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Effect of oxidation on cellulose and water structure:
a molecular dynamics simulation study
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Abstract Enzymatic cleavage of glycocidic bonds is

an important, green and biocompatible means to refine

lignocellulosic biomass. Here, the effect of the result-

ing oxidation point defects on the structural and water

interactions of crystalline cellulose {100} surface are

explored using classical molecular dynamics simula-

tions. We show that even single oxidations reduce the

connections within cellulose crystal significantly,

mostly via local interactions between the chains along

the surface plane but also via the oxidation defects

changing the structure of the crystal in direction

perpendicular to the surface. Hydrogen bonding on the

surface plane of cellulose is analyzed to identify onset

of desorption of glucose chains, and the desorption

probed. To assess the actual soluble product profile

and their fractions resulting from lytic polysaccharide

monooxygenase (LPMO) enzyme oxidation on real

cellulose crystal samples, we employ High-Perfor-

mance Anion-Exchange Chromatography with Pulsed

Amperometric-Detection (HPAEC-PAD) technique.

The findings demonstrate the LPMO oxidation results

in soluble glucose fragments ranging from 2 to 8

glucose units in length. Additionally, significantly
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more oxidized oligosaccharides were released in

LPMO treatment of AaltoCell than Avicel, the two

studied microcrystalline cellulose species. This is

likely to result from the large reactive surface area

preserved in AaltoCell due to manufacturing process.

Furthermore, as can be expected, the oxidation defects

at the surfaces lead to the surfaces binding a larger

amount of water both via direct influence by the defect

but also the defect induced protrusions and fluctua-

tions of the glucose chain. We quantify the enhance-

ment of water interactions of cellulose crystals due to

the oxidation defects, even when no desorption takes

place. The molecular simulations indicate that the

effect is most pronounced for the C1-acid oxidation

(carboxylic acid formation) but present also for the

other defects resulting from oxidation. The findings

bear significance in understanding the effects of

enzymatic oxidation on cellulose nanocrystals, the

difference between cellulose species, and cleavage of

soluble products from the cellulosic material.

Keywords Molecular dynamics � Cellulose �
Surface defects � Cellulose oxidation � Water

interactions � CHARMM

Introduction

Cellulose is the most abundant biopolymer on Earth

and a key component of e.g. plant biomass which

provides the key staple of fermentable sugars for

biofuel production and biotechnological products e.g.

in polymer, cosmetics and chemical industries (Khalil

et al. 2012; Cao et al. 2009; Lindman et al. 2010;

Zimmermann et al. 2010; Kontturi et al. 2006). In

unprocessed plant biomass, cellulose exists as

microfibrils containing b-1,4-glucose chains in both

crystalline order and amorphous regions, surrounded

by lignin and hemicellulose. However, most of the

applications and chemical products require conversion

of pulp into soluble cellulosic derivatives or even

monomeric sugars (Kontturi et al. 2006): the most

widespread method to obtain these is via cellulase

conversion in which several enzymes cooperatively

cleave and hydrolyze cellulose to glucose sug-

ars (Paliwal et al. 2012; Jüergensen et al. 2012; Bhat

and Bhat 1997; Ward and Moo-Young 1989; Himmel

et al. 2007; Horn et al. 2012). Such enzymatic

cleavage of the glycosidic bonds in lignocellulosic

biomass is a green, biocompatible and highly promis-

ing means to modify and refine biomass (Bhat and

Bhat 1997; Hayashi et al. 2005; Henriksson et al.

2007).

In crystalline cellulose, the polar hydroxyl groups

of the glucose chains form both intra- and interchain

hydrogen bonds, which enforces a planar configura-

tion on the glucose rings (Moon et al. 2011; Vermaas

et al. 2015; Atalla and VanderHart 1984; VanderHart

and Atalla 1987; Sugiyama et al. 1991). The hydro-

gens present in the glucose rings face up making the

top of the chains hydrophobic, while the hydroxyl

groups of the glucose units create a hydrophilic

environment in between the chains (Lindman et al.

2010; Langan et al. 2005; Nishiyama et al. 2002). The

tight packing of cellulose through inter chain hydro-

gen bonding and hydrophobic interactions (Lindman

et al. 2010), as well as the thermodynamic stability of

the crystalline regions of cellulose fibers (Cao et al.

2009; Nishino et al. 2004), makes cellulose insoluble

in water but also challenging to efficiently refine and

process. Water solubility of cellulose derivatives is

often achieved through introduction of hydrophilic or

ionic groups along the glucose backbone (Isogai 2018;

Isogai et al. 2011). On unmodified cellulose, water

primarily interacts through polar hydroxyl groups of

cellulose at molecular level. This leads to formation of

oriented water molecule layers on the crystalline

surface of cellulose (Matthews et al. 2006). Via

molecular modelling, vibrational spectra and C13

NMR chemical shifts, the structuring of water has

been shown to be different on {200}, {010} and {110}

crystal planes of cellulose (Heiner et al. 1998; Heiner

and Teleman 1997; Kubicki et al. 2013).

