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ABSTRACT 

Hemicelluloses are a group of heterogeneous polysaccharides representing around 
30 % of wood where the dominating types are xylans, glucomannans and xyloglucans. 
Hemicelluloses complex molecular structure makes it difficult to understand the 
relationship between structure and properties entirely, and their biological role is not 
yet fully verified. Additionally, hemicelluloses are sensitive to chemical processing 
and are not utilized to their full potentials for production of value-added products 
such as materials, additives to food and pharmaceutical products, etc. Increased 
knowledge regarding their functions is important for the development of both 
processes and products. The aim with this work has therefore been to increase the 
fundamental understanding about how the structure and properties of wood 
hemicelluloses are correlated, and properties such as flexibility, interaction with 
cellulose, solubility, resistance to chemical-, thermal-, and enzymatic degradation 
have been explored.  

Molecular dynamics (MD) simulations were used to, in detail, study the 
structures found in wood hemicelluloses. The flexibility was evaluated by comparing 
the impact of backbone sugars on the conformational space and also the impact of 
side groups was considered. Based on the conformational space of backbone 
glycosidic linkages the flexibility order of hemicelluloses in an aqueous environment 
was determined to be: xylan > glucomannan > xyloglucan. Additionally, the impact 
of xylan structure on cellulose interaction was evaluated by MD methods. 

Hemicelluloses were extracted from birch and spruce, and were used to 
fabricate different composite hydrogels with bacterial cellulose. These materials were 
studied with regards to mechanical properties, and it was shown that 
galactoglucomannans mainly contributed to an increased modulus in compression, 
whereas the most significant effect from xylan was increased strain under uniaxial 
tensile testing. Besides, other polysaccharides of similar structure as 
galactoglucomannans were modified and used as pure, well defined, models. Acetyl 
groups are naturally occurring decorations of wood hemicelluloses and can also be 
chemically introduced. Here, mannans with different degrees of acetylation were 
prepared and the influence of structure on solubility in water and the organic solvent 
DMSO were evaluated. Furthermore, the structure and water solubility influenced 
the interaction with cellulose. Acetylation also showed to increase the thermal and 
biological stability of mannans. 

With chemical pulping processes in mind, the degradability of spruce 
galactoglucomannans in alkaline solution were studied with regards to the structure, 
and the content of more or less stable structural regions were proposed. 
 
Keywords: hemicellulose, wood, glucomannan, xylan, structure, acetylation, 
flexibility, solubility, interaction with cellulose, stability.  



   
 

SAMMANFATTNING 

Hemicellulosor är en grupp av heterogena polysackarider som utgör ca 30 % av trä 
och där de vanligaste typerna är xylaner, glukomannaner och xyloglukaner. Den 
komplexa strukturen gör det svårt att fullständigt förstå förhållandet mellan struktur 
och egenskaper, och deras biologiska roll är ännu inte fullständigt kartlagd. 
Dessutom är hemicellulosor känsliga för kemiska processer och tas inte tillvara på 
bästa sätt för att tillverka förädlade produkter så som nya material eller användas 
som additiv till livsmedel och farmaceutiska produkter etc. En ökad kunskap om 
deras funktion är viktig för utvecklingen av både processer och material. Målet med 
detta arbete har därför varit att öka den fundamentala förståelsen för hur struktur 
och egenskaper hos hemicellulosor från trä hänger ihop. Egenskaper så som 
flexibilitet, interaktion med cellulosa, löslighet, samt kemisk-, termisk- och biologisk 
stabilitet har utvärderats.  

Molekyldynamiska (MD) simuleringar användes för att studera strukturer 
som återfinns i hemicellulosor på detaljnivå. Flexibiliteten utvärderades med 
avseende på hur konformationsrymden påverkades av vilka monosackarider som 
ingick i huvudkedjan, samt påverkan från sidogrupper. Baserat på huvudkedjan bör 
flexibilitetsordningen för studerade hemicellulosor i vattenlösning vara: xylan > 
glukomannan > xyloglukan. Dessutom användes MD simuleringar för att analysera 
hur strukturen hos xylaner påverkar interaktionen med cellulosa. 

