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Abstract Lytic polysaccharide monooxygenases
(LPMOs) from the auxiliary activity 9 (AA9) family
act on cellulose through an oxidative mechanism that
improves cellulose saccharification in concert with
other cellulolytic enzymes. Degradation and solubi-
lization of cellulose chains are known to take place
when various cellulose hierarchies, fibers, nanofib-
ers, and cellulose nanocrystals (CNCs) are subjected
to LPMOs, either alone or in combination with other
cellulose acting enzymes. The use of LPMOs to
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modify and prepare CNCs has been proposed mostly
in top-down synthesis from larger hierarchies. Here,
we attempted a direct surface modification of CNCs
with LPMOs with the aim of investigating the role
played by the charged sulfate groups on CNCs. Sul-
fate half-ester groups are introduced during the prepa-
ration of CNCs from cellulose using sulfuric acid.
It has been proposed that the charged sulfate groups
hinder the binding of enzymes or affinity of charged
reactants on the surface and hence reduce enzymatic
and chemical reaction efficiency. We demonstrate the
modification of commercial sulfated CNCs using a
family AA9 LPMO. Conductometric titration and
spectrometric characterization of the oxidized parti-
cles indicate that carboxylation of up to 10% was pos-
sible without degradation of the crystals. Unexpect-
edly, the carboxyl groups could only be introduced
to the crystals containing sulfate groups, while des-
ulfated crystals remained unfunctionalized. This was
deemed to be due to that the sulfate groups limit the
adsorption of the enzymes and hence modulate the
cuts facilitated by the enzymes on the surface. This
limits the release of chains from the surface and
enables the carboxylation of the insoluble substrate
rather than the release of the solubilized chains. This
study highlights the importance of analyzing both the
solid and soluble reaction products to gain insights
into the oxidation mechanism. We demonstrated that
10% functionalization suffices for the use of CNCs in
coupling chemistry.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-023-05440-0&domain=pdf
https://doi.org/10.1007/s10570-023-05440-0
https://doi.org/10.1007/s10570-023-05440-0

9332

Cellulose (2023) 30:9331-9347

Keywords Enzyme - Lytic polysaccharide
monooxygenase - LPMO - Cellulose nanocrystal -
CNC - Crystalline substrate - Cellulose - Sulfate half-
ester groups - Analytics - Amidation

Mathematics Subject Classification MSC codel -
MSC code2

Introduction

The percolation of nanotechnology into wood sci-
ence led to the discovery of nanocelluloses (Ranby,
1951; Marchessault et al., 1959) that have since been
integral materials in the field of cellulose science and
technology (Dufresne, 2013). Cellulose nanocrystals
(CNCs) are cellulose nanomaterials manufactured by
disintegrating cellulose biomass using mineral acids
(Habibi et al., 2010). Selective acid hydrolysis of the
most accessible cellulose structures leads to the lib-
eration of rod-like crystalline nanoparticles. Hydroly-
sis using sulfuric acid simultaneously esterifies the
particles’ surface to carry sulfate half-ester groups
(Marchessault et al., 1961; Revol et al., 1992). The
sulfate half-ester groups provide a negative charge
to the particles. The charge is a requisite for colloi-
dal stability and serves in medical use, for example,
in heparin-mimicking anticoagulants (Ehmann et al.,
2014).

The carboxyl groups on CNCs enable their use in
coupling chemistry (Akhlaghi et al., 2013; Akhlaghi
et al., 2014). Carboxyl groups are introduced to cellu-
lose via 2,2,6,6-tetramethyl piperidine-1-oxyl through
C6 (TEMPO)-mediated oxidation (Isogai et al.,
2011), via esterification using weak acids (Ji et al,,
2019) and even by using ozone to oxidize aldehyde
groups that have been introduced to the positions C2
and C3 (Nypeld et al., 2018). Surgicel® (branded by
Johnson & Johnson), Oxycel® (Becton Dickinson)
and Traumacel® (Bioster a.s.) are commercial oxi-
dized medical cellulose products (Zhang et al., 2020).
Although carboxylation is efficiently performed using
chemical reaction pathways, there is a need for rea-
gents that have a lower environmental impact and are
non-toxic, especially when the product is targeted for
use in medicine.

Lytic polysaccharide monooxygenases (LPMOs)
are mono-copper carbohydrate active enzymes that
were discovered in 2010 (Vaaje-Kolstad et al., 2010).
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Depending on their regiospecificity, LPMOs cleave
various polysaccharides by oxidizing the substrate at
C1 and/or C4 positions (Vu et al., 2014; Wang et al.,
2018). In addition, indications of C6 oxidation have
been presented (Sun et al., 2022; Chen et al., 2018).
Repeated attacks in localized areas or close to the
chain end lead to the peeling of soluble oligosaccha-
rides from the surface (Courtade et al., 2018; Solhi
et al., 2022). The reaction products from Cl-oxidiz-
ing LPMOs are lactones in equilibrium with aldonic
acids (Fig. 1a) and the reaction products from C4-oxi-
dation are 4-keto sugars in equilibrium with gemdi-
ols. For LPMO catalysis, Cu(Il) in the LPMO active
site must be reduced to Cu(I) by an electron donor
and the enzyme also requires an oxygen-containing
co-substrate (O, and/or H,0,) for activity (Vaaje-Kol-
stad et al., 2010; Quinlan et al., 2011; Bissaro et al.,
2017). Family AA9 LPMOs (abbreviated as AA9s
or LPMOQO9s, according to the CAZy (Carbohydrate-
Active EnZYmes) database (Drula et al. , 2022)) are
LPMOs of fungal origin, and they have so far shown
activity on cellulose, various hemicelluloses, and
the respective oligomers (Agger et al., 2014; From-
mhagen et al., 2015; Bennati-Granier et al., 2015;
Hiittner et al., 2019; Tolgo et al., 2022). Carbohy-
drate-binding modules (CBM) are non-catalytic
enzyme domains that promote enzyme binding onto
a substrate and are connected to the catalytic domains
via a linker. Cellulose-binding CBMs (e.g. CBM1
and CBM2) have proven to be beneficial in LPMO
binding on the cellulose substrate and in localized
degradation by LPMOs (Courtade et al., 2018; Cha-
lak et al., 2019; Sun et al., 2022). Enzymes within
the same family, such as the LPMOO9s, differ bio-
chemically, for example in their substrate preference,
modularity (with or without CBM), regioselectivity
and reaction kinetics (Frandsen et al., 2021; Petrovi¢
et al., 2019; Tdlgo et al., 2022). LPMO®9s are indus-
trially interesting because of their ability to boost
cellulolytic activities in commercial lignocellulolytic
cocktails. Owing to their relatively flat active site
and powerful oxidative chemistry, LPMOs can create
nicks on otherwise crystalline and recalcitrant poly-
saccharides which creates binding sites for hydrolytic
enzymes in lignocellulolytic cocktails and results in
an increase in saccharification yields of various sub-
strates (Chylenski et al., 2019). However, proofs of
concept for other applications have also emerged.
LPMQO9s (alone or in combination with cellulases
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Fig.1 a The mechanism of formation of the Cl-oxidized
LPMO reaction products on cellulose; on of the products is
a lactone in equilibrium with its hydrated aldonic acid form.
b Schematic presentation of CNCs carrying sulfate half-ester
groups, their desulfation, the LPMO treatment of sulfated