Relatively recently, enzymes that use an oxidative

mechanism to cleave the glycosidic bonds present in

natural polysaccharides such as cellulose (Frandsen

et al. 2016; Frommhagen et al. 2015; Forsberg et al.

2011, 2014; Quinlan et al. 2011; Harris et al. 2010;

Phillips et al. 2011; Beeson et al. 2012), xylan (Cou-

turier et al. 2018; Biely et al. 2016; Frommhagen

et al. 2015), xyloglucan (Agger et al. 2014; Bennati-

Granier et al. 2015; Nekiunaite et al. 2016), gluco-

mannan (Liu et al. 2018; Agger et al. 2014),

chitin (Frandsen et al. 2016; Vaaje-Kolstad et al.

2010; Forsberg et al. 2014), and starch (Lo Leggio

et al. 2015) were discovered. These enzymes, called

lytic polysaccharide mono-oxygenases
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(LPMOs) (Biely et al. 2016; Frandsen et al. 2016;

Bhat and Bhat 1997; Busk and Lange 2015; Horn et al.

2012) have the potential to significantly enhance the

efficiency of biomass processing especially from the

point of view of cellulose (Biely et al. 2016; Frandsen

et al. 2016; Kontturi et al. 2006). LPMOs are key

components for example in modern bioethanol pro-

duction (Li et al. 2017; Zhao et al. 2016). LPMOs are

copper dependent enzymes for which the active site

contains a monocopper center coordinated by histidine

and tyrosine amino acids. The enzyme attacks the C1

or C4 positions in the sugar units of the polysaccharide

to extract hydrogen and for further oxidative cleavage

in presence of oxygen and suitable reductant, such as

ascorbic acid (Liu et al. 2018).

Molecular simulations at atomistic detail level have

been used to examine cellulose crystal struc-

ture (Mazeau 2005; Eichhorn and Davies 2006; Vietor

et al. 2002; Biermann et al. 2001; Bergenstrahle et al.

2007; Mazeau and Heux 2003; Matthews et al. 2006)

and water interactions extensively (Biermann et al.

2001; Heiner et al. 1998; Heiner and Teleman 1997;

Kubicki et al. 2013; Mazeau and Rivet 2008; Yui and

Hayashi 2007; Yui et al. 2006; Bergenstrahle et al.

2009) with the simulations providing detailed infor-

mation of the microscopic correlations in cellulose

materials. Also enzymatic interactions (Prates et al.

2013; Zhao et al. 2008) and specifically LPMO

interactions with the cellulose crystal have been

examined (Tan et al. 2015; Vermaas et al. 2015; Liu

et al. 2018). In particular, peeling of cellulose chains

after oxidation and oxidized products interaction with

cellulases have been explored using molecular dynam-

ics simulations (Vermaas et al. 2015). However, the

structural changes in cellulose upon oxidative stress,

the effect of resulting defects and the influence on

overall water interactions remains elusive. As these

measure the destabilization and local environment

changes due to the LPMO oxidation defects, this

information has the potential to aid in designing more

effective LPMO setups.

In this study, we assess the effect of oxidation

defects both via molecular modelling and analysis of

the soluble products from insoluble microcrystalline

cellulosic substrates undergoing LPMO catalyzed

oxidation. The modelling addresses the influence of

the defects on the structure of the cellulose {100}

surface, the crystal, the water interactions, and the

resulting glucose fragment desorption via classical

molecular dynamics simulations. The cellulose {100}

surface is chosen as the LPMO oxidation activity is

likely to focus on it. The experimental analysis via

High-Performance Anion-Exchange Chromatography

with Pulsed Amperometric-Detection (HPAEC-PAD)

provides an assessment of soluble products to support

the modelling findings. The simulational findings

show the cleavage and oxidation of the glycosidic

bond induces structural changes on the cellulose

crystalline surface that connects with soluble glucose

fragments and the enhanced cellulase activity after

LPMO treatment. The magnitude of the destabiliza-

tion and effect on water interactions depends on the

location where the oxidation has occurred, with

multiple oxidation defects in the chains leading to

fragment solubilization at defect separations less than

six glucose units. The experimental characterization

shows a consistent range of cellooligosaccharides

from the examined substrates. The work builds

understanding of the effect of LPMOs on the cellulose

crystals at microscopic level, connects the oxidation

defects with defect-location dependent stronger water

binding, and provides a comparison of the enzymatic

oxidation at two substrates differing in their accessible

and reactive surface area.

Methods

Computational methods

Classical all-atom molecular dynamics simulations

were performed on intact and oxidized cellulose

structures in water environment by GROMACS

v5.1.5 package (Abraham et al. 2015; Pronk et al.