Hemicellulosor extraherades från björk och gran, och användes för att 
producera flera olika komposithydrogeler med bakteriell cellulosa. Dessa material 
studerades bland annat med avseende på de mekaniska egenskaperna och de 
tydligaste observationerna var att galaktoglukomannan bidrog till en ökad 
kompressionsmodul, medan xylan framförallt ökade töjbarheten i dragprov. 
Dessutom modifierades modellpolysackarider med liknande struktur som 
galaktoglukomannan och användes som extra rena och väldefinierade modellsystem. 
Acetylgrupper förekommer naturligt som sidogrupper på hemicellulosor och de kan 
även introduceras via kemisk modifiering. I detta projekt tillverkades mannaner med 
olika acetyleringsgrad och hur strukturen påverkade lösligheten i vatten och det 
organiska lösningsmedlet DMSO utvärderades. Det visade sig även att strukturen och 
lösligheten i vatten påverkade interaktionen med cellulosa. Acetyleringen hade också 
en positiv effekt på den biologiska och termiska stabiliteten. 

Med kemiska massaprocesser i åtanke studerades nedbrytbarheten hos 
galaktoglukomannaner från gran i alkalisk lösning med avseende på strukturen och 
förekomsten av mer eller mindre stabila strukturella regioner föreslogs. 

 
Nyckelord: hemicellulosa, trä, glukomannan, xylan, struktur, acetylering, 
flexibilitet, löslighet, interaktion med cellulosa, stabilitet. 
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1 PURPOSE OF THE STUDY 

The purpose of this study was two-fold with a focus on both biological and technical 
aspects of hemicellulose properties. 
   
There are different types of hemicelluloses; the composition varies between different 
plants, and for the same class of hemicellulose the structure can differ between 
species. Thus, hemicelluloses are a complex class of polysaccharides, and the reason 
for why nature designed them like this is not yet fully understood. One objective with 
this work was therefore to increase the knowledge about the relationship between 
chemical structure and properties of hemicelluloses for improved understanding of 
their biological role.  
 
Hemicelluloses are abundant biopolymers and have the potential to become an 
essential resource for a range of products and applications. From an environmental 
aspect, the need for bio-based products and renewable, biodegradable materials is 
significant. One purpose with this work was therefore to increase the knowledge 
about how the structure influence hemicelluloses properties to be used as a basis 
when more efficient extraction processes and new applications are developed, but 
also explain their effect in traditional paper and board products.  
 
Specific issues that were considered: 
 

- To evaluate how the flexibility and interaction with cellulose varied between 

hemicellulose classes, as well as how these properties were affected by the 

substitution patterns. 

 
- To investigate the impact on acetylation and monosaccharide composition 

of mannans on solubility, thermal-, biological-, and chemical stability.
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2 INTRODUCTION 

2.1 WOOD AND ITS COMPONENTS 

The forest is fantastic and important in many ways, foremost as the home for many 
plants, animals and other organisms. Trees and wood are essential components of the 
forest, and apart from their biological role trees has been an important resource for 
us humans during millenniums. Historically wood has been used for building homes, 
boats, tools, burned for energy, etc. Eventually, industries were developed where 
wood was processed to release the wood cells, or fibers, from each other to make 
paper. The first industrial paper machine was built in 1801 (Biermann, 1996). It 
turned out that these wood fibers had very good mechanical properties and the pulp 
and paper industries have continued to develop since then. In Sweden, the forest 
covers 70 % of the land surface, and Sweden is the third largest exporter of forest 
products in the world; still, the amount of wood in the Swedish forest increased 
continuously and doubled during the last 90 years (numbers from 2017, 
Skogsindustrierna, Sweden). Wood is a renewable resource consisting of valuable 
components with vast potentials to replace oil-based products. To optimize the wood 
processing, it is therefore important to take care of all components, utilizing the 
resource most efficiently while developing more sustainable and environmentally 
friendly products for our society. 
 

