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solve this bottleneck to a certain extent due to the enzymes substrate specificity and mild reaction chemistry.
In this work, we demonstrate the isolation of sulphate-free nanocellulose from organosolv pretreated birch
biomass using different glycosyl-hydrolases, along with accessory oxidative enzymes including a lytic
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bility (T, = 301 °C, Tax = 337 °C). Nanocelluloses were subjected to post-modification using LPMOs of different
regioselectivity. The sample from chemical route was the least favorable for LPMO to enhance the carboxylate
content, while that from the C1-specific LPMO treatment showed the highest increase in carboxylate content.
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1. Introduction

Nanocellulose is considered as one of the key value added products
in the emerging market of biodegradable, green polymers. Due to its
distinctive physical and chemical properties, this high-value product
exhibits a wide repertoire of applications, ranging from polymer
composites to super-capacitors, as reviewed by Trache et al. [1].
Nanocellulose can be described as cellulose particles with at least one
of their dimensions, often diameter, in nanometric scale (below 100
nm) [2,3]. It can be produced from almost any cellulose-rich material
found in nature, such as tunicates and plant-based lignocellulosic bio-
mass [4,5]. The latter has attracted particular interest for nanocellulose
production due to its high availability and low cost compared to other
sources [6].

The physical and chemical properties of nanocellulose such as di-
mensions, aspect ratios and surface charges as well as energy consump-
tion of extraction are dependent on the source of cellulose and the
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process of extraction [7,8]. While an enzymatic and/or mechanical dis-
integration results in cellulose nanofibres (CNFs) [9], a much harsher
treatment with concentrated mineral acids, such as sulphuric acid,
would enable to obtain highly crystalline cellulose nanocrystals
(CNGs) [8,10]. In cellulose nanofibers, both amorphous and crystalline
domains exist whereas nanocrystals can be isolated after removing
the amorphous cellulose domains through strong mineral acid
treatment [11]. Additionally, defibrillation can be facilitated by
modifying the surface charge of cellulose by using TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl radical)-mediated oxidation [12] or
carboxymethylation [13]; although these chemical treatments drasti-
cally drop the high-energy requirements for nanocellulose isolation,
they meet several limitations due to high environmental impacts. In ad-
dition, the sulphated nanocellulose produced from the employment of
sulphuric acid, has several drawbacks, such as lower thermal stability
and potential cytotoxicity that dent its use in polymer and medical ap-
plications, respectively [14,15]. Therefore, alternative approaches
employing milder and greener techniques are being explored [16].
Among these, biocatalysis is an environmentally friendly process of out-
most importance, due to its targeted and substrate-specific activity, se-
lectivity, mild and non-toxic chemistry. Besides, unlike in case of
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chemical hydrolysis, the sugar-rich side stream that is co-produced with
nanocellulose upon enzymatic treatment is devoid of toxic, inhibitory
components and can be directly converted to many value added
products through microbial fermentation [6,17]. All the above
mentioned render biocatalysis a key factor for integrating production
of nanocellulose as a novel industrial product of lignocellulose
biorefineries, while ensuring process efficiency and sustainability [6].

Cellulases constitute a class of enzymes with exceptional properties
that are gradually replacing and reducing the need for harsh chemicals
in different industrial applications, including textiles, detergents, cos-
metics, food, animal feed, agriculture [18] and, most recently CNCs
and CNFs [19,20]. Among them, enzymes with endo-activity, namely
endoglucanases, are the most exploited enzymes for the production of
nanocellulose due to their potential to remove the less ordered amor-
phous regions from cellulose fibers, leaving intact the more organized,
crystalline areas, thus facilitating the nanocellulose isolation without
altering the cellulose surface chemistry [19-21]. There are recent stud-
ies demonstrating that the incorporation of a cellulase-catalyzed treat-
ment step in the nanocellulose isolation process led to better CNFs
yield and quality and reduced the use of acid in case of CNCs production
[22,23]. Moreover, enzymes have been employed to assist TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl radical) - mediated oxidation,
which increases the carboxylate group content of cellulose and
therefore facilitates the isolation of nanocellulose [24]; however,
the use of TEMPO compromise the thermostability of the product
[25]. Moreover, most of these works have been conducted with
commercial cellulase mixtures, which exhibit a broad activity for
cellulose hydrolysis and are not specific for nanocellulose produc-
tion; their primary role is to liquefy the substrate into soluble
sugars, thus their use may affect the yield of nanocellulose obtained.
Limited attempts have been made to isolate nanocellulose void of
acid hydrolysis [25,26] or without the use of cellulase mixtures
[25,27].

Apart from cellulolytic enzymes, other accessory activities, such
as laccases that react with the lignin fraction of lignocellulosic bio-
mass [28], and xylanases [27,29] that remove hemicelluloses, are
known players for the isolation of nanocrystalline cellulose, in the
form of either fibers or crystals. Another class of carbohydrate-
acting enzymes involves lytic polysaccharide monooxygenases
(LPMOs) that cleave cellulose by a unique oxidative reaction, in
the presence of molecular oxygen or hydrogen peroxide as co-
substrate, and an electron donor [30]. The boosting effect of
LPMOs when acting in synergy with cellulases for the liquefaction
of cellulosic substrates is well known [31,32], while they are cur-
rently gaining increasing attention due to their potential implication
in nanocellulose production [27,33,34]. The ability of a particular
group of LPMOs that cleave the cellulose chain by oxidizing C1 car-
bon to introduce carboxylate groups to the substrate has been
related to disintegration of cellulose fibrils and enhancement of
nanocellulose production [6,26,27,34,35].

