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neutral pH. The enzymatic fibre oxidation efficiency 
was found to be dependent on reductant (gallic acid) 
and hydrogen peroxide supply in a pH dependent 
manner. A high resolution UHPLC-IM-MS method 
was used for identification of oxidized oligosaccha-
rides released in the enzymatic treatments. A micros-
copy method was applied for analysis of single fibre 
dissolution kinetics of Tr AA9A pretreated softwood 
kraft fibres, demonstrating that the oxidative enzy-
matic treatment facilitated the fibre dissolution and 
degraded the fibre surface structures, which prevent 
swelling.

Abstract Lytic polysaccharide monooxygenases 
(EC1.14.99.53-56, LPMOs) are oxidative enzymes 
with the capability to enhance lignocellulose sac-
charification as well as nanofibrillation of cellulosic 
fibres. The parameters affecting the efficiency of oxi-
dative modification of cotton linters and softwood 
kraft fibres by LPMO from Trichoderma reesei (Tr 
AA9A) were studied here. Circular dichroism experi-
ments were carried out to analyze the thermal stabil-
ity and to indicate the optimum temperature for the 
experiments. The enzyme was found to be most ther-
mostable at pH 5 but can tolerate up to 40–50 °C at 
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Graphical Abstract 

with a suitable mediator compound. In such sys-
tems, the enzyme oxidizes the mediator, such as 
TEMPO, which in turn oxidizes the cellulose mol-
ecule (Quintana et al. 2017).

Lytic polysaccharide monooxygenases 
(EC1.14.99.53-56, LPMOs) are a class of enzymes 
found in fungi, bacteria,viruses, insects and plants, 
and characterized by an ability to directly oxidize 
polysaccharides, including cellulose, starch, chitin 
and/or hemicelluloses (see also http:// www. cazy. 
org/ Auxil iary- Activ ities. html) (Vaaje-Kolstad et  al. 
2010; Hemsworth et al. 2015; Lo Leggio et al. 2015; 
Hüttner et al. 2019, Vandhana et al. 2022). The known 
cellulose oxidizing LPMOs are regioselective and can 
hydroxylate at C1 and/or dehydrogenate at C4 posi-
tion of anhydroglucose units in cellulose, leading to 
a cleavage of the glycosidic linkage and formation of 
new end-groups on the cellulose polymer, either δ-1,5 
lactones or 4-ketoaldoses (Hemsworth et  al. 2015; 
Quinlan et  al. 2011). Characterization of LPMO 
activity is demanding and has been mainly carried out 
by analysing the soluble products released from the 
insoluble polysaccharide substrates.

Three-dimensional structures of several LPMOs 
have been solved, demonstrating that despite of the 
low sequence similarities, LPMOs share a similar 
Ig-like β-sandwich folds with a flat substrate bind-
ing surface containing a single copper ion, which is 
essential for the oxidative reactions (Quinlan et  al. 
2011). The LPMO activity requires also presence of 
a suitable electron donor, which reduces the Cu(II) in 
the active site to Cu(I). LPMOs have been reported 
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Introduction

Oxidation is used in improvement of cellulose and 
cellulosic fibre properties in a range of applications 
areas, from medical and cosmetics to papermak-
ing, composites, textiles and cellulose derivatives 
(reviewed in Coseri et  al. 2013). At a molecular 
level, oxidation introduces new carboxyl or car-
bonyl groups to the cellulose polymer and can cause 
cleavages of the glycosidic linkages (Potthast et al. 
2006). These molecular level modifications can 
alter technical cellulose or fibre properties, such as 
charge, viscosity, fibre strength and binding proper-
ties (Potthast et al. 2007).

Chemical oxidation of cellulose can be car-
ried out using non-selective oxidants, such as 
ozone (Johansson and Lind 2005), or selective oxi-
dants, such as periodates or nitroxyl radicals [e.g. 
2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO)] 
(Potthast et al. 2007; Isogai et al. 2011; Patel et al. 
2011). Biocatalytic oxidation methods provide 
interesting options due to the low energy input, 
selectivity and environmental safety of the enzy-
matic catalysis. In addition, chemo-enzymatic oxi-
dation of cellulose can be achieved with polyphenol 
oxidases (laccases) or peroxidases in combination 

http://www.cazy.org/Auxiliary-Activities.html
http://www.cazy.org/Auxiliary-Activities.html
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to accept various types of reductants, including e.g. 
monoaromates, dehydrogenase enzymes, and pig-
ments (Langston et  al. 2011; Cannella et  al. 2016). 
Molecular oxygen was initially thought to be the 
co-substrate of LPMOs in the polysaccharide oxida-
tion and the reaction scheme involved stoichiometric 
consumption of the reductant as a source of electrons 
(Vaaje-Kolstad et al. 2010; Phillips et al. 2011; Frand-
sen et  al. 2016; Meier et  al. 2018). Recent observa-
tions have shown that at least for some LPMOs, the 
activity can be substantially increased by supplement-
ing the reaction with hydrogen peroxide  (H2O2). This 
has led to a suggestion of a reaction scheme, in which 
 H2O2 acts as a co-substrate for LPMOs and a reduct-
ant is needed only for the so called priming reduction 
of the active site copper (Bissaro et al. 2017; Kuusk 
et al. 2019).

Concerning different applications, LPMO enzymes 
have been mostly studied in the area of lignocellulose 
saccharification for production of second generation 
biofuels. In this application, they have been reported 
to remarkably enhance the efficiency of lignocellulo-
lytic enzyme cocktails (Müller et al. 2015; Rodríguez-
Zúñiga et  al. 2015). In material applications, some 
LPMOs have been successfully applied in enhanc-
ing nanofibrillation of cellulosic fibres (Villares et al. 
2017; Hu et al. 2018; Moreau et al. 2019; Valls et al. 
2019). Interestingly, in these studies, only low amount 
of sugar release, and subtle change in fibre structure 
were typically associated to the enhancement of the 
fibrillation by the LPMO enzymes.