and xylanases) have been demonstrated to produce
and oxidize cellulose nanomaterials (Villares et al.,
2017; Hu et al., 2018; Moreau et al., 2019; Koskela
et al., 2019; Karnaouri et al., 2020; Koskela et al.,
2021; Muraleedharan et al., 2021; Rossi et al., 2021;
Marjamaa et al., 2022; Magri et al., 2022; Chorozian
et al.,, 2022). In addition, a family AA10 cellulose-
active LPMO of bacterial origin has been used to
carboxylate cellulose fibers and nanocrystals (Solhi
et al., 2022). The use of LPMOs is relevant from an
industrial lignocellulosic biorefinery perspective as
mild and sustainable enzyme-based processes can

Hexanediamine
EDC/NHS

[De]lCNCs

(CNC) or desulfated (DeCNC) cellulose substrates to carry
carboxyl groups, and amidation of the solid product. The solu-
ble fraction would be composed of oxidized and non-oxidized
oligosaccharides, however, here the focus was on the analysis
of oxidized products as evidence of LPMO activity

be used as alternatives to the current chemical and
mechanical reaction pathways.

The effect of sulfate half-ester groups on the activ-
ities of LPMQO9s has been investigated by analyzing
the soluble and insoluble oxidized products (Kar-
naouri et al., 2020; Muraleedharan et al., 2021). Eib-
inger et al. (2017) showed using atomic force micros-
copy (AFM) that NcLPMO9F (no CBMI) binds
on sulfated CNCs. Karnaouri et al. (2020) showed
increased carbonyl and carboxyl group contents on
sulfated tunicate CNC when the substrate was LPMO
pre-treated or post-modified using a C1/C4-oxidizing
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LPMO9 (M{LPMO9H). In contrast, Solhi et al.
(2022) showed that functionalization by a specific
family AA10 LPMO (CflaLPMOI10A) is strongly
inhibited by the sulfate half-ester groups. Muraleed-
haran et al. (2021) concluded that carboxylation by
LPMO9s (M{LPMO9H and PcLPMO9D) does not
increase carboxyl group content on sulfated CNCs. A
similar inhibiting effect on hydrolysis has been seen
when hydrolyzing sulfated cellulose with a cellulase
mixture from Trichoderma reesei (Jiang et al., 2013).
Although there are published works regarding the
LPMOs acting on nanocellulose, the ones that deal
with the retardation of reactivity stemming from
the abundant sulfate ester groups are only a few and
sometimes contradicting. The mechanism of how the
LPMOs modify the solid crystalline cellulose sub-
strates containing bulky charged groups appears still
far from being elucidated and we wish to contribute
to this endeavor. We provide a comparison of the
functionalization efficiencies of sulfated and desul-
fated CNCs by an LPMO9. Since commercial CNCs
typically contain sulfate half-ester groups, such com-
parison is a necessity to facilitate their enzymatic
modification route. The surface charge that the sul-
fate groups bring is expected to interfere with the
enzyme adsorption onto the solid substrate. The sul-
fate groups have been shown to prevent the action of
a negatively charged chemical oxidant, sodium perio-
date, via electrosteric repulsion (Llacer Navarro et al.,
2021). We hypothesize that the CNCs will be enzy-
matically modified, but we also anticipate that there
will be a maximum degree of surface functionaliza-
tion that can be reached due to the limitation posed by
the sulfate groups. To test this hypothesis, we employ
a previously characterized Cl-oxidizing LPMO from
Thermothielavioides terrestris (TILPMO9G) (Tdlgo
et al., 2022) from the AA9 family to modify sulfated
and nonsulfated cellulose nanocrystals. Tt{LPMO9G
contains a Cl-oxidizing LPMO9 catalytic domain
appended to a CBM1. TrfLPMO9G has been shown
to have a high specific activity on various cellulosic
substrates (TOlgo et al., 2022). In addition, it was pos-
sible to produce this enzyme in sufficient yields on a
laboratory scale which is a prerequisite for using it
for modifying cellulose. Here, we apply an analysis
of both soluble and insoluble products by chromatog-
raphy and conductometric titration to elucidate the
functionalization with respect to where the oxidations
are located (on solubilized or on the solid products).

@ Springer

The products of the enzymatic modification are ana-
lyzed using dynamic light scattering (DLS) for deter-
mining the z-average, using zeta-potential for deter-
mining colloidal stability, elemental composition,
attenuated total reflectance Fourier-transform infrared
(ATR-FTIR) spectroscopy, x-ray photoelectron spec-
troscopy (XPS) and titration to quantify the degree
of modification, x-ray diffraction (XRD) to quantify
the crystallinity of the CNCs, and AFM to quantify
particle dimensions. Moreover, the product of the
enzymatic modification is used in coupling chemis-
try amidation to provide a demonstration of its use in
engineered materials.