In the present study, we attempted to isolate nano-scale cellulose
from forest biomass by using different monoenzymes with targeted ac-
tion, and the outcome of the enzymatic route was compared with the
traditionally used chemical process. The effects of endoglucanase,
xylanase, laccase and C1-specific LPMO activity on the yield and the
properties of the final product were evaluated. The aim was to assess
the potential of biocatalysis to progressively replace the use of
chemicals to remove hemicellulose, lignin, and amorphous regions of
cellulose and introduce carboxylate groups on cellulose surface, thus
boosting the nanocellulose production from organosolv pretreated
birch. Moreover, post-modification of isolated samples was evaluated
using two LPMOs with different regioselectivity, namely the C1-
specific PcCLPMO9D from Phanerochaete chrysosporium [36] and the
mixed C1/C4-specific MtLPMO9H from Thermothelomyces thermophila
(previously known as Myceliophthora thermophila) [31] in order to as-
sess their individual effect.
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2. Materials and methods
2.1. Organosolv pretreatment of wood biomass

Organosolv (without acid) pretreated birch was used as the feed-
stock for the process. Bark-free birch woodchips (Betula pendula L.)
were used as raw material during the current work. Prior to organosolv
fractionation, woodchips were milled though a 1-mm screen in a Rersch
SM 300 knife mill (Retsch GmbH, Haan, Germany). Organosolv fraction-
ation of milled woodchips took place in 2.5-L metallic cylinders that
were places in an air-heated multidigester as previously described
[37]. The metallic vessels were filled with 110 g of dried woodchips
and 1.1 L of a 50% v/v ethanol to water solution. Fractionation took
place at 183 °C for 1 h under constant mild mixing by rotation. After
the treatment time elapsed, the vessels were allowed to cool down to
room temperature under constant mixing. After that, the pretreated
solids were recovered from the liquor by vacuum filtration, washed
with the same solution used during fractionation, air dried and stored
until further use. The liquor was used to isolate lignin and hemicellulose,
which were not used in the current work. The compositional analysis of
the pretreated solids was determined following the NREL protocols [38]
and the results expressed in dry basis were (wt%): cellulose, 57.1; hemi-
cellulose, 19.3; lignin, 13.2.

2.2. Heterologous cloning of MtLPMO9H in pGAPZaC vector

M. thermophila MtLPMO9H [31] was expressed and produced in
Pichia pastoris X33 strain. The gene XP_003661787 encoding the pre-
dicted amino acid sequence was obtained from https://mycocosm.jgi.
doe.gov/mycocosm/home (MYCTH_46583) and was inserted as a syn-
thetic gene in pGAPZaC vector (Invitrogen, San Diego, CA), downstream
of the GAP (glyceraldehyde-3-phosphate dehydrogenase) promoter.
Due to the presence of N-terminal active site of the LPMO, the native sig-
nal peptide of the enzyme was chosen, and the restriction sites BstBI and
Xbal were selected for the gene insert to remove the a-factor secretion
signal of the vector. Before transforming the plasmid into the P. pastoris,
the recombinant pGAPZo:C- MtLPMO9H was amplified in One Shot™
TOP10 chemically competent cells (Invitrogen™) according to the product
guidelines and the transformants were selected by plating on Luria—
Bertani (LB) agar plates with 25 pg/ml Zeocin™. Single colony from a
re-streaked fresh plate was chosen to inoculate 5 ml of LB medium
with 25 pg/ml Zeocin™ and incubated for 12 h, at 37 °C and 200 rpm ag-
itation. Bacterial culture was harvested and the amplified plasmid DNA
was purified using GeneJET Plasmid Miniprep Kit (Thermo Scientific™).
Purified plasmid DNA was linearized using FastDigest™ BglII restriction
enzyme (Thermo Scientific™) and transformed into P. pastoris following
the protocols of the Pichia expression vectors for constitutive expression
and purification of recombinant proteins manual (Catalog nos. V200-20
and V205-20). Transformants with high cassette expression were se-
lected by streaking on yeast-peptone medium with 2% glucose (YPD)
agar plates with Zeocin™ concentrations from 100 pg/ml, 200 pg/ml,
300 pg/ml. Single colonies grown in 300 pg/ml were picked to re-
streak on fresh YPD plates with 300 pg/ml Zeocin™ and stored in 4 °C.