The LPMO AA9A from Trichoderma reesei, 
a mesophilic filamentous fungus and a common 
industrial enzyme production host, was initially 
characterized as a low activity endoglucanase 
IV (or Cel61A) (Saloheimo et  al. 1997; Karlsson 
et  al. 2001). The cellulose oxidizing activity of 
the Tr AA9A leading to soluble C1 and C4 oxida-
tion products was demonstrated a few years ago 
(Tanghe et al. 2015; Pierce et al. 2017; Song et al. 
2018). The Tr AA9A enzyme consists of a catalytic 
module linked to a carbohydrate-binding module 
(CBM1), which enhances its binding to cellulose 
(Saloheimo et  al. 1997; Hansson et  al. 2017). The 
enzyme has been recently reported to oxidize cellu-
lose in presence of molecular oxygen and/or  H2O2 
(Kont et al. 2019, 2020; Jones et al. 2020).

Cellulosic fibre dissolution and cellulose deri-
vatisation are typically carried out via chemical 
means, but can cause an excess chemical con-
sumption and toxic waste formation (Li et  al. 
2018). It has been shown that the fibre reactiv-
ity can be improved by pretreating fibres with an 
endoglucanase-type of cellulase, thus leading to 
lower chemical consumption and more sustain-
able processes (Rahkamo et  al. 1998; Ibarra et  al. 
2010; Grönqvist et  al. 2014; Rahikainen et  al. 
2019). Recently, we showed that similar effect can 
be achieved on softwood kraft fibres by oxidation 
with an LPMO (Ceccherini et al. 2021). However, 
typical changed molar mass (Mw) and porosity 
values, connected with faster dissolution rates of 
endoglucanase treated fibres, were not detected by 
the Tr AA9A treatment, suggesting that the basis 
of the improved reactivity can be different from 
that of the endoglucanase. In addition, based on the 
known complexity of the LPMO catalyzed reac-
tions, better insight into the parameters affecting 
the efficiency of Tr AA9A catalyzed oxidation of 
fibres is needed.

In the present study, a systematic assessment 
of LPMO-assisted treatments of cotton and soft-
wood fibres was carried out to elucidate the factors, 
which affect the Tr AA9A stability and efficiency 
in oxidative fibre modification. A spectrophoto-
metric aldehyde measurement was used as a fast 
method to follow accumulation of oxidation prod-
ucts in cellulosic fibres. Furthermore, a ultra high-
performance chromatography (UHPLC) combined 
to ion mobility (IM) and mass spectrometry (MS) 
detection was used for simultaneous identification 
of oxidized soluble oligosaccharides resulting from 
enzymatic oxidation. Finally, a microscopy-based 
method was used for exploring single-fibre dissolu-
tion kinetics and changes in the morphology of the 
fibres in cupriethylenediamine (CED), in order to 
better understand the reasons for the better solubil-
ity of the LPMO treated fibres.

Materials and methods

Enzymes and cellulosic substrates

The Tr AA9A LPMO and Tr Cel45A endoglucanase 
were produced and purified as described in Kont et al. 
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(2019) and Ceccherini et  al. (2021). Soluble protein 
concentrations (mg/mL) in the enzyme preparations 
were analyzed using Biorad DC kit and BSA stand-
ards according to the manufacturer’s instructions 
(BioRad, Hercules, California, USA). Whatman No1, 
prepared from cotton linters, was purchased from 
Sigma Aldrich and bleached softwood kraft pulp was 
received as dry sheets from Metsä Fibre Rauma mill. 
The sheets were disintegrated to separate fibres and 
the wetted pulps was washed to sodium form prior 
use.

Wet disintegration of Whatman No 1 was slightly 
modified from the SCAN 18:65 method: filter paper 
(60  g) was torn into pieces and soaked for 4  h in 
ultrapure water in final volume of 2.5 L. The wet pulp 
was homogenized in a pulp disintegrator (Lorentzen 
& Wettre, Stockholm, Sweden) for 30 000 revolutions 
at room temperature. Solids were collected by filtra-
tion through a 60 μm sieve (Medifab 03-60/42, Sefar, 
Heiden, Switzerland) in a Büchner-funnel, and the 
pulp was further homogenized with a kitchen mixer 
(Kenwood Ltd, Havant, UK). The homogenized fibres 
were diluted into a final volume of 5 L with reverse 
osmosis (RO) purified water and HCl was added to a 
final concentration of 0.01 M. The slurry was allowed 
to stand at room temperature for 15  min with occa-
sional mixing. The fibres were washed twice with 
5 L of RO water (incubation for 15 min followed by 
filtration) and diluted into final volume of 5  L with 
RO water. Sodium bicarbonate was added to a final 
concentration of 5  mM and pH was adjusted to 8.5 
with 1 M NaOH. The slurry was incubated at room 
temperature for 15  min with occasional mixing fol-
lowed by washing with ultrapure water five times 
as described earlier. The wet cotton linter pulp was 
stored in cold (4 °C) prior to use. The softwood pulp 
was treated in a similar manner as the filter paper. The 
shredded sheets were allowed to wet overnight in RO-
water and cold disintegration was carried out using 
the Lorentzen & Wettre pulp disintegrator (50 g dry 
pulp/2 L RO-water, 30000 rpm) as washed to sodium 
form as described above.

Circular dichroism of the Tr AA9A LPMO protein

Overall fold and thermal stability of the purified 
Tr AA9A was studied using circular dichroism 
(CD) spectroscopy. The buffers used in the experi-
ments were 10 mM sodium acetate buffer pH 5 and 

25  mM sodium phosphate buffers pH 6, 7 and 8. 
The enzyme concentration was 4.8 µM. The sodium 
acetate buffer was used in lower concentration than 
sodium phosphate buffer in order to minimise inter-
ference by UV adsorption of the carbonyl groups in 
the acetate buffer. The measurements were carried 
out using Chirascan CD spectrometer (Applied Pho-
tophysics, Leatherhead, Surrey, UK) equipped with 
a CD250™ cell holder (Quantum Northwest, Wash-
ington, USA). The temperature was controlled with 
a TC125 Peltier type controller (Quantum North-
west). The spectra were recorded twice in a 1 mm 
path length cuvette using a bandwidth of 1 nm and 
scanning from 240 to 190 nm with 0.5 nm interval 
and 2  s per each measurement point. Temperature 
induced unfolding was monitored at 202  nm using 
a temperature ramp program from 25 to 90 °C (rate 
2 °C/min).

