), the ber structure was still the passage through the 400 m vessel (NFC1), while
maintained; however, the passage through the 200 msuspensions obtained after passing by the 200 um-ves
chamber (NFC2) provoked the disintegration of the sels were highly micro brillated (NFC2), as their gel
ber, with the subsequent release of nano brillated cel consistency suggested. en, higher brillation was
lulose. is e ect was more pronounced after the passage obtained by performing a series of homogenization in
through the 100 m chamber (NFC3), where the images the 100 um chamber (NFC3). However, if we compare
clearly showed an entangled network of nano brillated to similar treatments using endoglucanases or exog
cellulose. lucanases treatments at 0.1-1% loading followed by
Optical and AFM images provided useful informa mechanical shearing, the lengths of bers and the per
tion but could be incomplete since they address only acentages of ne elements obtained in this work were
portion of the sample. us, global assessment of the still very coarse [34]. Usually, for the same working
distribution pattern in the samples was determined pulp pretreated by mechanical enzymatic pretreatment

Fig. 3 Geometrical characteristics (mean avedghted length and percentage of ne content) of starting bleached birchwood Kraft bers (KF

Pa_LPMO9E-treated bleached birchwood Kraft bers (KF-LPMO), Ultra Turrax didpekéedPdreated bers (NFCO) andR4O9E-treated bers
submitted to mechanical shearing (NFC1-3)

~

Table 1 Monosaccharide composition on the percent dry weight basis of starting bleached birchwood Kraft bers (KF),
PaLPMOO9E-treated bleached birchwood Kraft bers (KF-LPMO), Ultra Turrax dispersed PAPMO9E-treated bers (NFCO)
and PaLPMO9E-treated bers submitted to mechanical shearing (NFC1-3)

Sample Rha Ara Xyl Man Glc Inacc. cell
KF 0.50.0 0.20.1 23.705 1610 74.10.6 70.21.0
KF-LPMO 0401 0.10.0 23.80.6 1.205 74.40.3 70.30.3
NFCO 0.30.1 0.20.2 23.60.1 1101 74.80.3 70.10.2
NFC1 0.4 0.0 0.50.1 23.90.3 1.200 74.00.4 69.00.6
NFC2 0.10.1 0.30.2 23.20.3 0.80.1 75.6 0.5 69.6 0.5
NFC3 040.2 0.20.2 23.10.2 1.20.3 75.20.4 66.8 0.4

Results are expressed as the mean percentagiandard deviation
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and homogenized with a 100 pm vessel, the suspen
sions have-90% of ne elements (elements of size less
than 80 pm) compared to 83% in the case of the pulg
pretreated by LPMOs (NFC3).

Monosaccharide composition is not a ected by LPMO

and mechanical treatments

e eect of both Pa LPMO9E and mechanical treat
ments was assessed by the determination of the mono
saccharide composition of the samples throughout the
process. Sample compositions are reported in Table 1.

e major sugars recovered were glucose, xylose and
small amounts of arabinose, galactose and rhamnose .
as expected for hardwood delignied bers containing | Fig. 4 Weight average molar mass,jMnd number average
cellulose and xylan as major polymers [35]. e major molar mass (M of starting bleached birchwood Kraft bers (KF),

. . Pd_PMO9E-treated bleached birchwood Kraft bers (KF-LPMO),
conclusion from the sugar analysis was that the meno Ultra Turrax disperséd PMOSE-treated bers (NFC0) and

saccharide.pro le did not change along the fractionation | py pMOgE-treated bers submitted to mechanical shearing (NFG1-3)
process neither after the RPMO9E treatment nor dur