Experimental
Materials

THLPMOO9G (UniProt ID G2QZK6) was cloned, pro-
duced, purified, and stored as described in our earlier
work (Tdlgo et al., 2022). CNCs were purchased from
Celluforce (Canada). Hexane-1,6-diamine, ascorbic
acid (AscA), KCl, HCI, N-(3-dimethylaminopropyl)-
N-ethylcarbodiimide hydrochloride (EDC), N-hydrox-
ysuccinimide (NHS), NaOH and BisTris were
purchased from Sigma-Aldrich (Sweden) and spec-
trapore membrane with a cut-off of 12,000-14,000 g
mol~!' was purchased from VWR (Sweden).

Protonation and desulfation of CNCs

CNCs were dispersed in water as received and pro-
tonated by adding HCI until pH value 2 was reached,
which is below the pK, (2.46) of the sulfate half-ester
group (Wang et al., 2011). Then the suspensions were
dialyzed with the spectrapore membrane until the pH
of the dialysate reached the neutral pH of the deion-
ized water used for the dialysis to remove the excess
ions. The protonated CNCs are referred to as CNCs.

The sulfate group content was lowered via an acid-
catalyzed technique by adding 12 M HCl to a 5 wt%
CNC dispersion to obtain an acid concentration of
1.8 M (Fig. 1b). The suspension was heated to 90 °C
and stirred with reflux for 2 h. The suspension was
then dialyzed against deionized water. The desulfated
CNC:s are referred to as DeCNCs.
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Assessment of TALPMO9G activity on CNCs

The activity of the LPMO on the cellulose substrates
was determined in triplicate using 100 uL reaction
volume in 1.5 mL Eppendorf tubes for 16 h reaction
time. The LPMO was incubated on ice with a 0.5 eqm
amount of CuSO, for a minimum of 30 min before
being used in the reactions. The reactions contained
1 uM T:LPMO9YG, 0.4% (w/v) substrate and 50 mM
BisTris—HCI, pH 6.5. After mixing, the reductant
AscA was added to initiate the reactions in 1 mM
final concentration. In control reactions (no reductant,
NR), the reductant was replaced by ultrapure water.
In other control reactions, the enzyme was replaced
with the respective amount of CuSO, (these reac-
tions did not show any product generation and are
not shown). All reactions were incubated for 16 h at
40 °C and 1000 rpm (orbital shaking). The reactions
were stopped by boiling for 15 min after which they
were filtered using a 0.45 ym membrane plate filter
and a vacuum manifold. The filtrates were stored at
—20 °C for further analysis.

CNC and DeCNC modification using TALPMO9G

The LPMO treatment (Fig. 1b) of the cellulose sub-
strates was performed using 104 mL of 2.6 wt% of
CNC or DeCNC suspension in a 50 mM BisTris—HCI
buffer at pH 6.5 and room temperature with constant
stirring (400 rpm) in a 100 mL round flask. The flask
was covered with Parafilm with punched holes to
allow aeration. The enzyme concentration was 0.9
uM and the concentration of AscA that was used as
a reductant was 1 mM. The TrLPMO9G was incu-
bated with a 0.5 eqm amount of CuSO, on ice for a
minimum of 30 min prior to the start of the reactions.
AscA was added last to initiate the reaction. The cel-
lulose suspensions were reacted for 6 h and aliquots
were taken at 2, 4 and 6 h. The enzymatic reaction
was stopped by heating the suspension to 100 °C for
10 min and decreasing the pH to 2. The enzymatically
modified cellulose suspensions were purified by dial-
ysis against deionized water. Control reactions were
performed without the reductant (NR) and without
the LPMO and no CuSO, (NE) in otherwise equiva-
lent conditions.

Coupling chemistry

The following procedure is an adaptation from
Arcot et al. (2014). The LPMO-modified cellu-
lose substrates and the NE control were used for
the amidation reaction (Fig. 1b). NHS and EDC
in a molar ratio of 1:50 were added to 2 mg ml™'
CNC or DeCNC suspension. KCI was then added to
a final concentration of 1 M in KCl in suspension.
Once the ionic strength of the reaction mixture was
increased by KCl, a solution of hexane-1,6-diamine
was added so that the resulting reaction mixture had
a 1.5:2 hexane-1,6-diamine to carboxyl group con-
tent molar ratio. The molar ratio between the hex-
ane-1,6-diamine and the NHS was 1:1. Following
the addition of the amine, the reaction mixture was
adjusted to pH 9.2 then sonicated and left to stir
overnight. The product was dialyzed against deion-
ized water and stored at 4 °C. A prefix X is added
to the identifiers of CNCs and DeCNCs to indicate
amidation.

High-performance anion exchange chromatography
with pulsed amperometric detection (HPAEC-PAD)

HPAEC-PAD was used for the analysis of oxi-
dized soluble products released by the LPMO from
the CNC and DeCNC substrates. An ICS-5000
instrument with Carbopac PA200 analytical (3 X
250 mm) and Carbopac PA200 guard column (3 X
50 mm) was used (all Dionex, USA). The soluble
product solutions were diluted four-fold in ultrapure
water prior to analysis, and 10 uL of the solu-
tions were injected into the columns. The analysis
method described by Tdlgo et al. (2022) was used.
The analysis was done in duplicate or triplicate,
and only the representative single chromatogram
is shown for when the chromatograms looked simi-
lar. The Glc2-60x standard was prepared accord-
ing to Tolgo et al. (2022) except that cellohexaose
was included in the preparation. The standard was
diluted ten-fold in ultrapure water prior to HPAEC-
PAD analysis. Where semi-quantification was used
for the oxidized cello-oligosaccharides, the peak
areas of the Glc2-60x peaks were identified using
Chromeleon software and multiplied by the dilution
factor, and the relevant peak areas were summed up
and compared on a relative basis.