Oxidation of cotton linters with Tr AA9A

The cotton linters was treated at 1% (w/v) consistency 
with 5 to 20 mg of Tr AA9A/g of substrate in 50 mM 
sodium acetate buffer pH 5; 50 mM MES buffer pH 
6; 50 mM MOPS buffer pH 7 and 50 mM Tris–HCl 
buffer pH 8 and with 1  mM of gallic acid (GA) as 
a reductant. The reactions were carried out in 2 mL 
Eppendorf tubes and 10 mg dry matter (dm) of cotton 
linters was treated in one reaction. All the reactions 
were carried out in triplicates. Treatments were car-
ried out also in presence 0.2 or 0.7 mM  H2O2. Con-
trol reactions were conducted with identical setups, 
but without either Tr AA9A or GA, or without either. 
The reactions were carried out at 45  °C in a shaker 
(800  rpm) with 6 h incubation time. After the incu-
bation, liquid fractions were separated from solids 
by centrifugation (4  °C, 20187×g, 10  min) (5430R 
Eppendorf, Hamburg, Germany) and the solids were 
washed twice with MilliQ water. The liquids were 
frozen (−  20  °C) and the solids were lyophilized 
(Christ Alpha 2–4, B. Braun Biotech International, 
Melsungen, Germany) for 12 h.

Oxidation of softwood kraft fibres with Tr AA9A

The softwood fibres were treated at 3% (w/w) con-
sistency with 0.25–5  mg of Tr AA9A/g substrate 
(dm) in either 50 mM sodium acetate buffer pH 5 or 
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50 mM sodium phosphate buffer pH 6 or 7 at 45 °C 
for 2–24  h. The reactions were carried out in shake 
flaks using 1 g of pulp and 1 mM GA as reductant. 
Some reactions were also carried out in presence of 
 H2O2. The reaction time in these experiments was 
6 h and the  H2O2 was added gradually, with 0.2 mM 
addition in the beginning and after 2 and 4 h. A refer-
ence sample was prepared by treating the fibres with 
an endoglucanase Tr Cel45A at pH 7, 45 °C for 24 h. 
After the incubation, the liquids were separated by 
filtration, the liquid circulated one through the sol-
ids and finally the solids were washed 10 times with 
10 mL of reverse osmosis water. Dry matter content 
of the washed samples was measured gravimetrically 
after oven drying (ca 0.8–1  g wet samples dried at 
105  °C overnight). The wet samples were stored at 
4 °C before further analyses.

UHPLC-IM-MS analysis of the soluble sugars

Analysis was performed on an Acquity UHPLC sys-
tem, Waters (Milford, Massachusetts, USA) and 
Waters Synapt G2-S MS system Waters (Milford, 
Massachusetts, USA). Chromatography was per-
formed using an HYPERCARB column, 3.0  µm 
2.1 × 150  mm (Thermo Scientific, Massachusetts, 
Waltham, USA), kept at 65 ºC. The runs were car-
ried out at a flow rate of 0.4  mL/min with mobile 
phase A (10 mM ammonium acetate in water, pH 8) 
and B (acetonitrile). The gradient elution started at 
100% A and maintained at 100% A for 1.0 min, then 
decreased to 72.5% A within 15  min and to 60% A 
within further 5.0 min, then directly returned to ini-
tial percentage and maintained for 10 min. Injection 
volume was 2 µL. Due to form of (M + Na) + adducts, 
a post-column addition of NaCl (5 µg/mL) was per-
formed, at flow rate of 5 µL/min.

Mass spectrometry was carried out using electro-
spray ionization (ESI) in a positive polarity mode. 
The capillary voltage was 2.8 kV, cone voltage 40 kV, 
source temperature 150 °C and desolvation tempera-
ture 500 ºC. The cone and desolvation gas flow were 
set at 50  L/h (nitrogen) and 1000  L/h (nitrogen), 
respectively. Mass range was 100–1000  m/z. For 
analysis of native and oxidized species of cellooligo-
saccharides Ion mobility (IM) was used. Ion mobil-
ity was performed in a traveling-wave ion mobility 
(TWIM) cell. The gas flows were held at 180  mL/
min He in the helium cell and at 90 mL/min nitrogen 

in the Ion Mobility Separation cell. The IM trave-
ling wave height was 40 V and its wave velocity was 
450  m/s. For data acquisition was used MassLynx 
software (V4.1) and IM data processing was carried 
out by DriftScope software.

Relative quantitation of C1 and C4 oxidized prod-
ucts were based on the calibration curves of cor-
responding non-oxidized cello-oligosaccharides 
(cellobiose, cellotriose and cellotetraose). Standard 
solutions (0.05–100  µg/mL) of the non-oxidized 
cello-oligosaccharides were prepared in water. The 
calibration curves were determined by linear polyno-
mial style without weighting and they showed corre-
lation coefficients  (r2) higher than 0.99 in all cases.

