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Oxidative treatment and nanofibrillation softwood kraft fibres with lytic 
polysaccharide monooxygenases from Trichoderma reesei and 
Podospora anserina 

Kaisa Marjamaa *, Panu Lahtinen, Suvi Arola, Natalia Maiorova, Heli Nygren, Nina Aro, 
Anu Koivula 
VTT Technical Research Centre of Finland Ltd, P.O.Box 1000 02044 VTT Espoo, Finland   
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A B S T R A C T   

Cellulose oxidation and enzymatic treatments can be employed to reduce the energy consumption in production 
of cellulose nanofibrils (CNFs). Lytic polysaccharide monooxygenases (LPMOs) offer new biocatalytic tools for 
oxidative pretreatment of cellulosic fibres in this process. In this work the capability of LPMO enzymes to 
enhance fibrillation of bleached softwood kraft fibres was studied using two LPMO enzymes, i.e. C1/C4-oxidising 
AA9A from Trichoderma reesei (Tr AA9A) and C1-oxidising AA9E from Podospora anserina (Pa AA9E). The 
enzymatic treatments were carried out after mechanical pre-refining (grinding) of the pulp, which resulted in 
clear reduction of the intrinsic viscosity of the refined fibres compared to the previously published work, pre-
sumably due to better access of the enzymes on the fibre polysaccharides. The Tr AA9A treatments were carried 
out using different enzyme dosages (0.25–10 mg/g dry fibre) and fixed reaction time (24 h), resulting in fibres 
characterized by increased aldehyde content, which is in line with the C1/C4 oxidising activity of this enzyme. 
Comparison of the Tr AA9A to Pa AA9E with fixed enzyme dosage (2 mg/g dry fibre) and reaction time (24 h), 
showed that no remarkable increase in total charge of the cellulosic fibres could be obtained with either of the 
LPMO enzymes in these conditions. All the LPMO pretreatments improved fibrillation of mechanically refined 
fibres in microfluidization, seen as clearly lower residual fibre content and higher proportion nanosized material. 
In comparison of the Pa AA9E to Tr AA9A, clearly faster fibrillation was achieved with the Pa AA9E pretreat-
ment. The mechanical and oxygen barrier properties of CNF films prepared from LPMO pretreated fibres were 
very similar to the reference CNF films while water vapour transmission rate was somewhat higher.   

1. Introduction 

Cellulose nanofibrils (CNFs) are renewable and biodegradable 
nanomaterials suitable for diverse applications e.g. in fields of phar-
maceuticals, cosmetics, biomedicine, packaging and composites 
(reviewed e.g. in de Amorim et al., 2020). CNFs can be manufactured 
from abundant industrial plant fibres, such as softwood and hardwood 
kraft pulps, by aqueous mechanical disruption which delaminates the 
cell walls and releases the cellulose fibrils and fibril bundles with typical 
diameter of 5–50 nm and length of 50 nm–3 µm (reviewed in Nechy-
porchuk et al., 2016). The mechanical disintegration of plant fibres re-
quires substantial amount of energy and consequently there has been 
intense research and development on pretreatment technologies for 

enhancing the fibrillation. The separation of fibrils can be facilitated by 
carboxylation, sulfonation, carboxymethylation or quaternization, 
which introduce electrostatic repulsion between the fibrils (Saito et al., 
2006; Aulin et al., 2010, 2009; Liimatainen et al., 2013, 2012). In 
particular, oxidative carboxylation by a stable nitroxyl radical, (2,2,6, 
6-tetramethylpiperidin-1-yl)oxyl (TEMPO) has been extensively studied 
and also commercialized (Isogai, 2018; Isogai et al., 2011). 

In nature, the disintegration of cellulosic fibres is facilitated by 
various microbial enzymes, which catalyse hydrolysis or oxidation of the 
polysaccharides (reviewed by Østby et al., 2020). Enzymatic catalysis 
has established applications in lignocellulose saccharification in biofuel 
sector, as well as in bleaching and refining of cellulosic fibres (reviewed 
in Marjamaa and Kruus, 2018). Pääkko et al. (2007) and Henriksson 
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et al. (2007) have showed that restricted enzymatic hydrolysis, using 
endoglucanase type of enzyme (EC 3.2.1.4), facilitates mechanical 
fibrillation of pulps. The endoglucanases hydrolyse internal linkages in 
cellulose polymer in non-ordered (amorphous) areas in cellulose fibres, 
which is weakens the integrity of fibres and makes them susceptible to 
mechanical disassembly. Since the initial finding, there have been 
several studies on using hydrolytic enzymes in nanocellulose production 
(reviewed in Pirich et al., 2020) using for instance cellulases (Wang 
et al., 2015; Kim et al., 2021) or xylanases (Nie et al., 2018a and Nie 
et al., 2018b). 

Lytic polysaccharide monooxygenases (LPMOs, EC 1.14.99.53–56), 
are a divergent group of monocopper enzymes, which depending on 
enzyme variant can catalyse oxidative cleavage of different poly-
saccharides, including cellulose, starch, chitin, glucomannan, xyloglu-
can and/or xylan (Hemsworth et al., 2015; Hüttner et al., 2019; Lo 
Leggio et al., 2015; Vaaje-Kolstad et al., 2010). They are classified into 
auxiliary activity (AA) protein families in Carbohydrate Active enZyme 
(CAZy) database (http://www.cazy.org/Auxiliary-Activities.html), in 
which AA9 family represents the fungal cellulose oxidizing LPMOs. The 
oxidative action of LPMOs was discovered approximately ten years ago 
in connection with their remarkable ability to improve saccharification 
of recalcitrant lignocellulosic materials (Harris et al., 2010; Müller et al., 
2015). In contrast to endoglucanases, the AA9 family LPMOs can cleave 
internal linkages in crystalline celluloses, thus facilitating the degrada-
tion of most recalcitrant celluloses. Similar to fungal cellulases, some 
LPMO enzymes have a bimodular structure having a catalytic module 
linked to a carbohydrate-binding module (CBM), which enhances the 
binding of the enzyme on insoluble substrate (Hansson et al., 2017; 
Chalak et al., 2019). Prerequisites for the LPMO activity are reduction of 
the active site copper, e.g. by low molecular weight phenolic com-
pounds, pigments or dehydrogenase enzymes (Cannella et al., 2016; 
Langston et al., 2011; Quinlan et al., 2011), and availability of either 
molecular oxygen (Vaaje-Kolstad et al., 2010; Frandsen et al., 2016; 
Meier et al., 2018) or, as more recently discovered, hydrogen peroxide 
(Bissaro et al., 2017) as co-substrate. The typical LPMOs reaction in-
volves hydroxylation of the glucose units at C1 and/or C4 carbon, 
leading to cleavage of the β − 1,4-glycosidic linkages and resulting to a 
terminal aldonolactone (C1-oxidation) at the reducing end and/or ke-
tone (C4-oxidation) at the non-reducing end, respectively. In water, the 
aldonolactone is spontaneously hydrolysed to aldonic acid, and ketone 
undergoes reversible transformation to gemdiol, forming an 
equilibrium. 