2013). The CHARMM C36 (Guvench et al. 2011;

Mallajosyula et al. 2012; Raman et al. 2010) force

field was used for the glucose chains. CHARMM

compatible parameters by Vermaas et al. (2015) were

used for the oxidized glucose units. Tip3p (Jorgensen

et al. 1983) explicit water model was used. Although

tip4p (Jorgensen et al. 1983) or tip5p (Mahoney and

Jorgensen 2000) water model may better capture

hydrogen-bonding features of liquid water (Calero

et al. 2015; Vega and Abascal 2011), CHARMM C36

force field has been specifically parametrized for tip3p

water model (Guvench et al. 2011; Mallajosyula et al.

2012; Raman et al. 2010). The tip3p suffers from poor

reproduction of surface tension, underestimation of
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critical temperature and melting temperature, and

underestimation of water dielectric constant and over-

estimation of self-diffusion constant (Vega and Abas-

cal 2011). However, similar problems persist for all

currently existing water models to some extent (Vega

and Abascal 2011). Therefore, the results presented

here are sensitive to the water model used. CHARMM

C36, along with GLYCAM06 and GROMOS 45a4,

are currently the most popular force fields used in

investigating cellulose structure at atomistic scale (Li

et al. 2018; Oehme et al. 2018; Matthews et al. 2012;

Miyamoto et al. 2016). However, it is worth noting

that the structures produced by the aforementioned

carbohydrate force fields can deviate from experiment

and are sensitive to factors such as the initial hydrogen

bond conformation and scaling of electrostatic inter-

actions (Oehme et al. 2018; Miyamoto et al. 2016;

Matthews et al. 2012). This poses an additional

challenge to the interpretation and reproducibility of

the results. Additionally, quality experimental struc-

tural data on small (nanoscale) diameter cellulose

fibers is sparse.

Construction of the initial cellulose crystal struc-

tures and the defects in them was as follows. A

cellulose Ib crystal structure was constructed using

Cellulose Builder (Gomes and Skaf 2012). The mod-

elled crystal consisted of six glucose chain layers

containing 9 glucose chains of 10 glucose units each.

Periodic boundary conditions were implemented such

that the glucose chains spanned the simulation box and

the layers were oriented such that they formed a

uniform {100} cleavage plane ({-100} plane at

opposite facet of the crystal). To achieve an ’’infinite’’

surface, the terminal glucose monomers on each chain

were bonded together across the periodic boundaries

of the box. This choice of infinite surface decreases the

chain fluctuations but avoids issues rising from free

ends or edges. Following the crystal symmetries, the

periodic simulation box was monoclinic with box

vectors 7.33 nm, 5.93 nm, and 10.0 nm, and the

corresponding angles 90�, 90�, and 96:5�.
As LPMOs oxidize at C1 and/or C4 carbons of the

glucose ring (Vermaas et al. 2015; Phillips et al.

2011; Beeson et al. 2012; Isaksen et al. 2014;

Langston et al. 2011), oxidation induced defects were

introduced to correspond to breaking the glycosidic

bond at these locations. Defects corresponding to a

glucose chain having C1-lactone, C1-gluconic acid,

C4-keto-aldose, or C4-gem-diol glucose were

introduced to the system. These are referred to as

C1-keto, C1-acid, C4-keto and C4-diol defects,

respectively. The oxidation exposed chain configura-

tion in the crystal is the origin chain of cellulose Ib.
Figure 1 presents the LPMO oxidation reaction path-

ways and the chemical structures of these defects.

First, we examined the effect of individual oxida-

tion defects (C1-keto, C1-acid, C4-keto, or C4-diol),

that is, single point defects, on the cellulose crystal and

the surrounding water environment. As the simulation

system is periodic, actually the introduction of a single

oxidation defect corresponds to introducing a defect

density of 0.026 nm�2 to the system. As empirical

carbohydrate forcefields, such as CHARMM C36,

have been shown to have some initial configuration

bias (Oehme et al. 2018; Miyamoto et al. 2016;

Matthews et al. 2012), three replicates of the C1-acid,

C1-keto, and C4-diol and two replicates of the C4-keto

systems with single oxidation defect were simulated.

The results reported here are averaged over the

equivalent simulated systems unless otherwise spec-

ified. To ensure the findings are not subject to artefacts

resulting from unintended cross-interactions of the

introduced defects via the periodic boundary condi-

tions, the response of the system was checked against

systems with two point defects instead of one, that is,

systems with two times larger defect density. For this

finite size check, the defect density was increased such

that a 2nd defect was set 4 glucose chains apart from

the original pair at a glucose ring located diagonally

along the periodic cellulose surface plane with respect

to the original defect. The 2nd defect was set as far as

possible from the original defect site in the periodic

simulation box. Introduction of the two oxidation

defects on the surface corresponds to an average defect

density of 0.052 nm�2. The locations of the defect

sites on the cellulose surface have been illustrated in

Fig. 2.

Next, after this examination of the effects of non-

interacting defect pairs, we turned attention to defect

pairs that we expected to have correlated effects on the

cellulose crystal. Two defects were set in the same

glucose chain at varying separations (varying distance

in glucose rings) or two defect pairs were set at

different chains but now only 1 glucose chain sepa-

rated. The locations of the defects on the cellulose

surface have been illustrated in Fig. 2. In all simula-

tion systems, the simulation box was filled with water
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and the negative charge of cellulose for C1-acid

defects was neutralized by Naþ counter-ions.