ing micro uidization. Other useful information that can

be obtained from the monosaccharide determination

assay is the amount of accessible and inaccessible -cellteliability of the determination. Molar mass was deter
lose fractions. Indeed, samples can be submitted eithefined by multi-angle laser light scattering (MALLS) as
to a harsh hydrolysis that releases the total monosacchaabsolute molar mass determination detector and by a
rides or to a milder acid hydrolysis that is usually recog di erential refractometer (RI) as concentration detec
nized to release only the accessible sugar fractions (i.elor. € values of the weight average molar mass (})
mostly from hemicellulose and amorphous cellulose)and number average molar mass (Mand representa
[36]. Even though this analysis remains questionable fotive RI traces are reported in Fig. and Additional le 1:
the real structural features of polymers released, it give$ig. S4, respectively. e values obtained for KF and KF-
valuable qualitative information in the case of samplesLPMO (i.e., samples before mechanical treatment) indi
submitted to stepwise modi cation such as in the present cated that after the PBPMOSE treatment, only a very
case. From the results, it appeared that the inaccessiblémall decrease of th#l,, was observed (3150° g mol*
fraction proportions (Tablel, last column) remained sta for KF vs 30310° g mol' for KF-LPMO) while the M,
ble for the rst three samples (KF, KF-LPMO and NFCO), values remained constant. is result seemed to indicate
suggesting that the A2PMO9E treatment did not change that PALPMOOYE induced some cleavage of the cellulose
the major architecture of the bers and likely the crys chains but this observation needs to be strengthened
talline organization. During the mechanical treatment by future studies since the dierence observed was
(NFC1-3), the values decreased slightly probably due tdower than the dispersion of the values. Concerning the
nano brillation and associated higher specic surface. mechanically treated samples, Mvalues of NFCO and

Nevertheless, this decrease remained limited suggestin|FC1 samples were identical to KF-LPMO (lower than
the retention of high crystallinity, which will be later con KF) while the NFC2 and NFC3 showed a clear decrease.

rmed by solid-state NMR. In all cases, M values remained stable within the error
bar interval. e recovery yield decreased along the treat
ment. Hence, it ranged about 85% for KF, then decreased

Molar mass distribution of cellulose chains is decreased ~ around 70% for KF-LPMO, NFCO and NFC1 and nally

by the mechanical treatment reached 60-65% for the two last samples (NFC2 and

Dissolution of untreated andPaLPMO9E-treated sam NFC3). is fact could indicate the formation of nano-
ples was successfully achieved by using the solvent sygietric elements that might be removed during the sol
tem dimethyl acetamide (DMAc)/lithium chloride 9% vent exchange procedure or that display limited solubility
(w/w) followed by elution in DMAC/LICl 0.9%. e dis- as previously demonstrated [38].

solution procedure used was inspired by the standard

ized protocol proposed by Potthast et al. [37], and the

recovery of cellulose was in all the cases higher than

65% and even in some cases close to 85%, ensuring the
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Fig. 5 a Solid-staté3C CP/MAS NMR spectra of starting bleached birchwood Kraft bers (KF, bladkRiM€&)9Pareated bleached birchwood
Kraft bers (KF-LPMO, green line), Ultra Turrax dispet8M@2E-treated bers (NFCO, gray line) aneNP@9E-treated bers submitted to
mechanical shearing by the 400 m chamber (NFCL1, red line), by the 200 m chamber (NFC2, purple line), and by the 100 m chamber (NFC3,
yellow line). The frame part of the NMR spectra corresponds to the C4 region. b Typical deconvolution of the C4r&jioR/MAS NMR
spectrum of the KF sample. Cr(l ), Cr (I) and Cr)lcorrespond to crystalline cellulose forms; PCr corresponds tenyataline contribution;
AS/IAS corresponds to accessible/inaccessible surfaces in the amorphous part of cellulose; and HC to hemicellulose contribution