@ Springer
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Conductometric titration

Conductometric titration was performed to quantify
the carboxyl group content of the solid substrate (i.e.,
of CNCs and DeCNCs). Protonated and dialyzed cel-
lulose suspensions were diluted with ultrapure water,
and HCI and NaCl were added in order to be able to
identify two equivalence points and to increase the
conductivity to a measurable range, respectively (Fos-
ter et al., 2018). Titration was performed under con-
stant stirring using 0.01 M NaOH and a 665 Dosimat
titrator coupled to a conductometer and controlled by
a python script. The equivalence points were identi-
fied by analysis using Matlab: The first equivalence
point was taken as an indication of neutralization
of the strong acid groups (—OSO;H), and the sec-
ond equivalence point was of the weak acid groups
(—COOH). The equivalent points were calculated
as the intersections of the linear regressions with an
R2 > 0.995 of strong acid, weak acid plateau, and
excess of the NaOH regions. The conductivity at each
point was calculated from the conductivity measured,
Conductivity,,, the initial volume (V;) of the suspen-
sion, and the volume of NaOH (V) according to

Eq. (1).

V.

1

V.+V,
Conductivity = Conductivity,, X < i Na0H> )

The concentration of the NaOH was standardized
using potassium hydrogen phthalate, which was first
dried in an oven.

Zeta-potential and z-average

The zeta-potential and z-average, via DLS, of the sus-
pensions were determined using DTS 1070 cuvettes
with Zetasizer Nano (Malvern, UK) equipment at
25.0 + 0.1 °C and in pH 6 using 0.25 wt% cellulose
suspension (Foster et al., 2018). The suspensions
were sonicated and filtered using a PVDF filter with
a 0.45 um pore size prior to the measurement. The
data were analyzed using Malvern Zetasizer Software
v7.13. The zeta-potential was calculated as the aver-
age of 6 measurements, where each measurement
comprised 60 to 150 sub-runs (Bhattacharjee, 2016).
A pH 6 was chosen as both, the strong acid, sulfate
half-ester groups (—OSO;— pKa ~ 2), and the weak

@ Springer

acid, carboxylic acid groups (—COO— pKa ~ 4.5), are
deprotonated (Delepierre et al., 2021). The refractive
index for the particles was set to 1.4701.

Attenuated total reflectance Fourier-transform
infrared spectroscopy

ATR-FTIR spectra were recorded using a spectrom-
eter (Perkin-Elmer, USA) and films that had been
prepared using the cellulose suspensions that were
drop-casted on a support and allowed to dry. The
spectra were processed with the Spectrum software
(Perkin-Elmer, USA). ATR correction was applied
and the spectra were normalized to the highest peak
(1030 cm™)).

X-ray diffraction (XRD)

XRD spectrograms were acquired between 5° and 70°
20 on a Bruker D8 Discover diffractometer (USA) in
a 6-20 configuration, equipped with a Cu tube x-ray
source and an Eiger2 R 500K 2D detector set to 1D
mode. Dried suspensions were mounted on a Si sin-
gle-crystal zero-background holder. Data acquisition
time was set to 20 min, at 0.02° increment and 0.4 s
exposure per step. The motorized divergence slit on
the incoming beam side was set to 0.2 mm, and an
air scattering shield was placed 3 mm above the sam-
ple. Samples were rotated at 10 rpm. The background
signal of the diffractograms was fitted to a second-
degree polynomial and subtracted. The diffracto-
grams were then deconvoluted to Voigt functions
using OriginPro (2022). The crystallinity was calcu-
lated using the crystalline areas and the amorphous
area located approximately at an angle of 20 of 18°.
The crystalline areas were composed of the following
peaks: (1T0), (110), (102), (200), and (004) (French ,
2014). An example of deconvolution is shown in Sup-
porting Information Fig. S1.

Atomic force microscopy

Semi-contact mode AFM (NTEGRA, NT-MDT, Rus-
sia) with Tap300AI-G tips (BudgetSensors, Bulgaria)
was used for imaging of the topography of CNCs and
DeCNCs spin coated using SPIN 150 (SPS-Europe,
Netherlands) on silicon wafers (Siegert Wafers, Ger-
many). Frame sizes of 5 X 5 ym were recorded. At
least 50 potentially single CNCs and DeCNCs for
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each specimen were captured in a frame and their
height profiles were extracted using Gwyddion 2.56
software. The data processing prior to height profile
extraction consisted of removing polynomial back-
grounds and aligning the rows. The profiles were
baseline corrected using polynomial fitting. The
diameter of the particles was calculated from the
height profiles.

Sulfur and nitrogen content determination

Elemental analysis was performed by Mikrolab Kolbe
(Germany). XPS analysis was performed using a PHI
5000 VersaProbe III Scanning XPS Microprobe at an
angle of 45°.

Results and discussion
Composition of CNCs

The sulfur content was determined to quantify the
number of sulfate half-ester groups to verify that des-
ulfation took place. CNC NR contained 0.66 + 0.01
wt% sulfur and DeCNC NR contained 0.07 + 0.01
wt%.

Release of soluble products by TALPMO9G on CNCs
and DeCNCs

TLPMO9G had not been tested on any CNC sub-
strates prior to the current study. Therefore, the sol-
ubilized product of the TrLPMOO9G catalyzed oxi-
dation was analyzed as a probe that the LPMO was
active on both CNCs and DeCNCs. It was found that
THLPMO9G was active on both substrates, producing
oxidized cellooligos with a degree of polymeriza-
tion 2-6, denoted as Glc2-60x (Fig. 2a). Quantifica-
tion of Glc2-60x peak areas of each reaction indicated
that 27% less oxidized cellooligosaccharides were
released by the LPMO from the CNCs than from the
DeCNCs, displaying a higher amount of soluble prod-
ucts on the DeCNC substrate (Fig. 2b).