Quantification of aldehydes in the fibre samples

The aldehydes in the insoluble cotton linter samples 
were quantified using a modified TTC (2,3,5-triph-
enyltetrazolium chloride) assay adapted from Obo-
lenskaya et al (1991). This miniaturized spectroscopic 
method allowed carrying out assays in 2  mL tubes. 
The lyophilized cotton linter samples (10  mg) were 
homogenized in 500  μL of 0.2  M KOH by vortex-
ing after which 500  μL of 0.2% (w/v) TTC reagent 
(Merck, Germany) was added. Tubes were mixed 
thoroughly by vortexing, heated for 10 min at 98 °C 
(Stuart block heater SBH 130D, Bibby Scientific, 
UK) and centrifuged at 20817×g for 5  min at 4  °C 
(5430R, Eppendorf, Germany). 500 μL of the super-
natant was removed and 1500  μL of ice-cold 95% 
ethanol was added. Tubes were again mixed well 
by vortexing and centrifuged as previously. Absorb-
ance at 546 nm of the supernatant was measured and 
concentrations of aldehydes were calculated accord-
ing to the absorbances of the glucose standards with 
final concentrations of 8.6–137 µM. The micromolar 
amounts of aldehydes detected in the reaction volume 
was divided with the weight of the used pulp /reac-
tion, resulting in aldehyde (CHO) values μmol/g of 
pulp (dm). Average and standard deviation of at least 
triplicate experiments was used to present the results.

The aldehyde groups in the softwood fibres were 
analysed with the TTC method according the pub-
lished method (Obolenskaya et al 1991) described in 
detail in Ceccherini et  al. (2021). The pulp samples 
(20 mg dm) were thoroughly mixed with 0.5 mL of 
0.2  M KOH and 0.5  mL 0.2% aqueous solution of 
TTC was added. The samples were heated 3–10 min 
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in a boiling water bath and quickly cooled down in 
cold water. The soluble fraction was separated by fil-
tration through glass filter and the pulp was washed 
several times with a small amount of ethanol until the 
pulp appeared colorless again and the total volume of 
filtrate was 10 mL. The aldehydes were quantified by 
measuring absorbance of the filtrates at 546 nm and 
using glucose as standard.

Size-exclusion chromatography

The fibre samples were dissolved in dimethylaceta-
mide (DMAc)/8% LiCl using a solvent exchange 
method described in Berthold et al. (2001). The dis-
solution protocol began by activation with water, 
solvent exchange via methanol and DMAc, followed 
by ethyl isocyanate derivatisation assisted dissolu-
tion into DMAc/8% LiCl. Two to three replicates of 
each sample were dissolved. For analysis, the samples 
were diluted with DMAc providing final LiCl concen-
tration of 0.8% and filtered (filter pore size 0.45 µm) 
before the measurement. The size exclusion chroma-
tography (SEC) analysis was done using 2 × PL gel 
MiniMixed A columns (Agilent, Santa Clara, Califor-
nia, USA) with a precolumn in DMAc/0.8% LiCl elu-
ent (0.36 mL/min, T = 80 °C) and the elution curves 
were detected using Waters 2414 refractive index 
detector (Waters, Milford, Massachusetts, USA). The 
molar mass distributions (MMD) were calculated 
against 8 × pullulan (6100–708,000 g/mol) standards, 
using Waters Empower 3 software.

Microscopy technique for analysis of fibre dissolution

Dissolution of the softwood kraft fibres to alkaline 
cellulose solvent cupriethylenediamine (CED) were 
studied using a method modified from Mäkelä et  al. 
(2018) and Rahikainen et  al. (2019). Microscopy was 
done using a Zeiss AxioImager M.2 microscope (Carl 
Zeiss GmbH, Göttingen, Germany) with 2.5 × objective 
(Zeiss EC Plan-Neofluar, numerical aperture of 0.085, 
Zeiss) and polarizer in the angle of 75°. The images 
were captured with a Zeiss Axiocam 506 CCD colour 
camera (Zeiss) in black and white mode and the Zen 
imaging software (Zeiss). The fibres were dispersed in 
water and 44–51 fibres were used from each sample for 
dissolution experiments. In one experiment, 2–3 fibres 
were placed on a microscopy slide under a cover slip. 
After this, a drop of 0.2  M CED (Oy FF-Chemicals 

Ab, Haukipudas, Finland), dissolved in Milli-Q water, 
was added and allowed to reach the fibres by capillary 
forces. Microscopy images were captured every 1.0  s 
until the fibres were visibly disappeared.

The dissolution videos representing 14–48 indi-
vidual fibres of each sample were analysed using 
automatic image and video processing methods. The 
2D/projectional area of the fibres was analysed for all 
images in the video after wetting with CED, using a 
custom program developed in Matlab. The program 
outputs numerical tables recording the area of each 
fibre for every image (from which fibre dissolutions 
rates were calculated), and dissolution curves (fibre 
area versus time), which allows to determine how the 
different treatments affected the fibre dissolution mech-
anism. Details of the video processing chain are given 
in Rahikainen et al. (2019). The method automatically 
extracts the moment in the video when the microscopy 
slides were uniformly wetted with CED. Then indi-
vidual fibres are detected in every images using a maxi-
mum entropy threshold (Kapur et al. 1985) and tracked 
(i.e. matched with the corresponding fibre in the previ-
ous image) using a spatio-temporal consistency crite-
rion inspired from (Molinier et  al. 2005), while filter-
ing out other objects (occasional non-fibrous material, 
air bubbles and other artefacts). The processing chain 
was slightly modified compared to Rahikainen et  al. 
(2019), to account for specific challenges of the videos 
analysed in this study. Higher illumination changes and 
faint but uniformly spread artefacts (due to the fibre dis-
solution process) affected the detection of undissolved 
fibres. This was solved by controlling the sensitivity 
of the binarization process in the fibre detection stage, 
and adding buffers around fibres to avoid artefacts from 
being merged into real fibres.