LPMOs trigger elementary brils separation but do not PaLPMOO9E action and mechanical treatments. e dif
decrease the nano bers crystallinity ferent regions of the>C CP/MAS NMR spectra show
To investigate deep changes induced in the ber struc the typical distinct signals of C1 ( 98-108 ppm), C4
ture, solid-state ®*C CP/MAS NMR spectroscopy was ( 78-92 ppm), C2, C3, C5 carbons ( 68—78 ppm) and
used to analyze cellulose bers before and after theC6 ( 58-68 ppm) from cellulose (Fig5a). e most
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informative region in the NMR spectra of cellulose is the 20% suggesting that neither the PBMO9E action nor
C4 region between 78 and 92 ppm, which contains sharghe mechanical disintegration induced a hemicellulose
signals ranging from 86 to 92 ppm corresponding to C4removal. Lateral bril (LFD) and bril aggregate (LFAD)
carbons situated in crystalline cellulose domairf€4,, dimensions were also determined [43]. Concerning LFD,
in Fig.5a). e C4 carbons of more disordered regions calculated values were also found stable at about 2.2 nm,
(or amorphous domains) are distributed in a broad bandslightly lower than values reported for other cellulosic
ranging from 78 to 86 ppm(C4,,, Fig.5a). e 3C CP/ bers [30, 43, 44]. In contrary, LFAD decreased dur
MAS spectra of all samples were deconvoluted by tting ing the treatment from 19 nm, found for starting birch
C4-region according to the NMR tting procedure pre wood bers, down to 9 nm for the PEBPMO9E-treated
viously reported [3039, 40]. Typically, tted lines of the and mechanically disintegrated (NFC3) samples. Nev
C4 ( 78-92 ppm) are shown in Fighb with four peaks, ertheless, the major decrease was observed during the
Cr(l), Cr (1) and Cr (I ) corresponding to crystat mechanical treatment and not after the R®#MO9E
line cellulose forms, together with para-crystalline (PCr) action, and it was more remarkable as the chamber
cellulose. For the non-crystalline cellulose domain, threediameter was reduced. erefore, the accessible surface
peaks were detected: a pair of signals at 83 and 84 ppincreased during all treatments, which con rmed the
assigned to two non-equivalent sites at the accessiseparation of brils at nanoscale. is nding was in good
ble crystallite surfaces (AS) and a very broad signal aagreement with AFM images that showed mechanical
83.4 ppm assigned to inaccessible cellulose surface (IAS)Jelamination and the formation of individual nano bers
e broad peak located at~81.4 ppm in the C4 region upon the e ect of PALPMO9E and mechanical shearing.
was assigned to hemicellulose and more speci cally to
xylan in accordance with the monosaccharide composi Discussion
tion. From the tting data, the accessible (AS)/total bril LPMO action allows e cient nano brillation of cellulosic
(AS 1AS) surface ratio was determined for all samples bers
as well as the cellulose crystallinity index (Crl) de ned In this work, we used a monocomponent LPMO enzyme
as the peak area ratio of four lines for the crystalline partsystem as a pretreatment of cellulose bers for the NFC
(i.e., Cr(1), Cr (1) and Cr (I ) and PCr) and seven production. We submitted bleached Kraft pulp b
lines for all the cellulose C-4 region [4@1]. All results ers to the action of the fungal RPMO9E and further
are summarized in Table 2. mechanical treatment by micro uidizer. Currently, for
e degree of cellulose crystallinity was similar to any production of NFCs from bleached Kraft bers, it is
previous values obtained for pulps of birch contain necessary to carry out a pretreatment prior to homogeni
ing hemicelluloses [42]. Concerning the BPBMO9E zation in order to reduce the bers size and to allow them
and mechanical treatments, Crl index was found to beto pass through the homogenizer without clogging the
rather stable for all samples. No change was observedhambers. Presently, at industrial scale, the most ecom
after the PAPMOOYE treatment, and only a slight reduc monly used pretreatments are chemical or enzymatic.
tion was observed after the passage through the 200 mChemical pretreatments, such as TEMPO-mediated oxi
chamber (NFC2). e hemicellulose content was also dation or carboxymethylation, introduce negative charges
determined, and results were consistent with the mono on the ber surface inducing electrostatic repulsion that
saccharide composition; it was found to be stable aroundmproves the disintegration of cellulose bers [1819,

Table 2 Values of crystallinity index (Crl), hemicellulose percentage (%HC), lateral bril dimensions (LFD) and lateral
bril aggregate dimensions (LFAD) and accessible/total bril surface ratio (AS/(AS  IAS)), calculated from the C4-region
deconvolution of the solid-state 3C CP/MAS NMR spectra from the starting bleached birchwood Kraft bers (KF),
PaLPMO9E-treated bleached birchwood Kraft bers (KF-LPMO), Ultra Turrax dispersed P&PMO9E-treated bers (NFCO)
and PaLPMO9E-treated bers submitted to mechanical shearing (NFC1-3)