Solhi et al. (2022) reported that the solubilized
fraction of cellulose nanocrystals modified with
CflaLPMOI10A was less than 2 uM from CNC while
the solubilized fraction found from the non-sulfated
CNCs (comparable to the DeCNCs) was 8 uM when
a similar LPMO concentration, as applied here, was

used. Solhi et al. (2022) demonstrated that the solubi-
lized fraction content of the non-sulfated reaction was
approximately fivefold higher than that of the CNC
reaction, displaying a much larger difference between
the two cellulose substrates than was demonstrated
in the current work. Magri et al. (2022) used three
Cl-oxidizing LPMO9s on sulfated CNCs among
which only one (MfLPMO9A) produced soluble
products. Furthermore, at a higher concentration of
CNCs (6.5 wt%), the amount of soluble fraction was
amplified, and at this CNC concentration, the other
two Cl-oxidizing LPMOs (PcLPMO9D and MrLP-
MO9D) also produced soluble products.

Carboxyl group content of CNCs and DeCNCs

The carboxyl group content was determined on the
solid reaction products (i.e., on CNCs and DeCNCs)
to quantify the LPMO’s ability to oxidize the cellu-
lose substrates (Fig. 3). The carboxyl group content of
CNC:s after 6 h of LPMO oxidation was 0.22 + 0.00
mmol/g, which was higher than the carboxyl group
content of the controls. The carboxyl group content of
the NE and NR controls was 0.19 + 0.01 mmol/g and
0.20 = 0.00 mmol/g, respectively. The carboxyl group
content of CNCs after 6 h modification by LPMO was
10 % higher than the content of the NR control. CNC
6 h reaction was statistically different to the 2 and 4 h
reactions (Supporting Information Table S1).

The carboxyl group content of the DeCNCs after
6 h of LPMO oxidation was 0.06 + 0.01 mmol/g,
which was not statistically different from the value of
the NR control that was 0.05 + 0.00 mmol/g (Sup-
porting Information Table S1). However, the NE con-
trol carboxyl group content was 0.07 + 0.02 mmol/g
and was statistically different from the content in the
other DeCNC suspensions.

Detection of carboxyl groups on CNC NE and
CNC NR is a peculiar matter. The CNCs should not
intrinsically contain the considerable amount of car-
boxyl groups that were measured by conductometric
titration. Also, the acid catalyzed desulfation should
lead to the removal of sulfate groups (Jiang et al.,
2010; Llacer Navarro et al., 2021) without the intro-
duction or removal of other functionalities. Differ-
entiation of the sulfate and carboxyl groups has been
reported to be challenging when the concentration of
the latter increases affecting the dissociation constants
since the determination of the first equivalence point

@ Springer
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Fig. 2 a HPAEC-PAD chromatograms showing the released
soluble LPMO reaction products (Glc2ox-Glc6ox) on CNC
and DeCNC and b their semi-quantification based on the
summed peak areas. All reactions were run in 100 uL, at pH
6.5 and 40 °C with 1 ygM LPMO and 0.4% (w/v) substrate
using 1 mM AscA as the reductant to activate the LPMO

is obscured (Fraschini et al., 2017). If the amount of
sulfur does not change, the effect of the sulfates on
the titration should not vary and thus the values of the
carboxyl groups between the CNCs can be compared.
Moreover, subtracting the values of the NR controls
at the different cellulose substrates and using them as
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(added at time zero to start the reaction). In the control reac-
tions, the reductant was replaced with water (denoted NR, no
reductant). The error bars represent the standard deviation of
three independent reactions. A single representative chromato-
gram out of the triplicate analysis is shown for clarity

baselines did not change the results of the statistical
analysis.

Solhi et al. (2022) modified sulfated CNCs with 1
uM CflaLPMOI10A and observed an increase of 2%
in the total acid content with the modification. Thus,
the total amount of acid groups was lower than the
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Fig. 3 Carboxyl group —
content determined using 024 k
conductometric titration,
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10% increase in carboxyl group content achieved in
the present work (a similar LPMO concentration was
used). However, Solhi et al. (2022) performed LPMO
oxidation of CNCs that did not contain sulfate groups
(and were comparable to DeCNCs), the LPMO oxi-
dation increased the total acid content detected on
the surface of the non-sulfated CNC by 80%. That
is contradictory to our finding that the DeCNC car-
boxyl group content was not altered following the
LPMO treatment. Since Solhi et al. (2022) deter-
mined the total acid content that included the sulfate
groups, a direct comparison with our results is not
possible. Muraleedharan et al. (2021) found that non-
sulfated cellulose substrates (comparable to DeCNC)
were more oxidized than sulfated substrates using
PcLPMO9D.

The approach of producing cellulose nanomateri-
als using LPMO oxidation of cellulose hierarchies
has been applied to prepare carboxylated CNCs from
microcrystalline cellulose with Cl-oxidizing NcLP-
MOGOYE that has a CBM1 (Koskela et al., 2021). The
carboxylated CNC product contained a higher car-
boxyl group content than in our work, at 0.40 + 0.07
mmol/g. In the same work, the use of NcLPMO9F
(no CBM1) introduced an even higher carboxyl
group content on the surface of CNCs, at 0.70 + 0.09
mmol/g (Koskela et al., 2021). However, the starting
material was non-sulfated microcrystalline cellulose
instead of CNCs. Because the LMPOs in the current

Controls
Time (hours)

work and within the work of Koskela et al. (2021) had
different catalytic and binding domains, it is not pos-
sible to draw conclusions on the role of CBM1s on
the carboxylation of the surfaces of CNCs. In addi-
tion, Karnaouri et al. (2020) showed that post-treat-
ment with MALPMOOH increased oxidized groups on
all three of their tested sulfated tunicin nanocrystal
materials.

Comparing the solubilized (Fig. 2) and solid prod-
ucts (Fig. 3) gives an indication that the enzyme
action on CNCs led to a lower solubilized product
content but a higher degree of functionalization on
the solid substrate than the DeCNCs. The sulfate
half-ester groups have been suggested to hinder the
adsorption of the enzyme on the solid substrate which
may limit the probability that the same cellulose
chain is cut multiple times at internal positions that
are a few anhydroglucose units apart as the proxim-
ity of cut sites would enable the liberation of short
chains that are soluble (Courtade et al. , 2018). Solu-
bilized products are also released when the enzymes
cut close to chain ends, and sulfate groups can pos-
sibly also hinder productive enzyme binding in those
areas. In summary, it is plausible that the sulfate
half-ester groups prevent solubilization. CBM-con-
taining enzymes have been shown to perform local-
ized oxidation (Courtade et al., 2018) that could lead
to more solubilized products forming, which in our
work might have been impeded by the sulfate groups.