The capability of LPMOs to oxidize polysaccharides is an intriquing 
property in modification of cellulosic fibres for material applications 
(Villares et al., 2017; Hu et al., 2018; Koskela et al., 2019). The Tr AA9A 
LPMO from the filamentous fungus Trichoderma reesei (Karlsson et al., 
2001; Saloheimo et al., 1997) is known to oxidize the glucose units of 
cellulose both at C1 and C4 positions, with a preference to the C4 po-
sition (Hansson et al., 2017; Pierce et al., 2017; Song et al., 2018; Tanghe 
et al., 2015; Marjamaa et al., 2022), when suitable electron donor and 
molecular oxygen and/or hydrogen peroxide are supplied (Kont et al., 
2020, 2019). We have recently discovered that oxidative pretreatment 
of softwood kraft fibres with the Tr AA9A enhances solubility of the fi-
bres in cellulose solvent, a phenomenon which can have significance in 
production of regenerated textile fibres and cellulose derivatives (Cec-
cherini et al., 2021; Marjamaa et al., 2022). 

In the present work, we have studied the capability of two bimodular 
LPMO enzymes, the C1/C4 oxidising LPMO Tr AA9A and the C1- 
oxidising Pa AA9E from P. anserina (Bennati-Granier et al., 2015), to 
enhance fibrillation of bleached softwood kraft fibres in micro-
fluidization. Different enzymes dosages of Tr AA9A, comparison of Tr 
AA9A to Pa AA9E as well as the combined effect of the Tr AA9A and Pa 
AA9E were evaluated. The enzymatic treatments were applied on me-
chanically pre-refined fibres and the effect of enzymatic treatment on 
the fibres was followed by spectrophotometric aldehyde quantification, 
intrinsic viscosity measurements and conductometric titration. The 

soluble sugars were analysed with a liquid chromatography method that 
we have developed for analysing oligosaccharide mixtures arising from 
the oxidative enzyme treatments. The quality of fibrillated pulps was 
assessed via rheology, optical methods as well as light and scanning 
electron microscopy (SEM), and finally free-standing films were casted 
from the mechano-enzymatically fibrillated cellulose samples and 
characterized for their barrier properties. Samples prepared without 
enzymatic pretreatment were used as a reference in all the experiments. 

2. Materials and methods 

2.1. Cloning, expression, production and purification of the enzymes 

Tr AA9A LPMO enzyme was produced in T. reesei and purified as 
described previously (Kont et al., 2019). P. anserina AA9E expression 
plasmid, pFiDi05 was constructed as follows: The synthetic gene (cDNA) 
encoding Pa AA9E (Uniprot accession number B2ATL7) was codon 
optimized for T. reesei and synthesized at GeneArt (Thermo). The syn-
thetic gene was cloned by yeast recombination into expression vector, 
pTTv248, containing cbh1 promoter, terminator, hygromycin selection 
marker, and targeting sequence for the cbh1 locus (Colot et al., 2006). 
After plasmid rescue from yeast the plasmid was transformed into Top10 
E. coli cells and selected on ampicillin plates. The correct assembly was 
verified by restriction enzyme analysis. The expression cassette was 
released from the pFiDi05 plasmid with PmeI restriction enzyme and 
purified from agarose gel. The cassette was transformed to protease 
deficient and cellulase negative T. reesei strain M2184 essentially as 
described Penttilä et al. (1987) and transformants were selected for 
hygromycin resistance on plates containing 125 μg/mL of hygromycin B. 
M2184 is a cellulase deletion strain generated from M124 strain by 
sequentially deleting 10 secreted proteases; pep1 (tre74156), tsp1 
(tre73897), pep4 (tre77579), gap1 (tre69555), slp1 (tre51365), pep3 
(tre121133), pep5 (tre81004), pep2 (tre53961), amp2 (tre108592) and 
slp8 (tre58698) and six secreted hydrolases cel6a (72567), cel7b 
(122081), cel5a (120312), xyn2 (123818), cel45a (49976) and cel61a 
(73643) (as described before in Fang et al., 2017; Landowski et al., 
2015). The gene identifiers are listed according to the Joint Genome 
Institute T. reesei assembly release version 2.0 (https://mycocosm.jgi. 
doe.gov/Trire2/Trire2.home.html). The fragments used for deletion 
contained the 5′ and 3′ flanking regions of the target gene, a pyr4 se-
lection marker with a loop-out fragment. Transformants of pFiDi05 were 
screened by PCR for correct integration of the constructs to the cbh1 
locus and deletion of cbh1 ORF. 

Five T. reesei transformants with correctly integrated expression 
cassette were grown in 24 well plates for five days at 28 ◦C in T. reesei 
mineral medium (TrMM) plus 40 g/L lactose, 20 g/L spent grain extract, 
8.6 g/L diammonium citrate, 5.4 g/L NaSO4, 100 mM PIPPS at pH 4.5, 
shaking at 28 ◦C at 800 rpm (Infors AG). TrMM contains 15.0 g/L 
KH2PO4, 2.4 mM MgSO4⋅7 H2O, 4.1 mM CaCI2⋅H2O, 3.7 mg/L CoCI2, 5 
mg/L FeSO4⋅7 H2O, 1.4 mg/L ZnSO4⋅7 H2O, and 1.6 mg/L MnSO4⋅7 H2O 
and 1 mM CuSO4⋅7 H2O. All the five T. reesei transformants secreted the 
Pa AA9E protein into the culture medium. The highest producing 
transformant was purified through single colony plating and named 
M2495. Spore suspensions were prepared by cultivating the fungus on 
potato-dextrose plates (BD, Sparks, Maryland, USA) for 5 days, after 
which the spores were harvested, suspended in a buffer containing 0.8% 
NaCl, 0.025% Tween-20% and 20% glycerol, filtered through cotton, 
and stored at − 80 ◦C. 

For Pa AA9E production, the T. reesei strain M2495 was cultivated in 
Biostat B2 bioreactor, using 1.5 L starting volume (cultivation code FEF- 
4). The culture medium was composed of lactose (60 g/L), distiller’s 
spent grain (30 g/L), KH2PO4 (5 g/L), (NH4)2SO4 (5 g/L), MgSO4 × 7 
H2O (0.59 g/L), trace elements (Fang et al., 2017), 1 mL/L) and anti-
foam Struktol J673 (2 mL/L), 2 mM CuSO4 and 4 mM CaCl2 and pH of 
the medium was adjusted to 4.8. The cultivation was carried out at 28 ◦C 
for 85.9 h. Lactose (20%) was fed to the culture after batch sugars were 
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consumed (after 3 d of culture). After cultivation the solids were 
removed by centrifugation and the liquid was stored at − 20 ◦C. Protein 
concentrations in the culture supernatant were measured with BioRad 
DC kit and with bovine serum albumin (BSA) standards according to 
manufacturer’s instructions (BioRad, USA). The culture supernatant 
samples were pre-purified with trichloroacetic acid (TCA) precipitation 
prior protein analysis. This was done by mixing the samples 1:1 with 
10% TCA, followed by incubation at 4 ◦C for 0.5 h. The precipitates were 
collected by centrifugation (140,000 rpm, 10 min), and redissolved in 
Lowry A reagent (2% Na2CO3, 4% NaOH). 