Sample Crl (%) HC (%) LFD* (nm) LFAD (nm) AS/ (ASIAS)
KF 50.282.99 22.422.39 2.270.13 19.054.43 24.184.38
KF-LPMO 49.941.54 18.972.23 2.200.07 18.002.18 24.862.29
NFCO 51.130.93 19.120.52 2.230.93 15.140.42 29.670.42
NFC1 53.710.02 19.821.35 2.12 0.06 14.692.39 32.772.39
NFC2 47.880.02 18.852.34 2.390.12 11.290.40 36.730.40
NFC3 47.650.80 20.191.17 2.390.03 9.330.43 43.860.43

2 Assuming a factor of 0.57 nm
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45]. Enzymatic pretreatments are usually achieved by the.PMO action mechanism assumption
action of endoglucanases either alone or in synergy wittBeside the demonstration of the e ciency of RaP-
other enzymes in order to facilitate the re ning process MO9E to produce NFC, the aim of our work was also to
treatment [18-25]. provide new insights in the LPMO mechanism of action

Lytic polysaccharide monooxygenase enzymes appeasn the cellulosic bers. e bers structure was thus
as a novel strategy for facilitating brillation of cellulose investigated by various techniques leading to the follow
bers. In previous studies, we had demonstrated that theing three main features: (iPaLPMO9E cleaved the cel
enzymePalLPMO9H induces modi cations on the cellu lulosic chains as demonstrated by the HPAEC results.
lose network that trigger the disintegration of bers and Nevertheless, the cleavage was somehow limited since
facilitate the formation of nano bers [3046]. Even using the amount of oxidized oligomers was low. HPSEC anal
a mild mechanical treatment consisting of dispersion ysis led to similar conclusions since a small decrease in
and sonication, cellulose bers were disrupted down to molar mass was observed after the IRMOO9E treat
nanoscale. Subsequent studies performed by Valenzuelment for KF-LPMO, NFCO and NFC1 samples, even if
et al. [28] investigated the synergy between bacteriathese observations need to be further investigated. Nev
LPMOs and endoglucanases followed by high-pressureertheless, this small variation could be associated with a
homogenization for the production of NFC from ax decrease in the recovery yield. One possible explanation
pulp. e authors found signi cantly higher yields when is the formation of nanometric fractions that might be
both enzymes were combined (24.3%) compared tdost during solvent exchange, suggesting that theLPa
pure LPMO (12.7%) or monocomponent endoglucanaseMO9E action occurred in the outer surface of the bers
(17.0%) alone. Yields are far from that reported for chem protecting the inner cellulosic chains. (ii) R&PMO9E
ical pretreatments of ax bers, such as TEMPO at a did not directly induce nano brils disruption since all
concentration of 5 mg per gram of cellulose (yield aboutmicroscopy techniques ané®C CP/MAS NMR indicated
70%) [47 48], which could be ascribed to the content of that nano brillation occurred when the diameter of the Z
hemicelluloses that hinder the brillation process. Hu chamber was reduced to 200 m and not before (e.g., not
et al. [29] used a combination of endoglucanase, LPMGQafter the P4 PMO9E treatment). HPSEC data con rmed
and xylanases to enhance nano brillation of bleachedthis trend since a drastic decrease of,Mvas observed
Kraft pulp. e authors demonstrated that the addition for the NFC2 sample compared to NFC1, indicating that
of xylanase favors the cleavage of cellulose chains e weakening of the bers boosts mechanical action to
LPMO and endoglucanases [49]. reduce the chain length. (iii) RAPMOO9E did not change