2.3. Production and purification of MtLPMO9H and PcLPMOSD

The recombinant P. pastoris-MtLPMO9H and P. pastoris-PcLPMO9D
strains were cultivated in 3 L bioreactor, following the Pichia fermenta-
tion process guidelines (Version B 053002). Cells were first grown at 30
°Cin 100 ml YPD medium, in 1 L shake flasks, buffered with 100 mM
phosphate buffer at a pH of 6.0 in a shaking incubator (180 rpm) until
the cell density reached an ODggg of 3. Cells were aseptically harvested
by centrifugation at 2500 xg for 15 min. Pellets were resuspended to 1
L YPD to reach a starting ODggo of 1, in a 3 L bioreactor (Applikon Bio-
technology), buffered with 100 mM phosphate buffer pH 6.0 and con-
trolled by 20% ammonia base solution. Temperature was set to 30 °C


https://mycocosm.jgi.doe.gov/mycocosm/home
https://mycocosm.jgi.doe.gov/mycocosm/home

M.N. Muraleedharan, A. Karnaouri, M. Piatkova et al.

and dissolved oxygen (DO) as 20%, controlled by a constant airflow and
automatic agitation varying from 450 to 850 rpm. Cells were grown for
5-6 days and glucose was pumped from a 50% (w/v) stock using the in-
tegrated acid-pump of the bioreactor taking the advantage of the ‘feed-
back mechanism’ that pH level raises when the carbon source runs out.
Purification of MtLPMO9H was performed with immobilized metal af-
finity chromatography (IMAC) using a cobalt ion charged resin as previ-
ously described [39]. In case of PcLPMO9D, the enzyme was purified
with hydrophobic interaction chromatography (HIC), after precipitation
with ammonium sulphate, following an already developed protocol
[36].

A

Alkaline treated material

Birch raw material
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2.4. Isolation of cellulose nanocrystals

2.4.1. Disruption and removal of the lignin-hemicellulose matrix

The organosolv pretreated biomass was used as a starting material
for the isolation of nano-scale cellulose. For the chemical route, as
depicted in Fig. 1A (Route 1), the substrate was first subjected to alkaline
hydrolysis and bleaching treatment. Alkali treatment step involved
boiling of the biomass with 5 wt% KOH under stirring for 6 h to swell
the fibers, facilitate the infiltration of the bleaching solution and lead
to the removal of hemicellulose. The final suspension was extensively
washed with distilled H,O and was subsequently bleached upon

Bleached cellulose

KOH treatment Cellulose chem Route 1
Enzyme cocktail-A treatment
Cellulose E Route 2
Enzyme treated material
% Confie
Enzyme cocktail-B treatment : 1X bleaching Cellulose E, Route 3
B —
Cellulose Chem — Acid hydrolysis ——» NcCA —  Routel - » Post-treatment
with LPMOs
-
)
. . NcEA a
Acid hydrolysis — (@)
-
Cellulose E Route 2 Post-treatment
EG hydrolysis —» NCcEE (b) | - > with LPMOs
— @@
)
Acid hydrolysis — NcE,A (a)
—— Route 3
Cellulose, — (/0 T , Post-treatment
EG hydrolysis —— NcE,E (b) with LPMOs
| N

Fig. 1. (A) Removal of hemicellulose and lignin by chemical and enzymatic processes. Route 1 involves alkaline treatment of organosolv pretreated birch with KOH solution followed by
four bleaching steps, yielding bleached Cellulose Chem. In Route 2 and 3, alkaline KOH treatment is replaced by enzymatic treatment with two different cocktails, followed by one single
bleaching step, yielding bleached Cellulose E and Cellulose E; respectively. (B) Schematic representation of the three different processes followed for the production of nano-scale cellulose
from organosolv pretreated birch biomass. Route 1 followed the traditional chemical isolation pathway using sulphuric acid hydrolysis of Cellulose Chem sample for the removal of
amorphous cellulose regions. In case of Route 2 and 3, bleached Cellulose E and Cellulose E; were subjected to either acid hydrolysis (Route 2a and 3a) or treatment with
endoglucanases (Route 2b and 3b) respectively. The produced samples are NcCA: cellulose nanocrystals from chemical pathway (alkaline hydrolysis and 4 bleaching steps), hydrolyzed
with acid. NcEA: cellulose nanocrystals from enzymatic pretreatment with cocktail A and one bleaching step, hydrolyzed with acid. NcEE: nano-scale cellulose from enzymatic
pretreatment with cocktail A and one bleaching step, hydrolyzed with endoglucanase mixture. NcE; A: cellulose nanocrystals from enzymatic pretreatment with cocktail B and one
bleaching step, hydrolyzed with acid. NcE,E: nano-scale cellulose from enzymatic pretreatment with cocktail B and one bleaching step, hydrolyzed with endoglucanase mixture.
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addition of 0.19 M sodium chlorite in 0.3 M sodium acetate buffer, at
80 °C for 6 h, under agitation. The samples were extensively washed
with distilled H,0 and the final product was centrifuged for 15 min at
10000 rpm; the precipitate was collected and resuspended in distilled
H,0. The bleaching step was repeated 4 times.