The constructed cellulose and the surrounding

water were initially relaxed using the steepest descent

method. For initial 5 ns NPT relaxation, the glucose

ring carbon atoms of the cellulose crystal were

position restrained. For the subsequent 150 ns NPT

run, the cellulose crystal was not constrained. For both

NPT runs, the temperature was controlled with the v-

rescale thermostat (Bussi et al. 2007) with a reference

temperature of 300 K and sT ¼ 0:1 ps. The pressure

was set to 1 bar using the isotropic Parrinello-Rahman

barostat (Parrinello and Rahman 1981; Parrinello

et al. 1983) with sp ¼ 2:0 ps and compressibility of

4:5� 10�5 bar�1. The bonds between heavy atoms

and hydrogens were constrained at equilibrium lengths

using LINCS (Hess et al. 1997) algorithm. Lennard-

Jones interactions were truncated at 1.2 nm. Particle

Mesh Ewald (Darden et al. 1993) method was

employed for the long-range electrostatic interactions.

The equations of motion were integrated using a leap-

frog algorithm and a 2 fs time step.

The analysis were carried out for the last 50 ns of

simulations, which here corresponds to 50000 saved

Fig. 1 Reaction pathway for the oxidation of the cellobiose unit

via C1 or C4 oxidation. In this work, the oxidative modifications

to the glucose ring corresponding to the structures of lactone,

aldonic acid, 4-ketoaldose, and 4-gemdiol-aldose are referred to

as C1-keto, C1-acid, C4-keto, and C4-diol, respectively
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trajectory frames. The initial 100 ns of the trajectories

were disregarded in the analysis as the cellulose

crystal needed time to relax. The trajectories were

analyzed using tools available in GROMACS

v.5.1.5 (Abraham et al. 2015; Pronk et al. 2013)

package. Unless otherwise stated, hydrogen bonds

are used as the measure of residues having contact. For

analysis, the existence of a hydrogen bond was

determined based on a cut-off distance of 0.35 nm

between the acceptor and the donor atoms of the

hydrogen bond as well as a cut-off of 30� for the

hydrogen-donor-acceptor angle. Solvent accessible

surface area was calculated using a probe radius of

0.14 nm. VMD (Humphrey et al. 1996) was used for

visualization.

Experimental materials and methods

Enzyme and cellulose substrates

Avicelr PH-101 was purchased from Sigma Aldrich.

AaltoCellTM was kindly provided by Prof. Dahl (Aalto

University) and produced according to Vanhatalo and

Dahl (Vanhatalo and Dahl 2014) from never-dried

bleached hardwood kraft pulp. LPMO enzyme AA9D

from white rot fungus Phanerocaheta chrysospo-

rium (Westereng et al. 2011) (Pc AA9D), was kindly

provided by Prof. Igarashi (University of Tokyo).

Treatment of cellulosic substrates with LPMO

The cellulosic substrates (Avicel or AaltoCell) were

treated with LPMO enzyme (Pc AA9D) using cellu-

lose concentration of 0.1 w/v% in 10 mM HEPES pH

7 buffer. The LPMO concentration in the reaction was

0.8 lM. Reaction were carried out with or without

1 mM ascorbic acid as reductant. Sample volumes of

0.25 ml were incubated at 50 �C in 1400 rpm Ther-

momixer (Eppendorf) for 24 h. Enzymes were inac-

tivated by increasing the NaOH concentration to

0.2 M. Supernatants were removed by centrifuging at

16000 g’s for 4 min and filtrated through 0.22 lm
(Millipore-GV). Supernatants were stored in �80 �C
for further analysis.

HPAEC-PAD

Qualitative analysis of the soluble oligosaccharides

was carried out with Dionex ICS 5000þ high perfor-

mance anion exchange chromatography (HPAEC)

with pulsed amperometric detection (PAD). Samples

were filtrated through 0.22 lm (Millex-GV Dura-

porer) filter and stored at 10 �C prior analysis. Sample

amount used in the analysis was 10 ll. The analysis

was done according to (Westereng et al. 2013) with

following modifications: The column was a CarboPac

PA1 4� 250 mm column coupled with a CarboPac

Fig. 2 Visualization of the simulated system. For the simula-

tions, the {100} interface of the cellulose slab was modified by

introducing either none (no defect), one or two oxidation

modifications either at C1 or C4 carbon of a glucose unit. The

different oxidation site configurations are identified by the blue

circles in the subfigures
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PA1 2� 50 mm guard column (Thermo Scientific)

instead of CarboPac PA1 2� 250 mm, and the flow

rate was 1 ml/min instead of 0.25 ml/min. Chromato-

graphic data was analysed using the

ChromeleonTM Chromatography Data Systems soft-

ware and chromatograms modified with Microsoft

Excel.