In this work, the rst and most important result is that the bers crystallinity as indicated directly by th&C CP/
the PaLPMO9E-treated bers can be e ciently processed MAS NMR results and indirectly by the monosaccharide
without any clogging of the devices while the referencecomposition.
bers that were not PAPMO9E-treated blocked the e combination of these results leads to the conclu
micro uidizer. Even if no change is observed in size andsion that PA PMO9E likely acts at the surface of the ele
morphology of birchwood bers after PAPMO9E treat mentary bril through an oxidative cleavage that releases
ment, mechanical shearing clearly revealed the e cient only few short soluble oligomers (lower than 0.1% of the
action of PAPMO9E. e passage through the 400 m  bers mass), while the major part of the chains remains
chamber produced a slight decrease in ber length; how stacked together. In fact, in the model of cellulose
ever, it was the passage through 200 m which inducedarrangement [43], cellulose brils are mainly associated
brillation of the bers and a global decrease of length as a part of aggregates, which means that a high prepor
and diameter. Similarly to common enzymatic treat tion of the bril surface area and crystallinity regions are
ments (endoglucanase and/or exoglucanase), puréfPa inside aggregates, preventing direct enzymatic attack.
MOO9E disrupted birchwood bers to the nanometric us, the inner part of the elementary bers seems to be
size, as shown using AFM. Siqueira et al. [34] observegreserved aftePaLPMO9E action keeping crystallinity
that exoglucanases preserved the network structure ofand molar mass nearly intact. Nevertheless, mechanical
cellulose, whereas the action of endoglucanases resulteieatment provides enough energy to disrupt the P@-
in a mixture of nano bers and nanocrystals. In our study, MO9E-treated cellulose network inducing a clear weak
the action of PAPMO9E vyielded a pulp with a rather ening of the elementary ber cohesion and increasing the
uniform nano bril composition that potentially reduces accessible surface.
the need for mechanical re ning [50].
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Conclusions to 7.8, the supernatants were Itered once more on
is work describes for the rst time the action of a sir 0.2 pm lters and loaded onto 5 mL Histrap columns
gle LPMO followed by mechanical shearing as a strateg{GE healthcare, Buc, France) connected to an Akta
for the fabrication of nano brillated cellulose (NFC). Xpress system (GE healthcare). Prior to loading, the-col
e treatment of birchwood bers by Pa LPMO9E alone umns were equilibrated in Tris HCI 50 mM pH 7.8 and
did not modify ber cohesion and morphology, and NaCl 150 mM (bu er A). e loaded columns were then
ber dimensions seemed to remain unchanged beforewashed with ve column volumes (CV) of 10 mM imi
mechanical treatment. Nevertheless, the use of mechanidazole in bu er A, before the elution step with 5 CV of
cal shearing by a micro uidizer processor induced bril 150 mM imidazole in buer A. After elution, the frae
lation and nanometer-sized brils were obtained. e tions containing the puri ed proteins were pooled and
use of LPMO enzymes not only allowed the passage dfu er was exchanged to Tris HCI pH 7.8, NaCl 50 mM
cellulose bers through the micro uidizer chamber, but using PD-10 columns (GE Healthcare). An aliquot of
also resulted in a homogeneous distribution of nano-sizeeach fraction was loaded onto an SDS-PAGE stain-free
brils that maintained ber crystallinity. is enzymatic gel (Bio-rad, Marnes-la-Coquette, France) to check pro
process is upscalable as the production of recombinantein purity. Protein concentration was determined with a

LPMO was set up in bioreactor. Nanodrop ND-2000 spectrophotometer (ermo Fisher

Scientic, IL, USA) using the theoretical mass and the
Materials and methods molar extinction coe cient calculated from the protein
PaLPMO9E production sequence.