Results and discussion

pH dependency of thermal stability of purified Tr 
AA9A protein

Enzyme stability and consequently functionality is 
dependent on prevailing temperature, solvent pH 
and buffer composition. Thermal stability of the Tr 
AA9A was studied at pH 5–8 with CD spectroscopy 
in 10 mM sodium acetate (pH 5) and 25 mM sodium 
phosphate (pH 6–8) buffers (Supporting information 
(SI) Fig. 1). The Tr AA9A was most stable in 10 mM 
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sodium acetate buffer at pH 5, in which the thermal 
midpoint of unfolding (Tm) of the enzyme was 64 °C. 
The temperature stability of Tr AA9A was impaired 
in the sodium phosphate buffers at higher pHs and ca 
10 °C lower unfolding temperature was measured at 
pH 8 (Tm = 51 °C). At pH 6 and 7 the Tm values were 
62 °C and 57 °C, respectively. The relation between 
pH and Tm of the Tr AA9A was similar to that of 
the major T. reesei cellobiohydrolase Cel7A (Boer 
and Koivula 2003). However, the Tr AA9A exhibited 
better stability at elevated pH than the Tr Cel7A: at 
pH 8, the Tm of Tr Cel7A was below 40  °C, while 
the Tm of Tr AA9A was still ca 50 °C. Singh et al. 
(2019) analyzed thermal stability of AA9 LPMO 
from thermophilic fungus Thermoascus aurantiacus 
in citrate, phosphate and Trisma buffers in pH range 
4–9, using intrinsic protein fluorescence and CD. In 
20 mM MOPS buffer pH 7, the CD analysis showed a 
Tm of 69 °C for the Ta LPMO9A, suggesting that this 
LPMO had better stability at neutral pH compared to 
Tr AA9A (Singh et al. 2019). However, similar to the 
Tr AA9A, the Ta LPMO9A exhibited highest thermal 
stability at pH 5. At higher pHs, use of Trizma buffer 
as solvent was found to promote the stability of Ta 
AA9A (Singh et al. 2019). Calderaro et al. (2020) in 
turn used a thermal shift assay kit for assessing sta-
bility of LPMO9B from Thielavia australiensis in 
sodium acetate, BisTris/HCls and Tris/HCl buffers 
with pHs ranging from 3 to 8. Highest Tm (76  °C) 
was measured in sodium acetate buffer pH 5. Based 
on the CD analysis in the current work, the tempera-
ture selected for the LPMO-assisted fibre treatments 
at pH 5–8 was 45 °C.

Oxidation of cotton linters by Tr AA9A as a function 
of pH,  H2O2 and enzyme load

Effect of reaction pH and  H2O2 supply on oxidation of 
cotton linters by Tr AA9A was studied as a function 
of enzyme load in order to identify the parameters 
that affect the oxidation efficiency. According to the 
previous publications the Tr AA9A produces both C1 
and C4 oxidation product when incubated with cellu-
lose (Tanghe et al. 2015; Pierce et al. 2017; Hansson 
et al. 2017; Song et al. 2018). This was also detected 
here (Table 1, see also below). According to the rela-
tive quantitation of the released oligosaccharides 
using native oligosaccharides as standards, the car-
bonyl groups (–C=O) dominate among the Tr AA9A 

oxidation products, suggesting that dehydrogenation 
at a C4 position of the glucose ring was the prevail-
ing in oxidation of the cotton fibres. The LPMO cata-
lyzed dehydrogenation at C4 position results in cellu-
lose chain cleavage, with two new chain ends having 
a 4-ketoaldoses at the new non-reducing end and an 
aldehyde at the new reducing end, respectively. Con-
sequently, the increasing amount of aldehydes in the 
insoluble substrate fraction (fibres) can be used to 
monitor the C4 oxidative cleavages by Tr AA9A. The 
aldehydes in the fibres were quantified using the spec-
trophotometric TTC assay, which was miniaturized to 
2 mL scale in order to facilitate the analysis.

The reactions were carried out for 6 h at 45 °C in a 
pH range 5–8, with GA only, or in presence of 0.2 or 
0.7 mM added  H2O2, and using 5–20 mg Tr AA9A/g 
substrate (dm) (Fig. 1). Reference reactions were car-
ried out for each Tr AA9A dosage without the GA, 
in order to monitor aldehydes possibly arising from 
bound protein or any hydrolase impurities in the puri-
fied Tr AA9A sample.

The amount of aldehydes formed in the enzyme 
treatment at pH 5 and pH 6 was dependent on an 
enzyme load and addition of  H2O2 (Fig. 1a, b). High-
est amount of aldehydes [ca 12  µmol/g pulp (dm)] 
was detected with the highest enzyme load (20 mg/g 
pulp) and when  H2O2 was added to the reaction. At 
pH 5, concentration of  H2O2 (0.2 or 0.7 mM) did not 
essentially affect the aldehyde amount, while at pH 
6, the lower 0.2  mM  H2O2 concentration produced 
higher amount of aldehydes. The reaction efficiency, 
in terms of aldehyde accumulation in fibres, within 
the given time frame (6  h) was thus dependent on 
enzyme load and  H2O2 supply. At pH 5, a small but 
clear increase in the aldehyde content was seen also 
when the cotton linters were treated with Tr AA9A 
without GA, in particular when highest dosages 
[15–20  mg/g pulp (dm)] was used (Fig.  1a). This 
could be caused by some minor endoglucanase impu-
rity in the Tr AA9A preparation, since the cellulases 
of T. reesei are commonly most active at acidic pH.

The effect of enzyme load and addition of  H2O2 
on the fibre oxidation level was remarkably differ-
ent at pH 7 compared to the lower pHs (pH 5 and 
pH 6) (Fig.  1c). The highest amount of aldehydes 
[ca 14 µmol/g pulp (dm)] was achieved already with 
the lowest protein load [5 mg/g pulp (dm)] and addi-
tion of  H2O2 had no positive effect on aldehyde lev-
els, suggesting that the catalytic efficiency of the 
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enzyme was better, and the reaction was not restricted 
by  H2O2 availability. On the contrary, increasing 
the  H2O2 concentration to 0.7  mM clearly reduced 
the enzymatic aldehyde formation. When reaction 
pH was further increased to eight, even the lower 
 H2O2 dosage (0.2  mM) reduced the aldehyde lev-
els (Fig.  1d). Overall, in the test setup the optimum 
condition for enzymatic oxidation of cotton linters 
was achieved at pH 7, 45 °C and using the Tr AA9A 
dosage of 5 mg/g pulp (dm) in the presence of 1 mM 
GA (Fig. 1c). A very similar result was achieved by 

supplying the Tr AA9A both 1 mM GA and 0.2 mM 
 H2O2 (Fig. 1c).