Results and discussion

First, the effects of single C1-keto, C1-acid, C4-keto,

or C4-diol defects on the cellulose crystal structure

and water interactions were assessed simulationally

via comparison to intact, defect free cellulose crystal.

Figure 3 shows the simulation snapshots from the end

of the simulated trajectories of single point defect

systems. Oxidation breaks the glycosidic bond

between two subsequent glucose rings resulting in a

significant structural deformation and protrusion of the

chain around the defect site to the surrounding

aqueous environment. This enhances water—cellu-

lose contacts, and at high enough defect concentration

connects with fragment solubility. The protrusion is

particularly notable for the C1-acid defect, which in

addition to breaking the glucose–glucose glycosidic

bond, also opens the glucose ring.

Oxidation of the cleaved glucose chain introduces

new, hydrophilic functional groups that can hydrogen

bond with the solvent water. Additionally, the broken

bond between two glucose rings creates two flexible

chain ends that can interact with surrounding water.

The breaking of the glycosidic bond and introduction

of additional functional groups also causes steric

clash, which further contributes to deformation of the

cellulose surface. Altogether, given a sufficiently high

defect density, the resulting protrusions may lead to

disassociation of glucose oligomers from the cellulose

surface.

Quantitatively, the structural integrity of the defec-

tive cellulose crystals as well as individual glucose

chains was assessed via time evolution of root mean

square deviation of the cellulose crystal coordinates.

The data is presented as Figure S1 of Supporting

Information. After initial relaxation of the crystal, the

structural RMSD converges at a constant level indi-

cating the crystal does not change in shape or form

after 50 ns simulation. It is clear that introducing a

single oxidation point defect on the cellulose surface

does not significantly change the structure of the entire

crystal. However, local chain fluctuations, especially

in the case of the C1-acid defect, are present.

Locally, the structure of the cellulose crystals is

stabilized due to the van der Waals interactions and

intralayer hydrogen bonds between glucose

rings (Langan et al. 2005; Larsson et al. 1997;

Nishiyama et al. 2002). The oxidation of a glucose

ring significantly alters these interactions. Figure 4

shows the relative decrease in number of hydrogen

bonds due to the oxidation defects when compared to

intact, defect free cellulose crystal. The hydrogen

bonds reported here include both intralayer and

interlayer hydrogen bonds. Based on literature, hydro-

gen bonds within Ib-cellulose crystals are limited to

intralayer hydrogen bonds, with no existing evidence

of interlayer bonding (Nishiyama et al. 2002, 2008).

However, current empirical forcefields have been

shown to sample conformational space differing from

that of the Ib-cellulose crystal structure, as well as,

introduce artefact interlayer hydrogen bonding pat-

terns (Matthews et al. 2012; Oehme et al. 2015).

Regardless of oxidation type, the number of hydrogen

bonds is slightly reduced in comparison to defect-free

cellulose. The decrease in contacts corresponds with

structural weakening of the cellulose crystal.

Fig. 3 Visualizations of the oxidized glucose (single defect) chain on the {100} cellulose surface after 150 ns of simulation. Figure 1

shows the chemical structures and Fig. 2 the detailed molecular conformations of the defects
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However, the decrease in hydrogen bonds is non-

existent when assessed against the entire crystal: the

effect of a single point defect is limited only to a close

local environment. To capture the localized changes

around oxidized units, we have calculated the inter-

chain and intrachain hydrogen bonding for the

oxidized glucose chain on the outermost glucose chain

sheet, see Fig. 4. Compared to unoxidized cellulose,

the number of both interchain and intrachain hydrogen

bonds decreases with oxidation of the glucose chain,

see Fig. 4. The difference is most notable in intrachain

hydrogen bonds upon introduction of C1-keto or C4-

keto groups.

Inter and intrachain hydrogen bonds of oxidized

glucose chains involve different hydroxyl groups. We

focus here on the hydrogen bonding of the three

hydroxyl groups on the cellulose surface layer. The

different groups are denoted here as O2H2, O3H3 and

O6H6 based on their location in the glucose ring, see

Fig. 5 for the nomenclature connection to chemical

structure. Figure 6a presents the hydrogen bonding

data per each of the hydrogen bonding groups for the

oxidized cellulose chain compared to equivalent data

for unmodified cellulose. The absolute numbers here

are interactions model dependent and should be

regarded as qualitative. Regardeless of the oxidation

type, the number of O3H3 mediated hydrogen bonds

increases significantly in comparison to unmodified

cellulose. Furthermore, most of the hydrogen bonding

decrease upon oxidation occurs specifically for the

O2H2 and O6H6 hydrogen bonds for all examined

oxidation types. Together, these observations imply

that the peeling of chains from cellulose involves first

breaking of hydrogen bonds formed by the O2H2 and

O6H6 groups, followed by the formation of new

hydrogen bonds by the O3H3 groups. Subsequent

breaking of the formed O3H3 hydrogen bonds lead to

the extraction of glucose chains from cellulose.