e codon-optimized DNA sequence (Genebank ID
CAP67740) encoding was previously synthesized a€ellulosic bers
described in Bennati-Granier et al. [32]. In this study, A commercial bleached birchwood Kraft pulp from Stora
an alternative construct where the yeast -MF from the Enso was used.
expression vector pPICZ- was swapped with the native
signal peptide was designed. ePmel-linearized plas LPMO treatment and NFC production
mid was used for transformation into electrocompetent All procedure steps of bleached birchwood Kraft bers
P. pastoris X33 cells as described previously [51]. ZeocinKF) through enzymatic treatment and homogenization
resistant P. pastoris transformants were then screenedprocedures are summarized in Fig. Enzymatic treat
for optimal protein production. e best-producing  ment of cellulosic bers (28 g in total) with PaPMO9E
transformants were grown in 1 L of BMGY contain was carried out in a Tornado multiple chamber reactor
ing 1 mL L! of PTM, salts (2 g ! CuSQ,5H,0; 3 g (Additional le 1: Fig. S2). Enzymatic treatment was run
L! MnSO,H,0; 0.2 g ! NaMoO,2H,0; 0.02 g ! in parallel in four reaction chambers in order to assess
HsBO; 05 g L' CaSQ2H,0; 05 g L' CoCl; reproducibility. Enzymatic reaction was performed in
12,5 g I} ZnSQ,7H,0; 22 g L} FeSQ 7H,0; biotin  sodium acetate bu er (50 mM, pH 4.8) in the presence of
0.2 g L' ; concentratedH,SO, 1 mL) in shaken asks at ascorbic acid at 0.5 mM using an enzyme/substrate ratio
30 °C in an orbital shaker (200 rpm) for 16 h to &Dg,, of 1:500 with a 3.5% (w/v) consistency during 24 h under
of 2—6. Expression was induced by transferring the cellonstant stirring and at 50 °C. e enzymatic reaction
into 200 mL of BMMY containing 1 ml > of PTM, salts was stopped by boiling for 10 min, and the wet cake was
at 20 °C in an orbital shaker (200 rpm) for another 3 daysobtained by lItration and washing (Additional le1: Fig.
Each day the medium was supplemented with 3% (v/v)S2). Fibers were redispersed at 2% concentration (w/w)
methanol. in water (KF-LPMO). e suspensions obtained were
Bioreactor production of PaLPMO9E was carried out homogenized using an Ultra Turrax T25 homogenizer for
in 1.3-L New Brunswick BioFlo 115 fermentors (Eppen 30 s at 7500 rpm (short time to improve ber dispersion
dorf, Hamburg, Germany) following the P. pastoris fer without cutting) (NFCO). e suspensions obtained were
mentation process guidelines (Invitrogen) as described inthen homogenized through a M-110 EH-30 micro uid
Couturier et al. [39]. Recombinant enzyme was secretedzer processor (Micro uidics, USA) at a concentration

upto~2gL! (Additional le 1: Figs. S1, S2). of 2% (w/w, dry matter content). e slurry was passed
through a piston pump that applies a high pressure. is
Puri cation of PaLPMO9E micro uidizer has three Z-shaped interaction cham

e culture supernatants were recovered by pelleting bers with internal diameters of 400, 200 and 100 pm,
the cells by centrifugation at 2700g for 5 min, 4 °C andand it allows working at a constant ow rate of about
ltered on 0.45 um Iters (Millipore, Molsheim, France) 350 mL min' . Pulp suspension passed rst three times
to remove any remaining cells. After adjusting the pH through the 400 pm chamber with operating pressure
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of 100 bar (NFC1), then ve times through a chamber Chromatograph (ermo  Scientic™; temperature
of 200 um, where the operating pressure was 1500 baR05 °C. carrier gahl,). Standard sugars solution and ino
(NFC2), and nally ve times through the 100 um cham sitol as internal standard were used for calibration. All
ber operating at 2000 bar (NFC3). sample analyses were done in triplicate.

Analysis of the soluble sugars by HPAEC-PAD High performance size exclusion chromatography (HPSEC)
e oxidized and non-oxidized oligosaccharides gener About 80-100 mg of cellulose samples was weighted and
ated after action of PBPMO9E on bleached birchwood dispersed in water (0.1% Wtluring one night under vig
Kraft bers were analyzed by high-performance anion orous stirring. Fibers were then Itered through 0.45 m
exchange chromatography coupled with pulsed ampero PTFE membranes. e ber cake was then redispersed
metric detection (HPAEC-PAD) (ermo Fisher Scien  three times in anhydrous methanol (50 mL each time)
tic, Waltham, USA) as described by Westereng et al.followed by three additional redispersions in anhydrous
[52] using non-oxidized cello-oligosaccharides as stand dimethylacetamide (50 mL). en, the DMAc bers
ards (Megazyme, Wicklow, Ireland). Oligosaccharidesswollen cake was added to 5 or 10 mL of DMACc/LICI
standards oxidized at the C1 position were produced(9% w/w) under mechanical stirring during 24 h before
from non-oxidized cello-oligosaccharides using a cellebi tenfold dilution with anhydrous DMAc. e solution
ose dehydrogenase as described in Bennati-Granier et alvas then ltered and injected on a size exclusion chro