For protein purification, the culture supernatant FEF4 was filtered 
through GF/A filter and the changed to 20 mM sodium acetate buffer pH 
5 using Sephadex G25 gel filtration column (3 L volume) in two 540 mL 
aliquots. The 1949 mL sample was applied in equilibrated CM Sepharose 
column (volume 2.1 L) using flow rate of 200 mL/min, and unbound 
protein was washed with eight columns volumes (CV) of the 20 mM 
sodium acetate buffer pH 5. The bound proteins were eluted with 
0–0.32 mM sodium chloride gradient (16 column volumes) and col-
lecting 700 mL fractions. The fractions were analysed with Criterion 
Stain Free SDS-PAGE gels (BioRad, USA) and the ones enriched with Pa 
AA9E protein were combined in two pools, and desalted and concen-
trated with Pellicon ultrafiltration system with 5 kDa cut-off membrane 
from 9300 mL to 525 mL and 6200–490 mL. pH of the samples was 
adjusted to 6.2 with 0.5 M Na2HPO4 and the samples were applied into 
100 mL CM Sepharose column equilibrated with 10 mM sodium phos-
phate buffer pH 6.2. The Pa AA9E was collected from the flow through, 
while impurities were retained. Ammonium sulphate was added to the 
samples in 1 M concentration and the samples were applied into 50 mM 
Phenyl Sepharose column equilibrated with 20 mM sodium acetate 
buffer pH 5 containing 1 M ammonium sulphate. The bound protein was 
eluted with 10 mM sodium acetate buffer pH 5, pooled and changed to 
20 mM sodium acetate buffer pH 5 using 400 mL Sephadex G25 column. 
The concentrations of purified enzyme was analysed by measuring 
absorbance at A280 nm. The purified enzyme was stored in − 20 ◦C. 

2.2. Pulps 

Two different pulp types were used for enzymatic treatment and 
fibrillation trials. The once-dried bleached softwood kraft (Norway 
spruce, Scots pine) pulp was received as dry sheets from Metsä Fibre 
Rauma mill. The sheets were wetted and disintegrated to separate fibres 
according to SCAN-C 18:65 (except that the pulp concentration was 50 g 
(dry matter) /2.5 L of water) and the wetted pulp was washed to sodium 
form prior use as described in Rahikainen et al. (2019) and Swerin et al. 
(1990), respectively. The dry matter content of the disintegrated and 
washed pulp was 24.3%. Never-dried bleached softwood pulp was ob-
tained from Metsä Fibre Rauma mill in wet form in 39% dry matter 
content. The never-dried pulp was also washed to sodium form. 

The pulp suspensions were diluted to 2% consistency and pre-refined 
once in a grinder (Supermasscolloider MKZA10–15 J, Masuko Sangyo 
Co., Japan) at 1500 rpm. Energy consumption was approximately 2 
kWh/kg per dry pulp. Altogether three batches were pre-refined, i.e. one 
from the once-dried pulp obtained from the mill as dry sheets, and two 
batches from the never-dried pulps. First trials with varying enzyme 
dosage (0.25 mg and 2 mg Tr AA9A/g dry fibre) were done with the once 
dried re-wetted and disintegrated bleached kraft pulp. The comparison 
of 2–10 mg LPMO dosage for Tr AA9A and comparison of Tr AA9A and 
Pa AA9A were done with the never-dried bleached pulp batches (batch 1 
and batch 2, respectively). After pre-refining the pulps were stored in a 
refrigerator before further modification. Dry matter content in pulps was 
analysed by oven drying (105 ◦C, overnight). 

2.3. LPMO pretreatments 

The mechanically refined softwood kraft fibres were treated with Tr 
AA9A, Pa AA9E or their combination. The pulp amount in each 

treatment was 25 g (dry matter). The protein load in the enzyme 
treatments was 0.25–10 mg/g dry fibre, in case of treatment with 
combination of Tr AA9A and Pa AA9E both enzyme were added 1 mg/g 
dry fibre. The reaction mixtures contained 1.5% pulp (dry matter) in 50 
mM sodium phosphate buffer pH 7 and 1 mM gallic acid (GA) as 
reductant. The reactions were carried out in 45 ◦C water bath and with 
blade mixer. After 24 h incubation, the mixtures were heated 100 ̊C for 
20 min to inactivate the enzyme. Liquid and solids were separated by 
filtration through 60 µm mesh. The first flow through was recirculated 
through the solids, after the solids were washed with 10 × 20 mL of 
reverse osmosis water. The liquid samples were stored at − 20 ◦C until 
analysis. The solids were stored at 4 ◦C until analysis and micro-
fluidization. Control reactions were done in each series without the 
enzyme or without enzyme and GA. 

2.4. Fibrillation 

Fibrillation followed the method described in Vartiainen et al. 
(2016) with some exceptions. The pre-refined fibre suspension was 
processed with a microfluidizer model M110-EH. First cycle was 
through the chambers having a diameter of 400 µm and 200 µm. Then 
four cycles were through the 400 µm and 100 µm chambers. Operating 
pressure was 1100 bar in the first cycle and 1800 bar during four cycles. 
Hydrogel was produced after five cycles through the microfluidizer and 
sample collection was done after the third and the fifth microfluidization 
cycle for further analysis. The total number of fibrillation passes was 
four and six when pre-refining was included. 

2.5. Analysis of soluble sugars 

The soluble sugars were analysed using an Acquity UHPLC system 
(Waters, Milford, MA, USA) and Synapt G2-S mass spectrometer (Wa-
ters, Milford, MA, USA) as described in Marjamaa et al. (2022). The 
chromatography was carried out with HYPERCARB column (Thermo 
Scientific). Mass spectrometry (MS) in ESI-positive ion mode and trav-
eling wave ion mobility (TWIM) was used for further separation and 
detection of the oligosaccharides. The oligosaccharides and relative 
quantities of C1 and C4 oxidized oligosaccharides were analysed using 
calibration curves made from non-oxidized cello- and 
xylo-oligosaccharides (0.05–100 µg/mL degree of polymerisation (DP) 
2–4, in water). 

2.6. Analysis of the pulps after enzymatic treatments 

Aldehydes in the pulp samples were analysed in duplicate with TTC 
assay adapted from Obolenskaya et al. (1991) and as described in detail 
in Ceccherini et al. (2021). Intrinsic viscosity was analysed according to 
ISO 5351–1 with a PSL Rheotek equipment (Poulten, Selfe & Lee Ltd, 
UK) in triplicates. Conductometric titration was carried out according to 
the SCAN-CM 65:02 method. 