@ Springer
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However, the enzyme action on the DeCNC might
have led to the solubilization of carboxyl groups
higher or equal to the number of the carboxyl groups
that the LPMO added and hence lead to a net neutral
change in the charge content. This was reported by
Muraleedharan et al. (2021). The difference in find-
ings depending on the fraction analyzed highlights the
importance of analyzing both solid and solubilized
products. Solhi et al. (2022) analyzed both solubilized
and solid products, in which the sulfated CNCs were
not modified and did not release soluble fractions; the
CNCs that did not contain sulfate groups (compara-
ble to the DeCNCs) were both modified and had more
solubilized fraction.

FTIR spectroscopy was used to complement the
titration analysis and confirm the presence of car-
boxyl groups on the cellulose substrates (Fig. 4).
The band intensity at 1745-1735 cm~!, which is
attributed to the C = O stretching associated with
carboxyl groups increased with the modification of
CNCs, indicating that these groups were indeed intro-
duced through the LPMO catalyzed oxidation. The
band was not detected in this region for the DeC-
NCs (Fig. 4), indicating that the number of carboxyl
groups did not increase with the LPMO treatment.
The band associated with carboxyl groups was also

1740 1635
T T T T T T
: Gluco Lactone
——— DeCNC 6h —— CNC 6h
DeCNC 4h —— CNC 4h
DeCNC 2h —— CNC 2h

DeCNC NR CNCNR

Absorbance

1800 1600 1400 1200 1000 800

Wavenumber (cm™)

Fig. 4 ATR-FTIR spectra of CNCs (darker lines) and DeC-
NCs (lighter lines) reacted for 2, 4, and 6 h. Spectra of glu-
conolactone and controls without reductant (NR) after 6 h are
shown. The 1635 cm™! peak is attributed to the H-O—H bend-
ing vibration and hydrogen bonded hydroxy groups along
with the absorbed water in carbohydrates. The band at 1745—
1735 cm™ is attributed to the C = O stretching associated with
carboxylic acids
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observed in the spectra of the gluconolactone that
is shown for reference (Fig. 4). The FTIR spectra
displayed the absorbance bands of C-O stretching
(1170-1050 cm™"), C-H bending (1450-1300 cm™),
and O—C-H in-plane bending vibrations at 1430 cm™!
that are characteristic of cellulose. The 1635 cm™'
band was attributed to the H-O-H bending vibration
and hydrogen bonded hydroxyl groups along with
absorbed water. Two absorbance bands were attrib-
uted to the presence of the sulfate half-ester groups
on the cellulose substrates. One of the bands observed
at 1250 cm™! was due to asymmetrical S = O vibra-
tion (Gu et al., 2010), which can not be isolated in
Fig. 4 due to the overlap with other bands. The other
band attributed to the sulfate half-esters was observed
at 833 cm™! and was the symmetric C—O-S vibration
(Gu et al., 2010), which can be observed for CNCs
(Fig. 4). In summary, based on results from the con-
ductometric titration and FTIR spectroscopy analy-
ses, we conclude that CNCs can be carboxylated by
the selected LPMO9 while the carboxyl group con-
tent on the DeCNCs does not increase by modifica-
tion using the LPMO9Y, and consequently they cannot
be functionalized in the conditions studied.

Colloidal stability of LPMO-modified CNC and
DeCNC suspensions

The zeta-potential of the suspensions was analyzed
to inspect alteration in the electrical double layer of
the charged particles in water that is indicative of
their colloidal stability. The zeta-potential values
for all suspensions were lower (more negative) than
—20 mV (Fig. 5), which indicates that all suspen-
sions were colloidally stable since +20-30 mV and
> +30 mV are moderately stable and highly stable,
respectively (Bhattacharjee, 2016). We note that the
zeta potential at which the systems achieve colloidal
stability is associated with the point where the elec-
trostatic potential overcomes the thermal energy. The
higher values (less negative) for the DeCNCs, com-
pared with the CNCs (—29.4 + 0.4 mV vs. =37.5 +
1.5 mV, respectively), support the observation that
desulfation decreased the negatively charged sulfate
half-ester group content.

The zeta-potential of the CNC suspension that was
modified by applying LMPO9 for 6 h was —36 + 3.0
mV. The zeta-potential of the control CNC NR was
37.5 £ 0.9 mV, similar to CNC NE (-37.5 + 1.5 mV).
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Fig. 5 Zeta-potential (left) and z-average (right) values of
the LPMO-modified CNCs (4) and DeCNCs (). Cellulose
suspensions treated with LPMOs without reductant (NR) are
indicated in blue, and those exposed to the reaction conditions
without LPMOs are presented in yellow (NE). Controls were

The minute difference in the zeta-potential of CNCs
that were enzymatically oxidized, compared with the
controls, indicates that their colloidal stability was
not altered. Karnaouri et al. (2020) also showed a
slight increase in zeta-potential after post-treatment
of sulfated tunicate CNCs with MLPMO9H.

The zeta-potential of DeCNC after 6 h LMPO9
oxidation was —29.7 + 2.1 mV. The corresponding
controls had almost unaltered zeta-potential values, at
—30.9 +£ 0.2 mV and —29.4 + 0.4 mV for NR and NE
control, respectively. The unaltered values of the zeta-
potential suggest that the number of charged groups
on the surface was not changed.

The CNC modification by LPMO modification
could lead to a change in the space that the particles
occupy in the suspension as a result of an increase
or decrease in the surface charge or a decrease in the
size of individual particles. This can be represented
via hydrodynamic size, which is studied through the
measure of z-average. The z-average is the intensity
weighted mean hydrodynamic size of the ensemble
collection of particles. The value of the particle size
for CNCs represents an apparent particle size due to
its rod-shaped form. The z-average will increase if the
particles aggregate (Yeap et al., 2018).