Along with the traditional acid-catalyzed chemical process, two sep-
arate enzymatic pathways were designed using different combinations
of hydrolases and accessory enzymes, as depicted in Fig. 1B (Route 2 and
3). Enzymatic cocktail A contained a mixture of two endoglucanases,
one belonging to glycoside hydrolase family 5 (EG5) from Talaromyces
emersonii (Megazyme) and one belonging to glycoside hydrolase family
7 (EG7) from Trichoderma longibrachiatum (Megazyme), together with
xylanase (ACCELLERASE® XY, Genencor) and laccase from the fungus
Pycnoporus cinnabarinus (kindly provided by Beldem, Belgium). Enzy-
matic cocktail B comprised of the same mixture as cocktail A, in addition
to the C1-specific PCLPMO9D [37]. All enzymes were added at a final
concentration of 5 mg/g substrate in the reaction mixture. Reactions
took place at 50 °C, 1000 rpm agitation, in 50 mM sodium acetate buffer
pH 5.0, in the presence of 1 mM ascorbic acid for 24 h. Reaction was
stopped by heating the mixture at 95 °C for 15 min, followed by exten-
sive washing with de-ionized water until the pH stabilized at around
7.0. After enzymatic treatment, one single bleaching step followed in
order to complete refining and attain cellulose fraction for further
processing.

2.4.2. Removal of cellulose amorphous regions

For the removal of cellulose amorphous regions from the
bleached samples, two approaches were followed, including acid
hydrolysis and enzymatic treatment with endoglucanases, as
depicted in Fig. 1B. In case of the chemical process (Route 1), cellu-
lose nanocrystals were prepared by following a modified version of
the process reported by Bondeson et al. [10]. The aqueous suspen-
sion of bleached biomass was mixed with H,SO4 to reach a final
acid/H,0 concentration of 61% wt. and it was incubated at 70 °C
under vigorous stirring for 20 min. In case of Route 2a and 3a
(Fig. 1B), the acid concentration was reduced to 54-55% wt. and it
was incubated at 70 °C under vigorous stirring for 15 min. In all
cases, the hydrolysis was quenched by adding excess of distilled
water and was allowed to cool down to room temperature. The sus-
pension was successively centrifuged at 5000 rpm for 15 min to con-
centrate the cellulose nanocrystals and to remove the excess of
aqueous acid. The isolated nanocrystals were rinsed and dialyzed
in distilled H,O until pH 4-5 was reached. The suspension was son-
icated using a Qsonica Q500, 500-watt Sonicator at 75% output for 5
min. For the enzymatic treatment with endoglucanases (Route 2b
and 3b, Fig. 1B), EG5 and EG7 were used instead of acid, at an
enzyme loading of 10 mg of each enzyme/g of substrate. The isolated
nano-scale cellulose was characterised as described below.

2.5. Enzymatic LPMO post-treatment of nanocellulose

LPMO post-treatment of isolated nano-scale cellulose was con-
ducted with two different LPMOs, namely the C1-specific PcLPMO9D
[36] and the mixed C1/C4-specific MtLPMO9H [31]. The reaction
took place at an enzyme loading of 10 mg/g substrate, at 50 °C,
1000 rpm agitation, in 50 mM sodium acetate buffer pH 5.0, in the
presence of 1 mM ascorbic acid and incubated for 12 h. In order to
terminate the reaction, the mixture was heated at 95 °C for 15
min, followed by extensive washing with de-ionized water until
the pH stabilized at around 7.0. The soluble sugars released after
the post-treatment with LPMOs were detected with HPAEC-PAD
(high-performance anion-exchange chromatography with pulsed
amperometric detection) as previously described [31] and the oxi-
dized and neutral sugars were assessed based on previous data
[40]. The surface groups were identified with XPS, as described
below.
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2.6. Characterization of nanocellulose morphology and surface chemistry

2.6.1. Atomic force microscopy (AFM)

Topographical surface images were captured using an atomic force
microscope (AFM, Veeco Multimode V, USA) operating in tapping
mode and of height, amplitude, and phase images were recorded. For
analysis, a droplet of diluted suspension of the sample was deposited
on freshly cleaved mica sheet and allowed to dry. The diameter mea-
surements were performed using the Nanoscope V software from the
height images.

2.6.2. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) of the cellulose fibers was
studied using a TM3000 microscope (Hitachi) with accelerating voltage
5 kV. The samples were deposited on carbon tape and were sputter
coated with gold prior to imaging.

2.6.3. Zeta-potential analysis

Zeta-potential was measured assuming Smoluchowski behavior
with a Zetasizer Nano ZS (Malvern Instruments) equipped with a uni-
versal dip cell. Dispersions of <0.01 wt% in 10 mM NaCl were measured
10 times with each measurement composed of 12 runs. The error corre-
sponds to the standard deviation.

2.64. X-ray photoelectron spectroscopy (XPS)

The surface groups of CNCs were identified and quantified via XPS.
The analyses were performed with an Axis Ultra DLD electron spec-
trometer (Kratos Analytical Ltd., U.K.) using a monochromatized Al
Ko radiation source operating at 150 W and an energy of 20 eV for indi-
vidual photoelectron lines. The high-resolution spectra were fitted
using a series of Gaussian peaks.

2.6.5. Thermogravimetric analysis (TGA)

The thermal properties of the samples were tested by a thermogra-
vimetric analyzer (TA Instruments Discovery) under air atmosphere at
a flow rate of 20 ml/min. Samples weighing >1 mg were analyzed at a
constant heating rate of 10 °C/min from ambient temperature to 600 °C.