2.7. Analyses of the fibrillated pulps 

2.7.1. Apparent viscosity 
Gel strength and low shear viscosities of the fibrillated samples were 

measured by a Brookfield rheometer model RVDV-III Ultra and vane 
spindles according to the method described in Kangas et al. (2019). 
Measuring consistency was 1.5% for all samples. Average values from 
10 rpm shear rate level were selected for comparison and measurements 
were made in duplicate. 

2.7.2. Relative amount of nanomaterial 
Nanofibril yield was determined gravimetrically by centrifuging at 

10000g for 45 min. The method was similar to (Ahola et al., 2008) with 
small exceptions. The centrifuge was Eppendorf 5804 R and the samples 
were first diluted to 1.7 g/L consistency and then mixed with a 

K. Marjamaa et al.                                                                                                                                                                                                                             



Industrial Crops & Products 193 (2023) 116243

4

stator-rotor dispersing instrument (Ultra-Turrax T18) at 9300 rpm for 
10 min. After centrifuging the solids content of the supernatant was 
determined and its proportion in relation to the solids content of the 
whole sample was calculated, expressing the relative (%) amount of 
nanosized fibrils in the total amount of fibrillated sample. The mea-
surements were made in duplicate. 

2.7.3. Residual micro-sized fiber particles 
Fibre analysis was used for determining the amount of larger residual 

fibre particles that remain in the hydrogel after fibrillation. This method 
has been previously described by (Kangas et al., 2019) where charac-
terization of residual fibres from CNF samples was carried out with a 
Kajaani FibreLab analyser. In this analysis the number of residual fibres 
per mg of sample and TAPPI fines values were recorded from duplicate 
measurements. 

2.7.4. Morphological analysis by imaging 
Qualitative analysis of fibre morphology and the homogeneity of the 

samples was illustrated by optical microscopy and SEM imaging. The 
fibrillated samples were dyed with Congo Red solution and further 
diluted the dyed mixture on the microscope slide (Kangas et al., 2019). 
SEM imaging was done according to the method described by (Lahtinen 
et al., 2014). Imaging was based on a high-resolution field emission 
scanning electron microscope (FE-SEM). 

2.8. Film casting and characterisation 

Self-standing films were produced from the fibrillated samples with a 
patented film forming concept (Tammelin et al., 2011) using sorbitol as 
a plasticizer. The D-sorbitol (Sigma-Aldrich) was dissolved in water to 
50% concentration and blended with the fibrillated samples to final 
sorbitol concentration 30% of the fibre weight. The dispersions were 
processed with SpeedMixer (DAC 110.1 VAC-p, Hauschild) for 2 min at 
1500 rpm under vacuum to remove air bubbles. After air removal the 
dispersions were casted onto a plastic substrate according to method 
described by Vartiainen et al. (2016). The samples were dried overnight 
at ambient conditions and then delaminated from the plastic support. 

2.8.1. Mechanical characterization of the films 
Mechanical properties of the film samples were determined accord-

ing to modified SCAN P 38:80 (Paper and board - Determination of 
tensile properties) as in Vartiainen et al. (2016) with minor exceptions. 
Each test strip was placed between the grips and the grip distance was 
20 mm. Test strip had a width of 15 mm and tensile testing speed was 2 
mm/min. The tensile tester Lloyd LS5 was equipped with 100 N load 
cell. The samples were conditioned in a controlled atmosphere (23 ◦C / 
50% relative humidity (RH)) at least for 24 h prior to testing. The 
average mechanical values were calculated for six repeat measurements. 

2.8.2. Oxygen and water vapour transmission 
Oxygen transmission rates (OTR) through the films were determined 

according to standard ASTM D3985 using Oxygen Permeation Analyser 
Models 8001 (Systech Instruments Ltd, UK). The test area of the sample 
was 50 cm2. Tests were carried out at 23 ◦C and 50% relative humidity 
(RH) using 100% oxygen as a test gas. Oxygen permeability (OP) was 
determined by normalizing the OTR to thicknesses of the films. 

Water vapour transmission rates (WVTR) of the films were deter-
mined gravimetrically using a modified ASTME-96B (wet cup) proced-
ure. Samples with a test area of 30 cm2 were mounted on a circular 
aluminium dish (68–3000 Vapometer EZ-Cups), which contained water. 
Dishes were stored in test conditions of 23 ◦C and 50% relative humidity 
(RH) and weighed periodically until a constant rate of weight reduction 
was attained. Water vapour permeability (WVP) was determined by 
normalizing the WVTR to thicknesses of the films. 

3. Results and discussion 

3.1. Production and purification of the Tr AA9A and Pa AA9A LPMO 
enzymes 

Two fungal LPMOs, Tr AA9A and Pa AA9E were used in the current 
study. Both enzymes are composed of AA9 family catalytic module 
interlinked to a CBM1 family cellulose-binding module. The Tr AA9A 
was overproduced in genetically engineered T. reesei and purified as 
described previously in Kont et al. (2019). For production of Pa AA9E, a 
synthetic gene encoding the enzyme was expressed under lactose 
inducible promoter from cbh1 gene in T. reesei. The strain was cultivated 
in bioreactor to achieve sufficient amount of protein for the fibrillation 
studies. After four days of cultivation, the soluble protein concentration 
in the culture supernatant was ca 9 g/L (Supplementary Fig 1 A), and a 
clear band corresponding to the recombinant LPMO was observed in the 
SDS-PAGE analysis (Supplementary Fig 1B). The enzyme was purified 
from the culture supernatant via three column chromatography steps. 
The major protein band in the purified enzyme preparation corre-
sponded to the theoretical molar mass of the Pa AA9E (30 kDa) and the 
protein amount recovered was 389 mg (Supplementary Fig 1 C). 

3.2. Oxidation of mechanically pre-refined fibres by Tr AA9A 

Tr AA9A was studied in oxidative pretreatment of mechanically pre- 
refined softwood kraft fibres (rSKF), prior nanofibrillation via micro-
fluidization. The pulp used in this experiment was obtained from the 
mill as dry sheets, and it was re-wetted and disintegrated to separate the 
fibres prior mechanical pre-refining with the Supermasscolloider 
MKZA10–15 J. In the refining, the fibre suspension was subjected to 
compression and shear forces between the grinder stones, which initi-
ated fibrillation and started to loosen fibres. The enzymatic reactions 
were carried out at 1.5% dry fibre concentration and using 1 mM GA as 
electron donor (or reductant) for the LPMO catalysis using previously 
optimized conditions (pH 7, 45 ◦C) (Marjamaa et al., 2022). 