The z-average was similar for all CNC sus-
pensions: The mean z-average value was 97 nm.
All DeCNC suspensions also had a similar mean

Controls
Time (hours)

incubated for 6 h. The standard deviation represents the aver-
age of two reactions with at least six measurements. Note that
two data points of DeCNC controls on the zeta-potential over-
lap on the left figure

z-average, at 172 nm. The mean z-average of DeC-
NCs was approximately 77% higher than the mean
z-average of CNCs. The difference between the CNCs
and DeCNCs indicates a higher aggregation tendency
of the DeCNC suspensions. The aggregation was
due to a decrease in the net charge indicated by the
increased zeta-potential value (Fig. 5) that leads to
a lowered electrosteric repulsion, and hence aggre-
gation. The aggregation could decrease the acces-
sibility of the enzyme to modify the surface. How-
ever, a larger fraction of solubilized oligomers than
on the CNCs was detected on the DeCNCs (Fig. 2).
The z-average values were not substantially differ-
ent between the cellulose substrates modified using
LPMOs and their controls, indicating that the modi-
fication did not change the z-average. In summary,
the unchanged z-values are in line with the observa-
tion that the colloidal stability of the suspensions was
maintained also after CNC modification by LPMO.

Sulfate half-ester and nitrogen content on the
substrates

The sulfur content was determined to quantify the
number of sulfate half-ester groups to verify that
desulfation took place and to indirectly monitor the
sulfate half-ester group content of LPMO-modified
substrates with respect to the reaction time. CNC 6 h

@ Springer
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Fig. 6 Sulfur content (wt%) of CNCs and DeCNCs deter-
mined by elemental analysis after 6 h oxidation. NE and NR
denote the control reactions that ran without the enzyme or
without the reductant for 6 h, respectively

and CNC NR contained 0.67 + 0.01 wt% and 0.66 +
0.01 wt% sulfur, respectively, which was higher than
the content in CNC NE, at 0.51 + 0.01 wt% (Fig. 6).
Since the sulfur content was at the same level for
CNC 6 h and CNC NR control, it is possible to rely
on the evaluation of carboxyl group content increase
(Fig. 3), even if the CNC series had a higher carboxyl
group content to begin with than the DeCNC series.

The modification of DeCNCs with LPMOs did
not change the sulfur content as the sulfur content of
DeCNC 6 h and DeCNC NR was 0.06 + 0.01 wt%
and 0.07 = 0.01 wt%, respectively. The desulfation
of CNCs to DeCNCs decreased the sulfur content
of the NE controls from 0.51 + 0.01 wt% to 0.07 +
0.00 wt%. High-resolution XPS spectra of S2p con-
firmed that the CNC and DeCNC had a significant
difference in sulfur content (Supporting Informa-
tion Fig. S5). The desulfation technique using acids
is known only to lead to partial desulfation (Jiang
et al., 2010). The sulfur content analysis is contradic-
tory to the findings by others where the sulfur content
decreased with modification using MfLPMO9H and
PcLPMO9D (Muraleedharan et al., 2021). However,
different LPMOs at higher concentrations, higher
temperatures, and longer reaction times were applied
(Muraleedharan et al., 2021).

Nitrogen content was also analyzed (Supporting
Information Fig. S2). An increase in the nitrogen
content could be an indication that the LPMOs are

@ Springer

adsorbed on the cellulose surfaces. It should be noted
that the substrates were heated up to 100 °C and the
pH was decreased to 2 where the enzyme was dena-
tured. The denatured enzyme was folded in a random
conformation that could adsorb stochastically to the
surface of the cellulose substrates and thus the pres-
ence of nitrogen is only an indication that the enzyme
was present as our analysis cannot distinguish if the
enzyme adsorbed on the particles was denatured.

Morphology of oxidized cellulose substrates

The diameter of CNCs and DeCNCs (Fig. 7) prior to
and after the oxidation was 3.7 and 5.7 nm, respec-
tively, as estimated using analysis of AFM height pro-
files. Hence, the DeCNC diameter was 2 nm higher
than the CNC diameter. The difference in diameter
between the cellulose substrates can be explained by
the aggregation of the crystals, which increases the
difficulty to discern the individual particles (Llacer
Navarro et al., 2021). The challenge of identifying
single particles is also evident from the high stand-
ard deviation. The crystallinity was also determined
by XRD which remained non-altered during the CNC
modification by the LPMO (Supporting Information
Fig. S8).

A decrease in the diameter of the particles as a
consequence of chemical modification is an indica-
tion of degradation (Llacer Navarro et al. , 2021).

10.0 - E

6.0 E

Diameter (nm)

20 E

CNC 6h CNC NR DeCNC 6h DeCNC NR

Fig. 7 Diameter of CNCs and DeCNCs determined using
AFM height profiles. NR refers to the control condition where
the enzyme was not activated with the reductant and 6 h to oxi-
dation for 6 h. The rhombi represent the outliers, and the line
and square inside the box are the median and the mean, respec-
tively
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The oxidation changed neither the DeCNC diam-
eter nor that of the CNC (Fig. 7), indicating that the
CNC modification by the LPMO did not degrade
the particles (see also Supporting Information Fig.
S7). Muraleedharan et al. (2021) and Karnaouri
et al. (2020) reported a reduced diameter of CNCs
and tunicin nanocrystals, respectively, as a result of
LPMO activity, determined by AFM, and contradict-
ing our findings. However, Solhi et al. (2022) indi-
cated intact CNC morphology after the LPMO treat-
ment. As pointed out above, such differences between
studies are likely caused by the choice of the LPMO,
analytics, and reaction conditions.