3. Results and discussion
3.1. Isolation of nano-scale cellulose

For the isolation of nano-scale cellulose from organosolv pretreated
birch, disruption and removal of the lignin-hemicellulose matrix took
place through alkaline hydrolysis, as depicted in Fig. 1A, in order to ob-
tain a cellulose-rich pulp, which was then subjected to hydrolysis for the
removal of amorphous regions leaving behind the highly crystalline
areas. Three different processes were evaluated. Route 1 followed the
traditional chemical isolation pathway using sulphuric acid hydrolysis
for the removal of amorphous cellulose regions. Along with the tradi-
tional acid-catalyzed chemical process, two separate enzymatic path-
ways were designed using two enzymatic cocktails, A and B, with
different combinations of hydrolases and accessory enzymes, as de-
scribed in Materials and Methods section. The fractions after the enzy-
matic treatment with either cocktail A or B (Routes 2 and 3,
respectively), were directly subjected to one single bleaching step,
without any alkaline treatment. In the next step, the bleached biomass
was subjected to either acid hydrolysis (Route 2a and 3a) or treatment
with endoglucanases (Route 2b and 3b).

In order to evaluate the effect of enzymatic pretreatment in the mor-
phology and structure properties of the biomass, the organosolv treated
samples, either without (Fraction 1-Route 1) or after enzymatic treat-
ment with cocktail A and B (Fraction 2-Route 2 and Fraction 3-Route 3,
respectively), were studied with SEM, prior to any alkaline and/or
bleaching step. The results (Supplementary material, Fig. S1) showed
that there are morphological differences in samples after the enzymatic
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treatment. The fibers in Fraction 1 exhibit an uneven, hairy surface,
while the enzyme-pretreated fractions (Fraction 2 and 3) showed a
smoother texture, due to the removal of amorphous regions and
polishing after the activity of enzymes. However, no significant
differences could be observed between the two enzyme-treated
fractions.

A summary of the overall process for the production of different
nano-scale celluloses is presented in Fig. 1B, showing the samples that
were isolated from different routes: (i) NcCA was obtained from chem-
ical pathway (alkaline hydrolysis and 4 bleaching steps) and was hydro-
lyzed with acid. (ii) NcEA was obtained from enzymatic pretreatment
with cocktail A and one bleaching step, and was hydrolyzed with acid.
(iii) NcEE was obtained from enzymatic pretreatment with cocktail A
and one bleaching step, and was hydrolyzed with endoglucanase mix-
ture. (iv) NcE;A was obtained from enzymatic pretreatment with cock-
tail B and one bleaching step, and was hydrolyzed with acid. (v) NcEE

Height 1.0 pm
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was obtained from enzymatic pretreatment with cocktail B and one
bleaching step, and was hydrolyzed with endoglucanase mixture.

The results show that the enzymatic pretreatments could reduce the
bleaching process down to 4 times lower than the chemical pathway.
The use of endoglucanase-assisted treatment instead of acid hydrolysis
to remove amorphous regions seemed feasible and enabled the produc-
tion of sulphur-free nanocellulose. Although the use of a cellulase cock-
tail, such as Celluclast and Cellic® CTec2, would increase the
pretreatment efficiency, it has certain drawbacks as well. These enzyme
mixtures are non-specific and may not be favorable for removing only
the amorphous cellulose regions, leaving behind the highly crystalline
nanocellulose. Moreover, the composition of these cocktails is primarily
optimized for achieving maximum liquefaction of lignocellulose into
soluble sugars [41], while the use of different monoenzymes allows
for the optimization of hydrolysis conditions through controlled enzy-
matic treatment to avoid excessive liquefaction [25,42]. In the process

e 184 nm

3-6 nm
14.0 nm =
Height Topm
BN 184 nm
2-7 nm
-14.0 nm - o
Height Tomm
24.7 nm
5-10 nm
5-6 nm

Height

Fig. 2. AFM images and width values of isolated nanocellulose from different routes.
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followed in this work, it is verified that a combination of cellulases and
xylanases, together with laccases and LPMOs can be used either syner-
gistically or individually to tailor the removal of amorphous regions to-
wards the isolation of nanocellulose.

3.2. Morphology of isolated nanocellulose samples

The average width of the isolated nanocellulose after three different
routes was identified using AFM and the results are depicted in Fig. 2. As
it can be observed, there is no significant difference in the length among
samples that have been treated with acid for the removal of cellulose
amorphous regions (NcCA, NcEA, NcE;A), which correspond to Routes
1, 2a and 3a. These samples represent cellulose nanocrystals (CNCs)
and have the typical size, as reported in the literature. Among the strict
enzyme Routes 2b and 3b, pretreatment with the enzyme cocktail B that
contained LPMO in addition to hydrolytic enzymes, resulted in thinner
particles of 7-16 nm diameter (NcE.E) compared to those obtained
after treatment with cocktail A that exhibited a diameter of 8-20 nm di-
ameter (NcEE). These samples represent nano-scale cellulose of mixed
elements with various diameters, comprised mainly of long intercon-
nected cellulose fibrils (CNFs) together with, to a lesser extent, CNCs,
as shown in Fig. 2. Regarding the overall structure and the diameter of
the CNFs obtained from Routes 2b and 3b, they are both comparable to
those from other studies employing enzymes for nanocellulose isola-
tion. Rossi et al. obtained similar results from sugarcane bagasse (fibrils
with 1.3-20 nm width) after treatment with endoglucanase, xylanase
and an LPMO of AA9 family [25], while treatment with endoglucanase
yielded nanocellulose of 5-7 nm width from natural bast fibers [20],
corroborating that the enzymes are very efficient to produce nano-
scale cellulose. Valls et al. obtained thicker elements from cotton linters
after treatment with a mixture of cellulases and an AA10 LPMO [28].