Effect of Tr AA9A treatment (enzyme dosages 0.25 and 2 mg/g dry 
fibre) on aldehyde and viscosity values of rSKF are shown in Fig. 1. We 
have previously adopted the spectrophotometric TTC assay for alde-
hydes as a fast and robust method to follow Tr AA9A catalysed oxidation 
of fibres (Ceccherini et al., 2021; Marjamaa et al., 2022). The Tr AA9A 
catalysed oxidative cleavage at C4-position of the glucose units produces 
two new cellulose chain ends: a keto group in the non-reducing end and 
a reducing end aldehyde, and as such the amount of aldehydes is ex-
pected to correlate with the C4 oxidative cleavages. In addition, intrinsic 
viscosity measurements were carried out to follow the effect of oxidative 
cleavages on the pulp molar mass. 

In line with our earlier results, the Tr AA9A treatment clearly 
increased the aldehyde concentration in the pre-refined pulp as 
compared to the reference (Fig. 1 A). The amount of aldehydes formed 
in the enzymatic treatment with the lower enzyme dosage (0.25 mg/g 
dry fibre) was ca two times higher compared to the values obtained in 
our previous work (ca 35 µmol/g fibres), where the same pulp, without 
the mechanical pre-refining (i.e. without grinding with the Super-
masscolloider MKZA10–15 J), was used as substrate (Marjamaa et al., 
2022). The Tr AA9A treatment also clearly reduced the rSKF viscosity 
(Fig. 1). The viscosity values typically correlate with molar mass average 
(Mw) of the fibre polymers. In our previous work, the effect of Tr AA9A 
on the molar mass of the non-refined kraft fibres was minor, even when 
much higher enzyme dosage was applied (5 mg/g dry fibre) (Marjamaa 
et al., 2022). Similarly, only minor effect on cellulose molar mass was 
obtained when softwood kraft fibres were pretreated with another 
LPMO, Pa AA9H (Villares et al., 2017). The mechanical refining applied 
in the current work prior the LPMO treatment may have increased 
accessibility of the LPMO to the bulk of the fibres, leading to the 
observed remarkable decrease in viscosity and higher amount of alde-
hydes. This would be in line with previous work with hydrolytic 
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enzymes, where mechanical pretreatment has been shown to enhance 
cellulase accessibility on wood fibres (Grönqvist et al., 2014; Pääkko 
et al., 2007). 

The LPMO pretreated rSKFs were fibrillated by microfluidization. 
The fibrillation efficiency was evaluated by analysing the quantity of 
residual fibres and fines (Fig. 1B), and the products were visually 
inspected with light microscopy (Fig1C). The Tr AA9A treatment 
enhanced the fibrillation in enzyme dose dependent manner, so that the 
enzyme pretreated samples contained 37% less residual fibres and 7% 
more fines than the reference sample (treated with GA only) after six 

passes of fibrillation (Fig. 1B). Light microscopy images revealed higher 
amount of visually unstructured aggregates in the LPMO treated fibres, 
in particular when the higher enzyme dosage was used (Fig. 1C). These 
are expected to arise from thin fibrils or fines bundled together by the 
nanosized material (Lahtinen et al., 2014). Relative amount of nano-
sized material, i.e. % amount of nanofibrils of the total amount of 
fibrillated material (quantified with the gravimetric method) increased 
up to 40% compared to the reference. The results suggested that the 
enzymatic oxidation, seen as increased aldehyde content and reduced 
intrinsic viscosity of the pulp, enhanced the effect of the mechanical 
fibrillation (Fig. 1D). Gel viscosity was highest in samples where 
0.25 mg Tr AA9A was used in the treatment (Fig. 1D). The gel viscosity 
of the CNFs is affected by fibril morphology (e.g. length, aspect ratio, 
flexibility) and surface chemistry (reviewed in Hubbe et al., 2017). In 
case of the sample produced with the 0.25 mg LPMO treatment, the 
reason for the higher viscosity can be due to the relatively homogenous 
fibre size distribution and presence of high aspect ratio fibres, which can 
form strong fibre network under shear. Increasing the enzyme dosage 
increased the oxidative degradation of the fibres, which may have 
resulted in shorter fibrils in microfluidization and consequently lower 
final gel viscosity. 

3.3. Oxidation of never-dried refined softwood kraft fibres with higher 
dosage of Tr AA9A 

The effect of further increasing the Tr AA9A dosage on oxidation of 
softwood kraft fibres was studied using never-dried rSKF (batch 1) as 
substrate in order to maximise the enzyme effect. Drying of the pulp, 
typically carried out at the mill for storage and transport of the pulp, 
often has negative effect on efficiency of the enzymatic treatments, due 
to hornification and consequent reduction of the wettability and 
accessibility of the substrate (Duan et al., 2015; Imai et al., 2019; Naz-
had et al., 1995). The Tr AA9A at concentration of 2 mg/g dry fibre 
produced slightly higher amount of aldehydes to the never-dried rSKF 
(108 ± 2 µmol/g dry fibre) than rSKF (83 ± 4 µmol/g dry fibre), but 
increasing enzyme dosage from 2 mg up to 10 mg/g dry fibre had 
negligible additional effect on the aldehyde concentration and pulp 
viscosity (Fig. 2 A). The reason for the minor effect of the increasing 
enzyme concentration could be that the enzyme accessible sites in the 
fibres were saturated. In addition, the availability of co-substrates, i.e. 
oxygen or hydrogen peroxide, could have been limiting the oxidation 
reaction. Hydrogen peroxide was not added to the reaction, but it can be 
formed in situ by oxidation of LPMO reductants (Bissaro et al., 2017). Tr 
AA9A with dosage of 2 mg/ dry fibre enhanced the fibrillation of 
never-dried rSKF resulting in 54% less residual fibres, 7% higher amount 
of fines and nearly two time higher amount of nanosized material in the 
product, compared to the reference samples (treated without enzymes 
± GA) (Fig. 2 A & B). It must be noted that the never-dried rSKF batch 
was fibrillated in general faster than the once dried rSKF, seen as clearly 
lower amount of residual fibres both in reference samples and enzyme 
treated sample. Increasing enzyme dosage above 2 mg/g dry fibres had 
no further improving effect on the fibrillation and accumulation of 
nanosized material (Fig. 2B & C). The slight decline in the amount of 
nanosized material may indicate that the main effect of increasing 
enzyme dosage was degradation of nanofibrils to soluble sugars. 
Fibrillated material, short residual fibres and fibril aggregates were seen 
in the light microscopy analysis (Fig. 3A-C) and SEM imaging revealed 
fibrils with diameter less than 1 µm (Fig. 3D-F). 