The effect of pH and  H2O2 concentration to the Tr 
AA9A catalyzed oxidation of the cotton fibres can 
be due to enzyme (protein) properties and/or non-
enzymatic redox chemistry. Reaction pH and  H2O2 
supply has been earlier reported to affect the oxida-
tive activity of the LPMO9B from Gloeophyllum tra-
beum, in reductant dependent manner (Hegnar et  al. 
2019). The pKa of the carboxylic acid of GA is 4.0, 
while the pKa:s of the phenolic hydroxyls are 8.7, 
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Fig. 1  Concentration of aldehydes [CHO µmol/g cellulose 
(dm)] in cotton linters after treatment with different dosages 
of Tr AA9A [0–20  mg protein/g substrate (dm)] alone (open 
squares) and in presence of 1  mM gallic acid (GA, solid 
squares), 1 mM GA and 0.2 mM  H2O2 (solid triangles), 1 mM 

GA and 0.7 mM  H2O2 (solid circles), 0.2 mM  H2O2 (open tri-
angles) or 0.7  mM  H2O2 (open circles). The treatments were 
carried out at 45  °C for 6  h at pH 5 (a), pH 6 (b), pH 7 (c) 
and pH 8 (d). The aldehyde amounts in pulps were determined 
with the miniaturized TTC assay in 2 ml tubes
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11.4, and > 13 (Eslami et al. 2010; Pant et al. 2019). 
In the experimental conditions used in our study 
(pH 5–8) the carboxylic acid is deprotonated, which 
promotes electron donation to Cu(II), a requirement 
for the catalysis. At pH 7–8, the deprotonated GA 
is also prone to air-oxidation, which leads to forma-
tion of  H2O2 (Strlič et  al. 2002; Eslami et  al. 2010; 
Nakamura et  al. 2012). This could have diminished 
the effect of added  H2O2 into the reaction, as also 
seen in (Fig. 1a, b). At pH 5–6, the auto-oxidation of 
GA is expected to be slow (Strlič et al. 2002) and an 
addition of the  H2O2 clearly improved the Tr AA9A 
catalyzed oxidation of the cotton linters. In a recent 
study of Stepnov et al. (2021), it was shown that GA 
is less susceptible to  H2O2 producing side-reactions at 
pH 6 than ascorbic acid, which is commonly used as 
reductant in LPMO reactions. When LPMO enzymes 
are not bound to the substrate, they can also catalyze 
oxidation of reductants (e.g. GA) which again leads 
to  H2O2 formation, which can promote the reac-
tion at lower pHs (Kittl et  al. 2012; Caldararu et  al. 
2019). The non-bound LPMOs are however prone 
to self-oxidation and inactivation, and even protein 
degradation by  H2O2 i.e. other means for  H2O2 provi-
sion would be preferred (Bissaro et al. 2017, Paradisi 
et  al. 2019, Filandr et  al. 2020). Importantly, as an 
antioxidant, the GA can also scavenge excess of the 
hydrogen peroxide and thus protect the LPMO from 
inactivation (Hegnar et al. 2019). The reported  H2O2 

concentration supporting LPMO activity are in sub-
millimolar level (e.g. < 0.2 mM, Bissaro et al. 2017), 
and as such the, 1 mM GA in the reaction was most 
likely also protecting the enzyme by inactivation. The 
transition from the dominance of the antioxidant to 
pro-oxidant behavior of the GA occurs in ca. neutral 
pH environment. The negligible or negative effects of 
hydrogen peroxide addition observed at pH 7 and 8 
(Fig. 1c, d), can arise from inactivation of the LPMO 
by excess  H2O2 (Bissaro et al. 2017).

Soluble sugars released in the treatment of cotton 
linters with Tr AA9A were analyzed with a UHPLC-
IM-MS, using a method combined from Westereng 
et al. (2016) and Fanuel et al. (2017), in order to ver-
ify the enzyme regioselectivity and observed effects 
of pH and  H2O2 using an alternative method. The 
C4 oxidation products are not stable in the highly 
alkaline solvents commonly used in high resolution 
HPLC-based carbohydrate analysis. In the improved 
LC method described by Westereng et  al. (2016) 
the chromatographic separation was done at pH 8 in 
order to protect the C4 oxidation products. Ion mobil-
ity (IM) method introduced by Fanuel et  al. (2017) 
was used to further analyse the C4 oxidized and 
non-oxidized oligosaccharides (Fig. 2, Table 1). The 
quantification of the oligosaccharides with the mass 
spectrometry can be considered semi-quantitative, 
since the detector responses were converted to sugar 
concentrations using non-oxidized oligosaccharides 
as standards.

The samples analyzed with UHPLC-IM-MS origi-
nated from the enzymatic treatments [enzyme load 
10 mg/g substrate (dm)] of cotton linterns carried out 
at pH 6 or pH 7, 45 °C, in presence of 1 mM GA only 
or with 1 mM GA and 0.2 mM  H2O2. In accordance 
to the earlier results, both C1 and C4 oxidation prod-
ucts were detected, the C4 oxidation products being 
clearly dominant, according to the relative quantita-
tion using non-oxidized oligosaccharides as stand-
ards (Table 1). The lengths of the oxidized oligosac-
charides were 2–4 glucose units. Oligosaccharides 
with ≥ 5 glucose units may have been formed in the 
enzymatic treatment, but these could not be analysed 
with the used method. Non-oxidized oligosaccharides 
were also observed, possibly originating from conse-
quent C1 and C4 oxidations and/or degradation of the 
oxidized oligosaccharides (Westereng et al. 2016). No 
soluble sugars were seen in the control reactions, i.e. 
after treatment with Tr AA9A in the absence of GA 

Fig. 2  Separation of cellotriose and its C1 oxidized forms 
(aldonic acid, AldAcid) and C4 oxidized forms (ketone, gem-
diol) using UHPLC-MS
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or in a reaction lacking the enzyme, confirming that 
the detected soluble sugar products arose from the 
LPMO catalyzed reaction. In accordance to the pulp 
aldehyde analysis, the Tr AA9A treatment released 
more soluble sugars at pH 7 than at pH 6 (Table 1). 
Addition of 0.2  mM  H2O2 increased the amount of 
soluble products, especially when reactions were car-
ried out at pH 6 (Table 1).