Coupling chemistry using the oxidized particles

The carboxyl groups that were introduced on the
cellulose substrates using 6 h LPMO treatment
were employed as linkers to connect the parti-
cles together, and for that, the EDC/NHS coupling
chemistry with hexane-1,6-diamine was selected
(Fig. 1b). First, EDC activates carboxyl groups and
forms an amine-reactive O-acylisourea intermediate
that spontaneously reacts with one of the amines of
the hexane-1,6-diamine, and if the other part of the
hexane-1,6-diamine finds an activated carboxyl group
from another CNC, a crosslink may form. FTIR anal-
ysis of the systems revealed the presence of peaks
at 1570 cm™' and 3300 cm™! in XCNC 6 h that were
related to the secondary amides (C—N and C = O,
respectively) introduced during the amidation reac-
tion (Araki et al., 2015; Hase, 2004; Ma et al., 2017).
The peak at 1570 cm™' was related to the —N(H)-C
= O bond, and that at 3300 cm~' was related to the
C-N vibration (Fig. 8). The peak at 1745-1735 cm™!
was attributed to the C = O stretching associated with
carboxylic acids. The peak at 1745-1735 cm™ disap-
peared with amidation, demonstrating that the car-
boxyl groups were consumed during the reaction.

The sulfur content of CNCs and DeCNCs was not
significantly altered with the amidation reaction (Sup-
porting Information Figs. S6 and SS5). The amount
of nitrogen was also determined (Supporting Infor-
mation Fig. S3). However, since the enzyme and the
amidated substances contain nitrogen, the analysis
cannot be used for the evaluation.

The z-average of the crosslinked CNCs and DeC-
NCs was determined to assess the relative degree of
crosslinking. The highest z-average value (Fig. 9)
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Fig. 8 a ATR-FTIR spectra from 1900 to 700 cm™' and b
3600 to 3000 cm~! of the LPMO-modified CNCs (darker
line) and DeCNCs (lighter lines). Crosslinked modified cel-
lulose substrates (XCNC 6 h and XDeCNC 6 h), crosslinked
unmodified cellulose substrates (XCNC NE and XDeCNC NE)
and non-crosslinked cellulose LPMO after 6 h (CNC 6 h and
DeCNC 6 h) are shown. The bands of interest (black dashed
lines) at 1570 cm™! and 3300 cm™! are related to the presence
of secondary amides (N-H and C = O, respectively). The
band of interest at 1745-1735 cm™' is attributed to the C = O
stretching associated with carboxylic acids

286 + 2 nm was recorded for the amidated CNC
6 h suspension (XCNC 6 h), presenting dispersity
of 1 (in a scale of O to 1). The dispersity shown by
XCNC 6 h indicates a broad size distribution of the
particle because the CNCs were crosslinked forming
differently sized crosslinked CNCs. The z-average
was three times higher than before amidation (CNC
6 h). Ellebracht and Jones (2018) used a similar
method to amidate TEMPO-oxidized DeCNCs with
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Fig.9 Z-average values of the LPMO-modified CNCs and
DeCNCs (6 h reaction time) before (solid pattern) and after
amidation reaction (sparse pattern) determined by DLS. Cel-
lulose suspensions treated with LPMOs without enzyme (NE)
for 6 h before and after amidation are shown. The standard
deviation represents 3 measurements

hexane-1,6-diamine and analyzed the products with
DLS. The hydrodynamic radius of the amidated
DeCNC was four times higher with a larger distribu-
tion than the control. Controls of amidated CNC NE
(XCNC NE) displayed dispersity of 0.3 and a z-aver-
age of 192 + 2 nm, which was 1.8 times higher than
before amidation (CNC NE), thereby indicating that
exposing the system to the reaction condition leads
to an increase in the z-average (and hence indirectly
indicating clustering of the particles). The DeCNC
6 h suspension that was amidated (XDeCNC 6 h)
displayed a z-average of 210 + 3 nm, which was 1.2
times higher than before amidation, and a dispersity
of 0.15. The increase in z-average is surprising since
the carboxyl group content was low (Fig. 3). How-
ever, the change in z-average values using the LPMO-
modified CNCs was higher that using the control
CNCs, and higher than for the DeCNCs, and hence is
in line with LPMO treatment of CNCs leading to the
addition of carboxyl groups that enable the coupling
chemistry.

In summary, the FTIR of the XCNC 6 h (Fig. 8)
confirmed the presence of C-N and C = O at
1570 cm™! and 3300 cm™!' and the disappearance
of the peak representing the carboxyl group at
1740 cm™!. Also, the increase of nitrogen, determined
by XPS, and increase of z-average, determined by the
DLS, suggested that the XCNC 6 h was successfully
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amidated and crosslinked to some extent proving that
the LPMO oxidation enables the crosslinking.

Conclusions

The carboxylation of sulfated CNCs using the TtLP-
MO9G presented here is mild and non-destructive.
The LPMO was found to be active on both cellulose
substrates that were studied, namely sulfated CNCs
and desulfated CNCs (CNCs and DeCNCs). CNC
modification by LPMO increased the number of
carboxyl groups (10%) only on sulfated CNCs. This
increase in carboxyl group content allowed the dem-
onstration of coupling chemistry using EDC/NHS
and hexane-1,6-diamine. The sulfate half-ester groups
played an important role in the CNC modification by
the LPMO as more solubilized oligosaccharides were
found when the DeCNC substrate was used, whereas
the CNC substrate was surface modified to a higher
degree than the DeCNC. The results of this research
underline the relevance of analyzing both solid and
soluble LPMO reaction products as a combinatory
methodology to access conclusions of LPMO activity
on solid substrates.

Here, it is suggested that the sulfate half-ester
groups hinder the adsorption of the LPMO and
decrease the probability that the enzymes are able
to attack a cellulose chain at positions that are a few
anhydroglucose units apart and consequently, this
inhibits the solubilization of that part of the chain.
The LPMOs oxidized CNCs increasing the carboxyl
groups without a change in the particle diameter or
colloidal stability. The sulfur content before and after
the LPMO treatment remained constant, which indi-
cates that the sulfate groups are not affected by the
modification and hence remain for follow-up use and
facilitating colloidal stability.

The amidation of the enzymatically oxidized
CNCs led to the appearance of new peaks in FTIR
spectroscopy analysis related to the presence of sec-
ondary amines. Also, the increase of the z-average of
the amidated cellulose substrates indicated that not
only the coupling chemistry reaction took place but
also the particles crosslinked. The 3-fold increase of
z-average of the enzymatically modified CNC after
6 h revealed that the LPMO had a decisive role in
producing the addition of carboxyl available groups.
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