3.4. Comparison of Tr AA9A and Pa AA9E in oxidation of never-drier 
refined softwood kraft fibres 

The Tr AA9A was compared to Pa AA9E in oxidation and fibrillation 
of the never dried rSKF (batch 2). The Pa AA9E has been previously 
shown to enhance fibrillation of bleached birch kraft fibres (Moreau 
et al., 2019). The soluble oxidation products released in the enzymatic 

Fig. 1. Oxidation of rSKF by Tr AA9A and the effect of the enzymatic treat-
ments on rSKF fibrillation. (A) The oxidation was followed by intrinsic (SCAN) 
viscosity measurement of the rSKF and quantifying aldehydes in the rSKF with 
TTC assay. (B) The fibrillation was followed by quantifying residual fibres 
(PSC/mg) and fines (%) in CNF with FiberLab analyser after 4 and 6 passes of 
fibrillation. (C) Light microscopy images of Congo Red stained CNFs prepared 
from the LPMO pretreated fibres and reference fibres (no enzyme in the reac-
tion, only GA). (D) The nanosized material in the CNF (%, dots) was quantified 
with a centrifugation based-method and the CNF gel viscosity (mPa*s, columns) 
was analysed with Brookfield rheometer. The enzyme treatments were carried 
out using 0.25 or 2 mg Tr AA9A/g fibre (dry matter), at 1.5% solids loading, in 
50 mM sodium phosphate buffer pH 7 and 45 ◦C for 24 h. The pulp used in the 
experiment was obtained from the mill as dry sheet, and it was re-wetted, 
disintegrated to fibres and washed to sodium form prior the mechanical pre- 
refining and enzymatic pretreatment. No enzyme refers to control reaction 
containing pulp and GA. 
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treatments were analysed with a LC-IM-MS method previously set-up for 
this purpose (Marjamaa et al., 2022). This method enabled good reso-
lution and detection of non-oxidized and oxidized oligosaccharides 
within range of DP2-DP4 in semi-quantitative manner. The amount of 
soluble sugars detected after the LPMO treatments was low, ca 1% of the 
dry matter of the pulp. Longer oligosaccharides may contribute the yield 
loss, but those could not be analysed with the used method. The low 
soluble sugar concentration correlates well with the results reported 
earlier with LPMO action on softwood fibres (Villares et al., 2017; 
Koskela et al., 2019). 

The detected oxidized gluco-oligosaccharides, i.e. aldonic acids and 
ketones/gemdiols, were mostly in line with previously published 
regioselectivities of the two LPMOs: the Tr AA9A catalysed both C4 and 
C1 hydroxylations, whereas the Pa AA9E was strictly C1 specific 
(Table 1). Sugars having masses corresponding to oxidized xylooligo-
saccharides were also detected (Table 1). Both C1 and C4 oxidized 
xylooligosaccharides were detected in Tr AA9A and Pa AA9E treated 
samples, suggesting that part of them may arise from some unspecific 
side-reactions, involving reactive oxygen species arising from oxidation 
of the reductant. Some LPMOs are capable to oxidize xylan bound on 

cellulose surface, but such activity has to our knowledge not been 
described for the LPMOs in current study. However, further studies are 
needed to verify whether or not the Tr AA9A and Pa AA9E can in fact 
oxidize also xylans in the softwood. Oligosaccharides having masses 
corresponding to double-oxidised cello- and xylooligosaccharides were 
also detected. This could be indicative of structures such as C4-gemdiol 
in combination with aldonic acid, but the exact molecular structures of 
these components could not be determined. 

Non-oxidized glucooligosaccharides were also observed, in partic-
ular in the samples from Tr AA9A treatments. In our previous work, it 
was seen that the formation of the non-oxidised oligosaccharides is 
related Tr AA9A activity in presence of the reductant, suggesting that 
these may be degradation product of labile C4 oxidized sugars (Marja-
maa et al., 2022). Non-oxidised xylooligosaccharides were also detected, 
possibly arising from minor xylanase impurity in the purified LPMOs, 
and/or degradation of C4 oxidized xylooligosaccharides. 

Comparison of the aldehyde amounts, intrinsic viscosity values and 
charge of the LPMO treated fibres are shown in Fig. 4. The Tr AA9A 
treatment produced clearly more aldehydes than the treatment with Pa 
AA9E, which is in line with the lack of C4 oxidising activity of Pa AA9E 
(Bennati-Granier et al., 2015) (Fig. 4A). The aldehyde amount in the 
reference sample (pulp only) and the Tr AA9A treated sample (2 mg/g 
dry fibre) were similar to the corresponding results from the mechani-
cally pre-refined batch 1 (Fig. 2 A). Viscosity value was lowest in sam-
ples treated with Tr AA9A (353 mL/g), but the viscosities were quite 
similar in all the enzyme treated samples (353–422 mL/g) (Fig. 4B). The 
viscosity values in the reference sample (690 mL/g) and the Tr AA9A 
treated sample were also rather similar to the corresponding data from 
the never dried rSKF batch 1 (740 mL/g and 300 mL/g, respectively). 
The charge of the pulp was not remarkably higher after treatment of the 
C1 oxidising LPMO Pa AA9E, although increasing the amount of 
reducing end aldonic acids could be expected as consequence of the C1 
oxidation (Fig. 4 C). Charge values were not either reported in Moreau 
et al. (2019) in which Pa AA9E was used in hardwood fibre treatment in 
conditions similar to the work reported here. Introduction of negative 
charge to the fibres, such as in the case of TEMPO-oxidation is known to 
enhance fibrillation due to electrostatic repulsion between the charged 
fibrils. Further improvement of the LPMO treatment efficiency may thus 
be needed to enable significant fibre surface carboxylation and better 
fibril separation. 

One reason for minor effect of LPMO treatment on fiber charge may 
be caused by solubilisation of the charged sugars. Koskela et al. (2019) 
observed that when softwood holocellulose was treated with C1 
oxidizing Nc LPMO9F, a LPMO which has no CBM, the resulting fibres 
had more charge than with LPMO carrying CBM. The higher charge was 
related to lower amount of soluble sugars, which would support the 
theory of loss of charge (of the insoluble fibre fraction) via cellulose 
solubilisation. Chalak et al. (2019) has proposed that CBM restricts the 
LPMO movement on the cellulose surface, resulting to several consec-
utive cleavages in close proximity of the bound enzyme, and conse-
quently to relatively high amount of soluble sugars when compared to a 
LPMO not having a CBM. Both of the LPMO in the current study con-
tained CBM, which may thus promote the solubilizing action. 

The combination of Tr AA9A and Pa AA9E (1 +1 mg/g pulp) pro-
duce lower amount of aldehydes than Tr AA9A alone (2 mg/g pulp), and 
very similar viscosity and charge values as the treatment with single 
enzymes. No obvious synergy between the two types of LPMO enzymes 
could thus be detected. The aldehydes in the fibres were expected to be 
formed in the oxidative cleavage at C4 positions in the anhydroglucose 
units of cellulose. The lower aldehyde content in the fibres treated with 
the mixture of Tr AA9A and Pa AA9E (1 +1 mg/g dry fibre) compared to 
treatment with only Tr AA9A (2 mg enzyme/g dry fibre) was presum-
ably caused by the two times lower amount of C4 oxidising activity in 
the mixture (1 mg Tr AA9A/g dry fibre) or competition for co-substrate 
(s) and/or reductant between the Tr AA9A with Pa AA9E. The mixture of 
LPMOs decreased the pulp viscosity 290 mL/g (from 690 mL/g to 