Oxidative modification of bleached softwood kraft 
fibres by Tr AA9A: reaction parameters, molecular 
effects and fibre dissolution kinetics

The Tr AA9A was studied in treatment of softwood 
kraft fibres at pH 5, 6 and 7 using 1  mM GA as 
reductant in order to verify the effects of the reac-
tion conditions with a technical substrate (Fig.  3a). 
The enzyme dosage was 5  mg/g substrate (dm) and 
in part of the reactions  H2O2 was added in a sequen-
tial manner, 0.2  mM per two hours during the 6  h 
reaction time in order to reduce possible enzyme 
inactivation by an excess  H2O2 concentration in the 
beginning of the experiment. The reaction pH and 

 H2O2 supply affected Tr AA9A catalyzed oxidation of 
softwood kraft fibres in a similar manner as with the 
cotton linters as substrate: the amount of aldehydes 
formed in a 6 h treatment was clearly highest, when 
the reaction was carried out at pH 7, and an addition 
of  H2O2 improved the oxidation efficiency essentially 
at the lower pHs (pH 5 and pH 6) (Fig. 3a). If all of 
the  H2O2 would have been stoichiometrically con-
sumed in catalytic fibre cleavages at C4 carbon lead-
ing to aldehyde formation, the aldehyde concentra-
tion would have been 600  µmol/30  g dry fibres, i.e. 
20 µmol/g dry fibres. The treatment of pulp with Tr 
AA9A and 1  mM GA at pH 5 and 6 increased the 
amount of aldehydes ca 3 and 11 µmol/g pulp, respec-
tively, while with  H2O2 the values were ca 23 and 
27  µmol/g pulp. The added  H2O2 amount thus cor-
responds with the increase in aldehydes at pH 5 and 
6. At pH 7 the increase in aldehydes was 31 µmol/g 
pulp with GA only and 39  µmol/g pulp when  H2O2 
was added, suggesting that either the system was not 
limited by the addition of  H2O2 and/or enzyme inacti-
vation was hampering the reaction efficiency.

Comparison of Tr AA9A LPMO and Tr Cel45A 
endoglucanase in treatment of softwood fibres (at pH 
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Fig. 3  Effect of pH,  H2O2 and reaction time on accumulation 
of aldehydes to softwood kraft pulp in Tr AA9A treatment. 
a Concentration of aldehydes [CHO µmol/g cellulose (dm)] 
in softwood kraft fibres after treatment with Tr AA9A [5 mg 
protein/g substrate (dm)] in presence of gallic acid (GA), or 
GA and  H2O2, at pH 5, 6 or 7. The  H2O2 was added gradu-
ally (0.2  mM addition in the beginning and after 2 and 4  h), 

reaching in 6  h reaction time accumulative concentration of 
0.6 mM. The aldehyde level in non-treated pulp is marked with 
a horizontal line. b Concentration of aldehydes [CHO µmol/g 
cellulose (dm)] in softwood kraft fibres after treatment with Tr 
AA9A [5 mg protein/g substrate (dm)] in presence of GA for 
2, 6 or 24 h at pH 7. The aldehydes were measured in all cases 
(a and b) using the TTC assay
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7, 45 °C, enzyme dosage 5 mg/g pulp) are shown in 
Fig. 4. In contrast to results presented recently by Cec-
cherini et  al. (2021), the LPMO treatment produced 
similar amount of aldehydes (89 µmol/g pulp) in pulp 
as the endoglucanase treatment (93  µmol/g pulp), 
presumably due to longer treatment time applied 
here (Fig.  4a). In accordance to Ceccherini et  al. 

(2021), the cellulose molar mass average of the Tr 
AA9A treated fibers remained high (Mw = 510 kDa) 
compared to the endoglucanase treated fibres 
(Mw = 360  kDa) (Fig.  4c). Small decrease in cellu-
lose molar mass has also been seen by Villares et al. 
(2017) when using a very high (20 mg/g) Podospora 
anserina LPMO9H enzyme load in a treatment of the 
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Fig. 4  Comparison of properties of Tr AA9A LPMO and Tr 
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of aldehydes in fibres (measured wit TTC assay), b Average 
fibre dissolution rates in CED, analyzed with the microscopy 
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enzyme load was 5  mg/g pulp (dm), and the reactions were 
carried out at pH 7, 45 °C for 24 h. (Color figure online)
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softwood kraft fibres. The clear reduction of cellu-
lose molar mass average is instead typical for endo-
glucanase treatments, due to hydrolytic cleavage of 
internal linkages of the cellulose polymers (Grönqvist 
et al. 2014; Rahikainen et al. 2019).

Dissolution mechanism of the LPMO treated soft-
wood kraft fibres was studied at a single fibre level 
using a previously published microscopy-based 
method (Mäkelä et al. 2018; Rahikainen et al. 2019). 
In this method, the fibres are exposed to CED, an 
alkaline cellulose solvent, under the microscope, and 
the dissolution of fibres to the solvent is followed by 
taking photographs every second upon the exposure. 
The quantitative rate of fibre dissolution is achieved 
by calculating the change in visible fibre area in every 
time point.