The heterogeneity observed in the morphology of samples produced
by the strict enzymatic routes (Routes 2b and 3b) is attributed to the ac-
tivity of endoglucanases that perform a milder hydrolysis compared to
sulphuric acid, targeting specifically to digest amorphous regions leav-
ing intact the crystalline areas [43]. This mode of action results in het-
erogeneity and a wide range of size distribution in the final nano-scale
product, which has also been reported in the work by Teixeira et al.
2015 [19]. Compared to the processes that involve the acid hydrolysis
step and lead to the production of CNCs, the strict enzymatic routes pro-
vided nanoscale cellulose with properties close to CNFs. CNCs and CNFs

-35.0
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are two products with different properties, so the process selection for
the final product depends on the relevant application that is targeted.
When it comes to the production of CNCs, though coming with a high
environmental cost, sulphuric acid treatment still consists the most
widely used process that yields crystals with targeted qualities such as
excellent colloidal dispersion and high crystallinity [8]. On the other
side, in case of the enzyme-assisted treatment, the process still needs
fine-tuning in order to obtain CNC-grade nanocellulose that meets the
industrial-grade quality requirements, similar to that obtained through
acid treatment. However, the process yields CNFs with high aspect ratio
[25]. Moreover, enzymatic routes provide greener processes in isolating
nanoscale cellulose and, thus, they could replace chemicals to a great
extent. The highest significance of employing biocatalysis for
nanocellulose isolation can be outlined within the frame of a biorefinery
concept, where nanocellulose is produced as a side-product in the pro-
duction of soluble fermentable sugars [6,44,45]. The above observations
make clear that that both chemical and enzymatic route have its own
relevance, targeting at different nanocellulose products.

3.3. Analysis of surface charge, evaluation of carboxylate groups and ther-
mal stability

Zeta-potential values at pH 7.0 were determined for all samples ob-
tained from the three different routes as a primary indication of their
net surface charge and are described in Fig. 3. The NcCA sample isolated
from the chemical process (Route 1) displayed the highest absolute
value of zeta-potential (—31.0 mV), indicating the strong repulsion of
the negatively charged nanocrystals. Similar values of zeta-potential of
LPMO-treated nano-scale cellulose have been reported in previous
studies for different types of plant and tunicate biomass [5,26,34,35].
Replacement of alkaline hydrolysis with enzymatic treatment with
cocktails A or B, combined with acid hydrolysis (Routes 2a and 3a) re-
sulted in well-dispersed fibers with zeta-potential values of —25.5 mV
and —24.8 mV respectively, verifying a good colloidal stability of these
samples. The surface charge of these samples can be attributed mainly
to the sulphate groups introduced during acid hydrolysis, as well as, in
case of Route 3a, to the carboxylate groups as a result of the C1-
specific LPMO activity. It has been reported that treatment with
sulphuric acid leads to introduction of sulphate groups at the C6 carbon
on the glucose molecule of the cellulose chain [46]. These charged
groups probably cause the reduction in the zeta-potential in CNCs

-30.0

-25.0

-20.0

-15.0

Zeta potential (mV)

-10.0

-5.0

0.0

Fig. 3. Zeta-potential values for the isolated nano-scale cellulose prior and after post-treatment with different LPMOs.
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Table 1
Atomic percentage (%) of carboxylate and sulphate groups of isolated nano-scale cellulose
prior and after post-treatment with different LPMOs.

Sample -COOH -HSO3-
NcCA 0.78 0.27
NcCA treated with PcLPMO (NcCA-Pc) 0.74 0.12
NcCA treated with MtLPMO (NcCA-Mt) 0.66 0.16
NcEA 0.36 0.13
NCcEE 0.56 -
NCEE treated with PcLPMO (NcEE-Pc) 1.26 -
NCEE treated with MtLPMO (NcEE-Mt) 0.95 -
NcE;A 0.51 0.18
NCcEE 0.79 -
NCE,E treated with PcLPMO (NcE, E-Pc) 1.55 -
NCE;E treated with MtLPMO (NcE E-Mt) 0.6 -

isolated after acid hydrolysis. When acid hydrolysis was replaced by
treatment with endoglucanases (Routes 2b and 3b), the absolute value
of zeta-potential was lower (—15.6 mV and —19.4 mV respectively),
due to the absence of sulphate groups. As both acid and enzyme-
assisted treatment are expected to remove the amorphous cellulose re-
gions, and since the latter is not able to introduce any additional charged
group, decrease of the zeta-potential absolute value could be probably
attributed to the removal of amorphous regions with existing charge.