Fig. 2. Oxidation of never-dried rSKF (batch 1) by Tr AA9A and the effect of 
the enzymatic treatments on fibrillation. The oxidation was followed by 
quantifying aldehydes in pulp with TTC assay and intrinsic (SCAN) viscosity 
measurement (A) and fibrillation was carried out by microfluidization (total 4 
or 6 passes of fibrillation) (B). The fibrillation was followed by quantifying 
residual fibres (PSC/mg) and fines (%) were analysed with FiberLab analyser. 
(C) The nanosized material in the fibrillated samples (%, dots) was quantified 
with a centrifugation based-method and gel (CNF) viscosity (mPa*s, columns) 
was analysed with Brookfield rheometer. The enzyme treatment was carried out 
using 2, 5 or 10 mg Tr AA9A/g dry fibre, at 1.5% solids loading, pH 7 and 45 ◦C 
for 24 h. 
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400 mL/g), which is in the range expected from two times lower dosage 
of Tr AA9A and Pa AA9E. The charge of the fibres was highest when the 
mixture was applied (21 mmol/kg), but the difference to sole Pa AA9E 
treatment (19 mmol/kg), Tr AA9A treatment (18 mmol/g) and control 
(17 mmol/g) was very small and may arise merely from heterogeneity of 
the pulp. 

The never dried rSKF batch 2 reference and enzyme treated samples 
were fibrillated in microfluidizator in the same way as batch 1 samples. 
Compared to the batch 1, the batch 2 reference sample and Tr AA9A 
treated sample contained clearly lower amount of residual fibres (Fig. 2B 
and Fig. 4A), indicating that the effects of the enzyme treatments on the 
fibrillation values cannot be directly compared between the batches, but 
relative to the reference sample in each series. 

Lowest amount of residual fibres, i.e. 50% of that in the reference 
sample (pulp only, without GA), were measured in CNF prepared from 
Pa AA9E pretreated rSKF (Fig. 5A). The fines content was 79–87% in all 
the samples after six passes of fibrillation, and in this series highest fines 
content was found from the reference sample. The highest fines content 
(85–89%) in the enzyme treated samples were measured after four 
passes of fibrillation. This could mean that fines were further converted 
to smaller nano-sized fibrils in the consequent microfluidization cycles 
(Fig. 5C). These nano-sized fibrils could not be detected by the fibre 
analyser, but as a result of fibrillation the relative amount of nano-sized 
material increased (Fig. 5B). The variation in the fines content in this 
study was however quite small, and considering the optical analyses, the 
clearest conclusions on the enzyme effects on the fibrillation can be 
based on the residual micron-sized fibre content. Quantification of the 
amount of nanosized material with a centrifugation-based method 
showed that in case of Pa AA9E treated fibres, four fibrillation passes 
were sufficient to produce similar amount of nanomaterial as six passes 
in case of the other enzyme treatments (Fig. 5B). The ability of Pa AA9E 
to enhance fibrillation is in line with results in Moreau et al. (2019) 
where this enzyme was used in pretreatment of bleached birch kraft 
fibres. Similar trend was seen in the development of CNF gel viscosity 
(Fig. 5B). The apparent viscosity values of CNF can increase by 
increasing the degree of fibrillation, due to higher surface area and in-
crease amount of interfibril connections (Albornoz-Palma et al., 2020). 
The CNF obtained from treatment with mixture of Tr AA9A and Pa AA9E 

was similar to CNF from Tr AA9A treatment, suggesting that the Pa 
AA9E dosage in the mixture was not sufficient to produce the faster 
fibrillation, and/or the competition between the two enzymes affected 
the Pa AA9E performance. 

In earlier work by Hiltunen (2021), the purified Tr AA9A and Pa 
AA9E LPMOs described here were compared in capability to enhance 
saccharification of pretreated softwood lignocellulose by mixture of 
cellulases. It was seen that while addition of the Tr AA9A to the cellulase 
mixture clearly facilitated the saccharification, the Pa AA9E did not 
have such effect. This is line with results from Tokin et al. (2020) who 
observed that LPMOs which can hydroxylate at C4 positions in cellulose, 
i.e. Ta AA9A from Thermoascus aurantiacus and Ls AA9A from Lentinus 
similis, enhanced hydrolysis of crystalline cellulose in synergy with 
cellulase enzyme, while strictly C1 specific LPMO Tt AA9E from Thie-
lavia terrestris had even impairing effect on saccharification. This sug-
gests that regioselectivity may affect the suitability of LPMOs to 
different applications, and that C1 oxidising LPMOs, such as Pa AA9E 
may be better for cellulose and fibre modification than biomass 
saccharification in biofuel and -chemical production. 

3.5. Cellulose film properties 

Free-standing films were casted from fibrillated pulps produced 
using the LPMOs in the pretreatment, and the reference samples (pre-
pared without enzyme and GA), in order to evaluate the material per-
formance of the samples. The thickness of the films was ca 30 µm and 
sorbitol was used as plasticizing compound. Mechanical and barrier 
properties of the films are shown in Table 2. Measured values were in 
line with earlier reports on CNF films prepared from softwood fibres 
using similar method (Österberg et al., 2013; Vartiainen et al., 2014, 
2015). 

No significant difference was seen in the Young’s modulus of the 
samples. The strength (MPa) of the CNF films prepared from pulps 
pretreated with Pa AA9E or Tr AA9A+Pa AA9E were slightly lower (110 
and 101 MPa, respectively) than the in the reference films or when only 
Tr AA9A was used in the pretreatment (ca 125 MPa). The strain (%) was 
also somewhat lower in CNFs prepared from LPMO pretreated pulps, 
and again the reduction of strain was largest when Pa AA9E was 

Fig. 3. Light microscopy (A.-C.) and SEM images (D.-F.) from fibrillated never-dried rSKF samples. A &D Controls where no enzyme and no GA was used in pre-
treatment. B&E Control where only GA was used in the pretreatment. C&F 2 mg LPMO Tr AA9A and 1 mM GA was used in 24 h pretreatment, at pH 7 and 45 ◦C. 
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included in the pretreatment. In Koskela et al. (2019), clearly higher 
tensile strength (ca 260 MPa) was observed in nanopapers prepared 
from LPMO (C1 oxidizing) treated and mechanically fibrillated softwood 
holocellulose, compared to nanopaper prepared without enzymatic 
pretreatment (ca 150 MPa). The improved strength was proposed to be 
caused by better the fibrillation of LPMO treated samples: without the 
LPMO treatment the holocelluloses remained intact in the mild 
Ultra-Turrax treatment used in the fibrillation (Koskela et al., 2019). The 
minor effect of LPMO treatment in the strength of CNF films prepared 
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Fig. 4. Comparison Tr AA9A and Pa AA9E in oxidation of pre-refined never- 
dried rSKF (batch 2). The amount of aldehydes in pulp (A),the intrinsic (SCAN) 
viscosity of pulp samples (B), and charge of the pulp samples analysed with 
conductometric titration (C). The enzyme treatment was carried out using 2 mg 
enzyme/g dry fibre, at 1.5% solids loading, pH 7 and 45 ◦C for 24 h. 
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from softwood pulp in our study may have caused by the employed pulp 
and enzyme combination, different degree of fibrillation as well as 
different fibrillation method utilised, as well as by usage of sorbitol in 
the film preparation, which is known to affect the mechanical and 
barrier properties of the CNF films (Aulin et al., 2022). 