(31). matography system (OMNISEC Resolve, Malvern) with
N,N-dimethylacetamide/lithium chloride (0.9% wi/v) as
Morphological analysis of the bers the eluent. e SEC columns used were Viscotec Tguard,

e morphological characteristics of the bers contained LT4000L, LT5000L and LT7000L. e system was
in the suspensions (starting bleached birchwood Kraftequipped with a multi-angle laser light scattering Mal
bers or LPMO-pretreated bers) were determined by vern SEC-MALS 20 and OMNISEC Reveal devices (Mal
passing through the MorFi analyzer (Techpap, France)yvern). Calculations were performed with a dn/dc value of
based on optics and ow cell measurement. 0.136 mL ¢ and performed using OMNISEC software.

Optical and atomic force microscopy Cross-polarization/magic angle spinning (CP/MAS) NMR
Cellulose bers were deposited onto freshly cut mica For NMR analysis, samples (100 mg) were rehydrated
substrates from ber solutions at 0.1 gt and dry over in 50 pL H,O and water excess was absorbed using an
night. Fibers were observed by an Olympus 1X51 miero adsorbent. About 80-100 mg of each sample was packed
scope with a 20 objective. Atomic force microscopy into 4 mm NMR rotor. All cross-polarization magic angle
imaging was performed with the cantilever located on (CP/MAS) NMR experiments were acquired on a Bruker
certain cellulose bers with the aid of an optical micko  Avance 11l 400 spectrometer operating at'aC frequency
scope. Topographical images were registered by a Cataof 100.62 MHz equipped with a double-resonance H/X
lyst AFM (Bruker). e images were obtained in tapping CP/MAS 4 mm probe. Measurements were conducted
mode under ambient air conditions (temperature and kel at room temperature with a MAS spinning rate of 9 kHz.
ative humidity) using a monolithic silicon tip (Scanasyst- € CP pulse sequence parameters were 3.5 s proton 90°
Air, Bruker) with a spring constant of 0.4 N rh and a pulse, 1.75 ms CP contact time at 67.5 kHz and 9 s recy
nominal frequency of 70 kHz. Image processing was-percle time. e number of acquisitions for the CP/MAS*3C

formed with the WSxM 4.0 software [53]. spectra was typically 5.120 scart8C NMR spectra were
referenced to the carbonyl peak of glycine at 176.03 ppm.
Monosaccharide composition determination All spectra were processed with Gaussian multiplication

Individual neutral sugar composition of cellulosic b Parametersof LB 5Hz and GBO.1.

ers was identied and quantied after sulfuric acid From all NMR spectra, C4 regions were deconvoluted
degradation [36] as their alditol acetates derivatives byusing Lorentzian lines for the crystalline part (Cr (1)
gas-liquid chromatography (GC) [54]. For total moro and Cr (1)) and one Gaussian line for the less ordered
saccharides determination, 5 mg of dried cellulosic sam cellulose (para-crystalline cellulose, PCr, accessible- sur
ple was rstly prehydrolyzed by 13 M sulfuric acid for 1 h faces, AS, and inaccessible surface, IAS) (see Additional
at 30 °C and then hydrolyzed in 1 M sulfuric acid for 2 h le 1: Table S1 and Fig) [30,41]. Signal at 81.74 ppm
at 100 °C. For accessible monosaccharide determinatioivas assigned to hemicellulose (HC), more speci cally
soluble fractions were hydrolyzed by 2 M TFA at 120 ocxylan, and was deconvoluted into one Gaussian line.
for 2 h. GC analysis was performed with a TG-225 GC € cellulose crystallinity, measured as the crystallin
column (30 0.32 mm ID) using a TRACE Ultra Gas ity index (Crl), was determined from the areas of the
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crystalline (A, 86-92 ppm) and amorphous (4,
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