First, the LPMO Tr AA9A and endoglucanase Tr 
Cel45A treated fibres were compared. Prior dissolu-
tion, the light microscopy analysis showed that the 
morphology of LPMO treated fibres was very similar 
to non-treated fibres (SI Fig.  2). The results resem-
ble the results of Villares et al. (2017) obtained in a 
treatment of softwood fibres with Pa LPMO9H. The 
endoglucanase treatment, instead caused cutting of 
the fibres (SI Fig. 2). When the fibres were analyzed 

by the microscopy based method following disso-
lution of a single fibre to CED, both the Tr AA9A 
(+ GA) and Tr Cel45A treated fibres exhibited clearly 
faster dissolution, than the controls treated with GA 
only (Fig. 4b, SI Video 1). The dissolution curves of 
Tr AA9A and Tr Cel45A treated fibres were similar 
to each other, indicating that despite the morphologi-
cal differences between the fibres observed in light 
microscopy the modifications were in both cases 
sufficient to promote the fibre disintegration in CED 
(Fig. 4b).

The effect of LPMO treatment on dissolution 
behavior was further studied by using different 
enzyme dosages (0.25–2  mg/g pulp) in the treat-
ment (pH 7, 24 h, 1 mM GA as reductant/source of 
 H2O2). The amount of aldehydes in the LPMO treated 
fibers were analyzed by TTC assays to compare the 
levels of fibre modification (Fig.  5a). The aldehyde 
amount in pulp increased nearly linearly by increas-
ing the enzyme dosage up to 1 mg/g pulp, after which 
the doze response ceased, suggesting that enzyme 
dose was no more limiting the product formation. 
The CED dissolution curves obtained from treated 
fibres are shown in Fig.  5b. In the image analysis, 
it was observed that remnants of some of the fibres 
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(up to 9 fibres/sample) formed under microscope as 
dark shadows, perhaps composed of small fibre par-
ticles. These were in particular observed in samples 
treated with 0.25–1 mg LPMO (SI Fig. 3). The data 
from such fibres was removed from the final data set, 
since the image analysis method interpreted them as 

very large fibres. Their formation may however be 
related to modified fibre structures, which disinte-
grate upon exposure to CED but do not fully dissolve. 
The average dissolution rate of Tr AA9A treated 
fibers was faster than the reference, even when the 
lowest enzyme dosage (0.25  mg/g pulp) was used. 

(c)(b)

(e)

(h)

(k)(j)

(g)

(d)

(a)

(f)

(i)

(l)

Fig. 6  Microscopic images of softwood kraft fibres treated 
with GA only (a–c) or with Tr AA9A using enzyme dosage of 
0.25 mg/g pulp (d–f), 1 mg/g pulp (g–i) and 2 mg/g pulp (j–l) 
at pH 7, 45 °C and 24 h, at time point 1 s (a, d, g, j) and 150 s 

(b, e, h, k) during exposure to CED. The figure c, f, i, j and 
l are close up views to the individual fibres in b, e, h and k, 
respectively
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Interestingly, the dissolution was clearly enhanced in 
samples with relatively low level of oxidative modifi-
cation (Fig. 5b).

Analysis of the light microscopy images taken dur-
ing the dissolution, after 150 s of exposure, revealed 
that the Tr AA9A treatment affected dissolution pat-
tern of the fibres in an enzyme dosage dependent 
manner (Fig. 6). The non-treated fibres exhibited the 
ballooning-type of swelling, typical for native soft-
wood kraft fibres (Budtova and Navard 2016; Mäkelä 
et al. 2018) (Fig. 6b, c). This pattern is expected to be 
caused by restriction of the fibre swelling by the outer 
cell wall layers (P and S1 layer) (Budtova and Navard 
2016; Mäkelä et al. 2018). In fibres treated with lower 
dosages of Tr AA9A (e.g. 0.25–0.5  mg/g), the bal-
looning effect was observed, in addition also helical 
structures were frequently seen upon fibre dissolution 
(Fig. 6d, e). The helical structures are thought to be 
remnants of degraded outer layers (Budtova and Nav-
ard 2016). At higher LPMO dosages (1–5 mg/g pulp), 
the ballooning effect was strongly reduced, more 
homogenous dissolution of the fibers was observed 
(Fig. 6g, h). The homogenous dissolution is also typi-
cal for endoglucanase pretreated fibres (Mäkelä et al. 
2018). The results suggest that the origin of faster 
dissolution of the Tr AA9A treated fibres would be 
related to the degradation of the fibre surface struc-
tures, limiting the swelling of the fibres.

Conclusion

More sustainable alternatives utilizing biocatalysts 
instead of harmful chemicals are needed for cellulose 
dissolution e.g. for textile applications to produce 
regenerated cellulosic fibres. The role of endoglu-
canases in this type of applications has been estab-
lished and commercially used. Here, the enzymatic 
oxidation of cellulosic fibres to aid the dissolution 
was studied in more details with Tr AA9A LPMO, 
using GA as an electron donor (reductant). Tr AA9A 
is a 2-domain enzyme, which can oxidize the glu-
cose ring in cellulose chains both at the C4 and C1 
position, the C4 position being the preferred mode. 
Beyond the current work, solely C1 oxidizing LPMOs 
would be prominent catalysts in improving the fibre 
reactivity, due to their potential in fibre carboxylation, 
which in turn could further enhance the cellulose 
solubility. Our results show that when the phenolic 

compound GA is used as reductant in the reaction, 
the Tr AA9A produces the highest fibre oxidation lev-
els at pH 7. The fibre oxidation at acidic pHs (pH 5 
and 6) could be clearly improved by addition of  H2O2, 
while at neutral and alkaline pH (pH 7 and 8) addition 
of  H2O2 had negligible or negative effect on fibre oxi-
dation levels. Optimization the feeding rated for  H2O2 
could protect the LPMOs from inactivation by excess 
 H2O2 and thus enable even higher oxidation levels. 
The oxidative treatment of softwood kraft fibres with 
Tr AA9A facilitated the fibre dissolution rate in CED, 
which was related to degradation of fibre surface 
structures that restrict the swelling, while maintain-
ing the cellulose molar mass average relatively high. 
This type of enzymatically oxidized fibers could pro-
vide interesting properties e.g. for regenerated textile 
fibres.
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