The oxygen transmission rate (OTR) of all the films were very close to 
each other, ca 1 cc/(m2 *day), which is in line with published value of 
CNF films plasticized with sorbitol (Aulin et al., 2022). The water vapour 
transmission rate (WVTR) of the films prepared from LPMO treated 
pulps were instead two times higher than in the reference. The WVTR of 
CNF films can be affected by crystallinity, hemicellulose content and 
porosity of the CNF films (Wang et al., 2018). Considering the similar 
oxygen barrier properties, higher porosity may not be likely explanation 

for the change in the WVTR, and degradation of hemicellulose would be 
expected to translate into lower WVTR. Crystallinity values were not 
determined in the current work, but based on current understanding on 
the mode of action of the AA9 family LPMOs, oxidative degradation of 
crystalline areas in fibres seems plausible. Furthermore, Kim et al. 
(2021) have recently compared water vapour permeation of CNF films 
prepared from bleached hardwood after enzymatic hydrolysis, 
TEMPO-oxidation or carboxymethylation. They observed that the CNF 
films prepared from endoglucanase pretreated fibres exhibited lowest 
water vapour permeation, which was assumed to be due to higher 
crystallinity of the films after endoglucanase catalysed hydrolysis of 
disordered areas in the fibres. 

4. Conclusions 

Enzymatic oxidation, catalysed by two different types of fungal AA9 
family LPMO enzymes alone and in combination, was studied as a pre-
treatment method in CNF production from bleached softwood fibres 
with industrially relevant mechanical disintegrators. The LPMO en-
zymes had clear effect on lowering the viscosity of the pre-refined fibres, 
presumably due to better accessibility compared to non-refined fibres. 
The treatment with C4 hydroxylating LPMO Tr AA9A resulted in higher 
aldehyde content in the pulp, while surprisingly no increase in charge 
was produced with the C1 oxidising LPMO Pa AA9E. Both LPMOs 
facilitated the fibrillation in microfluidization, and the Pa AA9E treat-
ment resulted in faster fibrillation than the Tr AA9A treatment. Com-
bined treatment with Tr AA9A and Pa AA9E did not give any additional 
benefit in fibrillation. The free standing cellulose films casted from 
LPMO pretreated and fibrillated pulps exhibited similar mechanical 
strength and oxygen barrier properties as the reference films. These 

Fig. 5. Effect of LPMO Tr AA9A and Pa AA9E pretreatment 
on nanofibrillation of never-dried rSKF (batch 2). The 
fibrillation was carried out by microfluidization (total 4 or 
6 passes of fibrillation). A. The fibrillation was followed by 
quantifying residual fibres (PSC/mg, columns) and fines 
(%, dots) in CNF. B. The nanosized material in the fibril-
lated CNF samples (%, dots) was quantified with a centri-
fugation base-method and gel viscosity (mPa*s, columns) 
was analysed with Brookfield rheometer.   

Table 2 
Properties of the self-standing films prepared from the fibrillated LPMO pre-
treated softwood kraft fibres.  

Sample Thickness Y- 
Modulus 

Strength Strain OTR WVTR  

µm MPa MPa % cc/ 
(m2 

*day) 

g/ (m2 

*day) 

No 
enzyme 

29 ± 1.0 3874 
± 171 

125 ± 8 13.3 
± 0.9 

0.9 
± 0 

11.7 
± 1.4 

Tr AA9A 30 ± 0.8 4020 
± 159 

127.4 
± 6 

11.9 
± 0.6 

1.1 
± 0 

20.4 
± 3.1 

Pa AA9E 29 ± 1.2 3954 
± 274 

110.6 
± 1.2 

10.9 
± 1.2 

1.2 
± 0 

22.6 
± 6.0 

Tr AA9A 
+ Pa 
AA9E 

29 ± 1.6 4066 
± 225 

101.8 
± 12 

9 
± 2.3 

1.0 
± 0.1 

20.5 
± 0.1  

K. Marjamaa et al.                                                                                                                                                                                                                             



Industrial Crops & Products 193 (2023) 116243

10

results are promising. In order to further optimise this methodology for 
larger scale applications, enzyme selection (e.g. using C1-oxidising 
LPMO enzyme without a CBM) and/or optimized provision of the 
hydrogen peroxide as oxygen donor (instead of molecular oxygen) 
should be considered. The effect of the LPMO pretreatment on water 
vapour permeation of the films would also need some further studies in 
order to allow proper control of the barrier properties. 
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Suurnäkki, A., 2014. Fibre porosity development of dissolving pulp during 
mechanical and enzymatic processing. Cellulose 21, 3667–3676. https://doi.org/ 
10.1007/s10570-014-0352-x. 

Hansson, H., Karkehabadi, S., Mikkelsen, N., Douglas, N.R., Kim, S., Lam, A., Kaper, T., 
Kelemen, B., Meier, K.K., Jones, S.M., Solomon, E.I., Sandgren, M., 2017. High- 
resolution structure of a lytic polysaccharide monooxygenase from Hypocrea 
jecorina reveals a predicted linker as an integral part of the catalytic domain. J. Biol. 
Chem. 292, 19099–19109. https://doi.org/10.1074/jbc.M117.799767. 

Harris, P.V., Welner, D., Mcfarland, K.C., Re, E., Poulsen, J.N., Brown, K., Salbo, R., 
Ding, H., Vlasenko, E., Merino, S., Xu, F., Cherry, J., Larsen, S., Leggio, L.Lo, 2010. 
Stimul. Lignocellul. Biomass-.-. Hydrolys. Proteins Glycoside Hydrolase Fam. 61: 
Struct. Funct. a Large, Enigmatic Fam. † 3305–3316. https://doi.org/10.1021/ 
bi100009p. 

Hemsworth, G.R., Johnston, E.M., Davies, G.J., Walton, P.H., 2015. Lytic Polysaccharide 
Monooxygenases in Biomass Conversion. Trends Biotechnol. 33, 747–761. https:// 
doi.org/10.1016/j.tibtech.2015.09.006. 

Henriksson, M., Henriksson, G., Berglund, L.A., Lindström, T., 2007. An environmentally 
friendly method for enzyme-assisted preparation of microfibrillated cellulose (MFC) 
nanofibers. Eur. Polym. J. 43, 3434–3441. https://doi.org/10.1016/j. 
eurpolymj.2007.05.038. 

Hiltunen, M., 2021. Characterization of the auxiliary activity enzymes Trichoderma 
reesei Tr AA3_2, Tr AA9A and Podospora anserina Pa AA9E, with potential roles in 
cellulose modification. Master’s thesis. University of Jyväskylä, Finland. 
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