Cellulose crystal surface—water interaction has

been demonstrated to play a key role in the crystal

interactions but also for enzymatic cleavage (O’Neill

et al. 2017; Chundawat et al. 2011; Kumar et al. 2010;

Felby et al. 2008; Bellesia et al. 2012). Water adsorp-

tion on the cellulose crystal surface is influenced

especially by the hydrophilic (O2H2, O3H3 and

O6H6) and hydrophobic (–CH) sites available on the

cellulose surface. As can be seen from the simulation

snapshots in Fig. 3, significant protrusion and twisting

of the oxidized cellulose can be expected. Based on

Fig. 7, oxidation notably increases the solvent acces-

sible surface area of the cellulose {100} crystal surface

in comparison to the unoxidized cellulose surface.

This means, the availability of both hydrophilic and

hydrophobic groups to the solvent changes signifi-

cantly. The increase in solvent accessible surface is

most prominent for the C1-acid, where protrusion of

the chain from the cellulose surface was most promi-

nent. The significant change in crystal structure upon

oxidation may also allow water to further penetrate

inside the cellulose crystal.

Water on the {100} cellulose surface forms a

distinct two layer ordered structure (Nawrocki et al.

2015), as apparent from the density profile presented

in Fig. 8, see inset b. The density profile for water is

Fig. 4 Hydrogen bonding within oxidized cellulose crystal,

outermost oxidized {100}-sheet, and single oxidized glucose

chain. The results have been normalized with respect to

unoxidized cellulose. Error bars represent ± standard deviation

Fig. 5 Inter- and intrachain hydrogen bonding pattern on {100}

cellulose surface. Dashed lines denote possible hydrogen bonds,

with intrachain bonds in blue and interchain bonds in green. In

this work the hydroxyl groups of O2, O3, and O6 oxygens are

referred to as O2H2, O3H3, and O6H6 respectively. The

hydrogen bond decomposition consideration is limited to

hydrogen bonding of the three hydroxyl groups within the

cellulose surface layer
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similar on both sides of the cellulose crystal that

correspond to the {100} and {-100} crystal planes, and

a single oxidation defect on the surface does not

significantly affect the layered water structure. How-

ever, a small increase in the amount of water at the

{100} interface can be perceived upon oxidation. In

particular, the oxidized surfaces have a greater water

density in first and second water layers compared to

intact cellulose. Additionally, oxidation allows small

amounts of water to penetrate into the cellulose

crystal, see Fig. 8 inset c, which may contribute to

loss of structural integrity.

Adsorption of water at the cellulose surface occurs

primarily at the exposed hydroxyl groups via hydrogen

bonding (Nawrocki et al. 2015; Li et al. 2011). Fig-

ure 6c shows that the total number of hydrogen bonds

between the glucose chain and water increases upon

oxidation. This supports the previous finding of more

water molecules being present at the oxidized cellu-

lose-water interface. The increase in hydrogen bond-

ing is largest for C1-acid defect, which caused

significant protrusion of the chain from the cellulose

surface, see Fig. 3. Figure 6b plots the number of

hydrogen bonds between the oxidized cellulose chain

and water per each of the main interacting hydroxyl

groups of cellulose, that is, O2H2, O3H3, and O6H6.

The data has been normalized using corresponding

Fig. 6 Hydrogen bonds formed by the O2H2, O3H3, and O6H6

hydroxyl groups of the oxidized cellulose chain with (a) the
cellulose surface and (b) water normalized by hydrogen bonding

within unoxidized surface. (c) Hydrogen bonds formed between

oxidized cellulose chain and water normalized by hydrogen

bonding by unoxidized cellulose. (d) Total number of hydrogen

bonds formed by the O2H2, O3H3, and O6H6 hydroxyl groups

with water. The data is an average over the replicate simulations,

with errorbars representing ± standard deviation

Fig. 7 Solvent accessible surface area at the {100} interface for

unoxidized and oxidized cellulose (single oxidation defect)
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data for the unoxidized glucose chain. The corre-

sponding absolute numbers of hydrogen bonds have

been presented in Fig. 6d. A single oxidation site

results in similar interactions between the glucose

chain and water for all examined oxidation defect

types: oxidation increases O2H2—water hydrogen

bonds clearly, O3H3—water hydrogen bonds are

unaffected, and O6H6—water hydrogen bonds

decrease slightly. However, the O2H2 groups have

less hydrogen bonds with water than the O3H3 and

O6H6 groups. This means that the O3H3 and O6H6

groups have most interaction with water. The finding

can be understood in terms of the chemical environ-

ment of the groups and their accessibility but it also

provides means to tune water interactions.

Figure 9 plots the mean orientation H of the water

molecules around either the C1 or C4 carbon as a

function of distance r. Positive values ofH correspond

to water oxygen facing towards the reference carbon

atom, negative values to H correspond to water

hydrogens facing towards the reference carbon. The

data shows that water orientation around the oxidized

carbon is dramatically different from intact cellulose.

Furthermore, orientation of water is strongest around

the C1-acid group, with two distinct water shells

around the C1 carbon. This results from the localized

negative charge of the carboxylic acid group. Alto-

gether, the water orientation influence persists

throughout the hydration layers meaning that the

defects will influence hydration mediated interactions.