The samples were analyzed with XPS in order to evaluate the pres-
ence of carboxylate and sulphate groups on the surface. The results
are presented in Table 1. Presence of carboxylate groups was observed
in all the samples. There are previous reports [47] that chemical
bleaching leads to introduction of carboxylate groups on cellulose sur-
face. The highest carboxylate content was observed for NcCA sample
that was obtained from chemical process (Route 1) and had been sub-
jected to four bleaching steps, compared to other samples (Route 2
and 3) that were treated with one single bleaching step and displayed
alower amount of carboxylate groups. Pretreatment with enzyme cock-
tail B that contained the PcLPMO9D (Route 3) resulted in nano-scale cel-
lulose with higher carboxylate content (sample NcE; E) than the cocktail
A without LPMO (Route 2, Sample NcEE), as expected by the C1-activtiy
of the enzyme. Both Routes 2b and 3b resulted in samples without sul-
phate groups, which were more susceptible to the post-treatment
with LPMOs, as shown below, regarding the increase of the carboxylate
content, compared to the samples obtained from the chemical process
(Route 1). Regarding the presence of sulphate groups, all samples ob-
tained after acid hydrolysis showed a relatively high amount of these
surface groups. It was also observed, as expected, that replacing acid hy-
drolysis with endoglucanase-catalyzed treatment resulted in samples
without sulphate groups (NcEE and NcEE).

Regarding the thermostability of the nano-scale cellulose, the ther-
mal properties of the isolated samples is presented in Fig. 4. Both
onset and peak degradation temperature values of the NcCA sample
prepared from Route 1 are very similar to those previously isolated
from tunicate biomass by similar processes [5] and they also show typ-
ical characteristics to others reported in the literature [14,48]. Compar-
ing the thermal stability of NcCA with that of samples from Routes 2 and
3, it can be observed that, as expected, the thermal stability of NcCA is
the lowest; this can be attributed to the presence of sulphonate half-
ester groups that promote charring of the cellulose [49], rendering it
more sensitive to thermal degradation. In fact, the results show a
trend that is directly proportional to the atomic percentage of sulphate
groups detected by XPS (Table 1). Apart from the presence of
sulphonate half-ester groups, it has been reported that the thermal sta-
bility of nanocellulose is also affected by bleaching [49], which may be a
possible explanation for the higher stability of NcCEA and NcE; A samples
compared to the NcCA. Samples NcEE and NcE;E that have been pre-
pared from enzymatic routes in the absence of acid hydrolysis (Routes
2b and 3b) exhibit higher stability than that of their counterparts from
enzymatic/acid routes (Routes 2a and 3a), possibly due to the absence
of sulphate groups. The thermal properties of NcEE and NcE,E exhibit
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Fig. 4. (A) Thermogravimetric analysis (TGA) and (B) differential thermogravimetry
(DTG) curves of isolated nano-scale cellulose prior and after post-treatment with
different LPMOs.

only slight differences, which indicates that the addition of PcLPMO in
the enzymatic cocktail during pre-treatment (Route 3) has practically
no effect on the thermostability of the samples, which has also been re-
ported in the work of Hu et al., 2018 [27].

3.4. Post-treatment of isolated nano-scale cellulose with different LPMOs

Three samples, namely NcCA, NcEE and NcE;E were chosen to fur-
ther evaluate the effect of LPMO post-treatment by using two enzymes
with different regioselectivity. In addition to PCLPMO9D that oxidizes C1
carbon with an already proved effect in introducing carboxylate groups,
MtLPMOOH that has a double C1/C4-oxidative action was chosen. In our
previous work, MtLPMO9H has been shown to be an efficient oxidative
biocatalyst that promoted the production of negatively charged thin cel-
lulose nanocrystals from organosolv pretreated tunicate biomass [5].

First, to confirm that both LPMOs were active on the isolated
nanocellulose samples, the soluble fraction after LPMO treatment was
analyzed with HPAEC-PAD for the presence of oxidized sugars (Supple-
mentary material, Fig. S2). PCLPMO9D was active on all three samples,
showing the highest activity on NcEE sample and the lowest on
NcCA. MtLPMOSH also showed activity on all three samples with no sig-
nificant differences, releasing C1, C4 and C1/C4-double oxidized
products. Overall, the sample from chemical process (Route 1, NcCA)
showed the lowest amount of released soluble products after the post-
treatment with LPMOs, which can be possibly attributed to the presence
of high amount of carboxylate and sulphate groups that might hamper
the activity of the enzymes. However, these measurements provide
only an indication of the LPMO activity based on oxidized sugars that
are present in the reaction medium, therefore they cannot be directly
correlated to the activity of the enzyme on the insoluble fraction,
namely the nanocellulose. Surface analysis of the nano-scale product,
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as described below, is more appropriate to evaluate the effect of
each LPMO.

The morphology of the samples after the post-treatment is depicted
at Fig. 2. It is obvious that in all cases, the activity of the enzymes led to
thinner and well-dispersed nano-scale cellulose crystals and fibers,
with relatively good colloidal stability in the aqueous solution, especially
for NcCA and NcE;E, as verified by the zeta-potential values described at
Fig. 3. Since C1-acting LPMOs create nicks on the surface of the cellulose
crystalline areas while introducing carboxylate groups [33], it is expected
that their activity promotes defibrillation. As a result, there is a decrease
in the width of nanocellulose elements, which is more profound in case
of MtLPMO9H; the activity of this LPMO yields very thin structures com-
prised of few elementary fibrils, which is in accordance with results from
treatment of tunicate-derived nanocellulose [5]. As shown by the AFM
analysis at Fig. 2, the length of the fibrils is high, indicating that the pro-
duced nano-scale cellulose has a high aspect ratio. Nanocellulose with a
high aspect ratio, especially when it is sulphur-free as in the case of this
work, meets the requirements for numerous applications [1].

The surface groups of the samples were identified with XPS and the
results are presented in Table 1. Regarding the LPMO regioselectivity
and the introduction of carboxylate groups, PCLPMO9D was shown as
a strong candidate in enhancing the -COOH groups, as expected. Treat-
ment with PcLPMO9D increased the carboxylate content from 0.59 to
1.26 for NcEE and 0.79 to 1.55 for NcEE, but not for sample NcCA,
where the enzyme indeed showed the lower activity, as also proved
by the release of lower amount of soluble products. The amount of sul-
phate groups was reduced after LPMO treatment, which might be attrib-
uted to the oxidative cleavage activity of the enzymes. The above
observation leads to the assumption that during LPMO treatment,
there is a competition between sulphate and carboxylate groups for
substitution at the primary alcohol. Interestingly, there is a recent
study reporting a reduction in sulphur content of nanocrystals isolated
after sulphuric acid treatment that were subsequently treated with
TEMPO, which confirms a similar behavior to what was observed in
our study [50]. During MtLPMOOYH post-treatment, a slight reduction
in carboxylate group was observed for NcCA and NcE;E.

Regarding the zeta-potential values that are shown in Fig. 3, the
standard deviation of the measurements indicates that there are slight
differences after the activity of LPMOs, even in case of PcLPMO9D that
has a strong oxidative effect on the substrate according to the XPS
data. In case of NcCA also the removal of charged sulphate groups
after the LPMO post-treatment, as verified by XPS analysis and as ex-
plained above, is expected [10,46]. In case of NcEE, no significant differ-
ences are observed despite the increase of the COOH groups from both
enzymes. One hypothesis for this paradox could be that the LPMO activ-
ity facilitates cellulose defibrillation [33,34] and leads the exposure of
new unmodified surfaces. These new inner portions of the cellulose par-
ticles may have different surface chemistry than those previously ex-
posed, which affects the zeta-potential value.

Regarding the thermal stability properties of the samples, the results
shown on Fig. 4 indicate a decreased thermostability of all three samples
(NcCA, NcEE and NcE; E) after post-treatment with both LPMOs, and this
trend is more profound in case of MtLPMO9H. One could expect that the
higher amount of carboxylate groups in samples post-treated with
PcLPMO9D would possibly lead to lower thermostability, however the
opposite is observed and the presence of carboxylate groups seems
not to have a significant impact. The results may be related to the dis-
ruption of the fibers, as also reflected by the reduction of the fiber
width (Fig. 2), leading to reduction of the overall crystallinity of the
sample. The changes in crystallinity have a greater effect on the thermal
properties of the material, as previously reported [27].

In general, it was observed that the LPMO post-treatment step leads
to modification of the nano-scale cellulose in terms of defibrillation and
enhanced carboxyl content for the non-sulfated samples (samples NcEE
and NcE(E). However, the distinct behavior of the two enzymes on
sulphated CNCs (sample NcCA) requires further attention, as none of
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the LPMOs could enhance the carboxyl content of chemically obtained
NcCA, but both LPMOs significantly changed the morphology in terms
of reduced particle width. The defibrillation ability of a C1-active
LPMO on sulphated nanocrystals and release of soluble sugars has
been reported previously [51], but its correlation to introduction of car-
boxyl groups is not well explored. Another scenario is that, LPMOs were
in fact active on NcCA, resulting in thinner fibers with reduced sulphate
content as observed from XPS (due to the removal of those regions by
enzyme action), and might have also introduced carboxyl groups with
C1 specificity as expected. However, the enzyme action might also
have resulted in the removal of already existed carboxyl groups
(introduced from bleaching stage). Since NcCA had high amount of
pre-existed unspecific carboxyl groups than NcEE and NcE;E, the new
introduction of C1 specific carboxyl groups by LPMOs was perhaps
lower or equal to the amount of carboxyl groups the substrate lost
due to enzyme action, resulting in a no net increase. As XPS is an unspe-
cific detection method for the location specificity of carboxyl groups,
this scenario could not be evaluated with the obtained data.

4. Conclusions

Different monoenzymes with specified cellulolytic, hemicellulolytic
and oxidative activities were successfully used for the isolation of
sulphur-free nanocellulose from birch. Our results demonstrate that a
combination of organosolv pretreatment in the absence of any acid,
followed by two enzymatic treatment steps, and final refining with
post-treatment modification with the C1-specific PCLPMO9D is the
best strategy to produce nano-scale cellulose with high carboxylate con-
tent and improved thermal properties. The proposed process is novel
from not only the perspective of organosolv pretreatment and valoriza-
tion of forest biomass, but also because individual enzymes were
employed for targeting the removal of cellulose amorphous areas, in-
stead of commercial cellulase cocktails with a broad activity.
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