So far, the presented results and discussion address

the effect of an individual defect on the cellulose

crystal. Due to the periodicity in this type of simula-

tions, actually the introduction of a single defect

means that a defect density of 0.026 nm�2 was

introduced to the system. To map the effect of this

periodicity in the system, a comparison against a two

times larger defect density was performed. In practice,

Fig. 8 Density profiles of cellulose and water at the {-100}

(negative r) and {100} (positive r) interfaces. The distance axis
r is perpendicular to the crystal plane. The insets present

enlargements of the data curve set so that inset a presents the

cellulose {100}—water interface, inset b the structure of the two

water layers at the {100} interface, and inset c the penetration of
water molecules into the cellulose crystal structure. Data is

presented for unmodified cellulose and systems with a single

oxidation defect on the {100} surface

123

3926 Cellulose (2021) 28:3917–3933



another defect site situated diagonally in another

glucose chain on the surface plane as distanced as

possible in the simulation box was introduced. The

two oxidation sites were separated by 3 intact glucose

chains and 3 intact glycosidic bonds, see Fig. 2. The

data presented in Fig. 10 shows that doubling the

defect density has little impact on the number of

hydrogen bonds between the oxidized glucose chain

and water, i.e. each introduced defect has an effect

independent of the presence of the other defect. A

small increase in hydrogen bonding with water with

two oxidation defects can be seen for C1-keto, C4-

keto, and C4-diol. However, this effect, while sys-

tematic, falls within the range of the error bars. The

findings indicate that point defects separated by

several glucose chains and diagonally separated result

in relatively independent destabilization effects on the

crystal.

To resolve the separation at which the defects start

interacting clearly, we turned to examining multiple

oxidations in the same glucose chain. The oxidations

were separated by either two, four, or six glucose

rings. The introduction of two single site oxidations in

the same chain essentially resulted in the simulations

of glucose dimer, tetramer, and hexamer fragments

that were not covalently bonded to the cellulose

surface. Interestingly, the two smaller fragments,

disaccharide and tetrasaccharide, become completely

detached from the cellulose surface in all of the

examined oxidation cases, i.e. C1-keto, C4-keto, C1-

acid and C4-diol oxidation, within the examined

150 ns simulation duration. The largest fragment,

hexasaccharide did not detach from the surface within

the simulated time scale. However, chain detachment

in these molecular dynamics simulations is subject to

thermal fluctuations of the system: even if the model

Fig. 9 Orientation of the water molecules around the oxidized

carbon, either C1 (C1-acid and C1-keto) or C4 (C4-keto and C4-

diol) and a function of distance r. Positive values of H

correspond to water oxygen facing towards the reference carbon

atom, negative values to H correspond to water hydrogens

facing twords the reference carbon

Fig. 10 Number of hydrogen bonds between the oxidized

glucose chain and water when either one oxidation defect or two

defects in different glucose chains are present on the cellulose

surface. The error bars represent ± standard deviation
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would predict solubilization as the thermodynamically

stable state, as the chain fragments are initially

positioned at the cellulose crystal surface plane, their

detachment and transfer to solution may not occur

within the simulation time. Furthemore, diffusion of

larger molecules takes longer time.

Two types of microcrystalline cellulose, i.e. Avicel

and AaltoCell (crystallinity 82–84 %), were used to

experimentally study the range of soluble oxidized

oligosaccharides that were released by a LPMO. The

enzyme used in the study, Pc AA9D, catalyses

cellulose oxidation at C1 position (Westereng et al.

2011). The HPAEC-PAD chromatograms of the range

of soluble oxidized oligosaccharides released in

treatment of Avicel and AaltoCell are shown in

Fig. 11. Clearly more oxidized oligosaccharides were

released from AaltoCell than Avicel, presumably be

due to the significantly (ca 1:5�) larger reactive

surface area of AaltoCell compared to Avicel (Van-

hatalo et al. 2016), which in turn is expected to

increase accessibility of the cellulose to the enzyme.

The large surface area combined with high crys-

tallinity makes AaltoCell an excellent substrate for

studying the enzyme action on ideal crystalline

cellulose. Peaks corresponding to oxidized oligosac-

charide with DP2–DP8 were detected, in accordance

to data from (Westereng et al. 2013). The cellobionic

acid (DP2ox) eluted very close to the cellohexaose

(DP6), making conclusive separation difficult, see

Supporting Information Figure S2 for an enlargement

of the data region. In addition, smaller peaks corre-

sponding to non-oxidized cellooligosaccharides with

size of DP2-5 were seen (Fig. 11, full chromatograms

in the Supporting Information as Figure S3).

Both the experimental and the simulational findings

show that oxidations at sufficiently short separations

inevitably lead to solubilization of the fragment.

Overall, the findings are in agreement with aqueous

solubility of short glucose oligomers, i.e. less than 6

glucose units oligomers being water soluble (Yu and

Wu 2009; Sasaki et al. 2000; Cooke et al. 2002). This

is consistent with decreased degree of hydration with

increased glucose chain length (Arai and Shikata

2019).

Conclusions

The structural and water interaction changes of

crystalline cellulose {100} surface due to oxidation

point defects and the glucose fragment desorption

resulting from oxidation point defects at close sepa-

rations were explored using classical molecular

dynamics simulations. The cellooligosaccharides sol-

ubilization findings were corroborated with experi-

mental characterization of LPMO oxidation products

on Avicel and AaltoCell substrates. We identify via

the modelling how the breaking of glycosidic bonds

causes local structural changes in the cellulose crystal

and the surrounding water environment. In particular,

the findings show that even single oxidations reduce

the connections within the cellulose crystal and that

the influence is mostly limited to interactions between

the chains along the surface plane, locally, but that the

oxidation defects also change the structure of the

crystal in direction perpendicular to the surface. We

analyse, which groups are most affected and propose

Fig. 11 HPAEC-PAD chromatograms of the soluble oligosac-

charides (eluted within 10–20 min) released from (a) AaltoCell
and (b) Avicel by LPMO Pc AA9D. Cellooligosaccharide

standards with DP4-6 are shown in panel c. Full chromatograms

can be found in the Supporting Information Figure S3
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changes in hydrogen bonding pattern likely to occur

preceding chain desorption due to oxidation. Further-

more, we assess the water binding changes occurring

due to oxidation defects: the defective surfaces bind a

larger amount of water, which indicates increased

hydrophilicity and stronger water interactions of

cellulose crystals, even in the absence of full desta-

bilization. Finally, both simulations and experiments

indicate that LPMO induced oxidation defects induce

solubilization of short glucose fragments with the

experimental characterization showing fragments upto

8 glucose rings or shorter to solubilize. This reflects

the water solubility of short cello-oligosaccharides.

As expected, oxidation decreases the interaction

strength of the glucose chain with its neighboring

chains. The simulations also show that oxidation

causes local chain protrusions at the otherwise planar

surface, makes the glucose chains significantly more

flexible, and enhances structural fluctuations. Short

glucose chain fragments can be expected to dissolve

because of these effects; dissolvation is also expected

based on literature (Yu and Wu 2009; Sasaki et al.

2000; Cooke et al. 2002), consistent with the findings

in this work. Furthermore, the defect induced protru-

sions may lead to enhanced accessibility of the glucose

chains for e.g. cellulase enzymes, which further

promotes the cellulose degradation process.

The defect induced protrusion and fluctuations of

the glucose chain around the defect site effectively

increase the solvent accessible surface area of the

cellulose crystal, see Fig. 7. The defects also increase

the hydrophilicity of the surface. In total, these

influences lead to more water binding with the crystal

and enhanced water interactions. Water accessibility

increase is especially high for the C1-acid oxidation

(carboxylic acid formation) but increases also for the

other defects resulting from oxidation. However, even

though the amount of water bound increases signifi-

cantly by the defects, the defects have only local

influence on the overall water structure. This results

from their point-like nature: water forms similar

ordered layers on the cellulose surface both for intact

and point defect containing cellulose crystal surfaces.

Consistent with our findings, water binding to

cellulose has been previously shown experimentally to

be highly region specific (Hofstetter et al. 2006; Felby

et al. 2008; Velazquez et al. 2003). While not directly

observed here, the water interacting with the cellulose

surface is subject to division to interfacial and bulk-

like water populations (O’Neill et al. 2017). It is

plausible that differences the amount of interfacial

water connect with cellulose crystal interactions. For

example, for other hydrated macromolecular systems,

interfacial water, in comparison to bulk water,

connects with decreasing plasticity of the material

(Batys et al. 2018, 2019; Suarez-Martinez et al. 2019).

Furthermore, we assessed the correlations of

defects in different glucose chains: when separated

by several glucose chains, the effect of the point

defects is practically independent of the presence of

other defects in the system. However, increase in

number of oxidation defects quite expectedly

decreases the interactions within cellulose further

and in proportion to defect density. Correlations in the

influence of multiple defects however, were clearly

observed when multiple oxidations were placed in

same glucose chain. The simulation findings show that

high oxidation site concentration will cause small

oligosacharides (the examined di- and tetrasaccha-

rides) to completely detach from the cellulose surface.

Experimentally, detached chains up to 8 glucose units

in length were observed. Additionally, a comparison

of the Avicel and AaltoCell data points toward the

reactive surface area in addition to crystallinity being a

significant factor in efficiency of enzymatic cleavage

via the LPMOs.

Overall, these results give information about the

effect of oxidation induced defects on cellulose and

surrounding water structure. As enzymatic conversion

of crystalline cellulose is highly useful in developing

processing means toward economically and environ-

mentally sustainable biofuels and chemicals, such

information could aid in designing refining processes.

The findings improve understanding of the structural

features rising from oxidation in crystalline cellulose,

the oxidation process by LPMO, and also efficiency of

the oxidation treatment.
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