2.1.1 Wood polymers  

The wood cells of the secondary xylem, such as softwood tracheids and hardwood 
libriform fibers and vessels, are built up by the primary cell wall (P), and secondary 
cell wall layers denoted as S1, S2, and S3 (Figure 1b). The primary cell wall is the first 
layer formed during the biosynthesis, while the secondary cell wall makes up the bulk 
of the wood material (Kumar, et al., 2016). The material that connects the cell walls 
is called the middle lamella (ML). The cell walls consist of a complex network and a 
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combination of polymers and low molecular weight compounds. The low molecular 
weight compounds are often referred to as extractives or wood resin, and some 
components are fatty acids, sterols, and terpenes. There is also a small inorganic 
fraction (~0.5 %) of elements such as calcium, potassium, magnesium and silicon 
(Fengel & Wegener, 1984). However, the wood polymers make up the main fraction 
of the wood material and are divided into three classes: cellulose, hemicellulose and 
lignin. The ratio is about 40 % cellulose, 25 % lignin and 30 % hemicellulose (Timell, 
1967; Sjöström, 1993). An illustration of the complex polymer network is presented 
in Figure 1a.  
 

 
Figure 1. (a) Illustration of wood polymers and the complex network in wood. Figure courtesy to Prof. 
Gunnar Henriksson. (b) Illustration of a wood cell showing the primary (P) and secondary (S1, S2, and S3) 
cell wall layers, as well as the middle lamellae (ML). Adapted from Sjöström (1993). 

 
 
Cellulose is a polysaccharide consisting of β-(1→4) linked D-glucopyranosyl residues 
which form long unsubstituted chains consisting of about 10 000 – 15 000 D-glucose 
(Glc) units. The chemical structure of a single cellulose chain is shown in Figure 2f, 
and the confirmation of cellulose is generally as a 2-fold screw (French & Johnson, 
2009). Inter- and intramolecular hydrogen bonding (Nishiyama, et al., 2002) 
together with van der Waals forces and hydrophobic forces (Bergenstråhle, et al., 
2010) result in a parallel packing of celluloses chains and the formation of stable 
cellulose microfibrils. These fibrils consist of both crystalline and less ordered, 
amorphous-like, cellulose regions (Moon, et al., 2011). Crystalline cellulose can be of 
different polymorphs but only one is produced in nature and it is called cellulose I. 
Furthermore, cellulose I can be in α (triclinic structure) and β (monoclinic structure) 
form. These coexist, and Iβ is dominating in wood whereas Iα dominates in, for 
example, bacterial cellulose (Moon, et al., 2011). Regarding wood cellulose, several 
models of cellulose microfibrils and surfaces have been proposed (Nishiyama, et al., 
2002; Ding & Himmel, 2006; Fernandes, et al., 2011; Cosgrove, 2014) involving 
surfaces classified as hydrophilic and hydrophobic. Additionally, single cellulose 
molecules can be characterized as being amphiphilic since all polar hydroxyl groups  
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in the Glc residues of cellulose is in equatorial configuration making them all point 
out to the sides of the chain,  whereas the atoms in axial position facing the “top” and 
“bottom” of the Glc chain are all aliphatic hydrogens making these surfaces 
hydrophobic (Lindman, et al., 2010; Bergenstråhle, et al., 2010). 
 
Lignin is a polymer consisting of both aromatic and aliphatic units, which contribute 
to the woody characteristics of the cell wall. Lignin is built up by several different 
types of monolignols, but the most common ones are p-coumaryl alcohol, coniferyl 
alcohol, and sinapyl alcohol (Kumar, et al., 2016). The composition of lignin varies 
for different wood sources, and in softwood syringyl alcohol is the dominating unit, 
while hardwood lignin consists of significant fractions of both syringyl and coniferyl 
alcohols (Sjöström, 1993). Lignin can also bind covalently to cell wall polysaccharides 
forming lignin-carbohydrate complexes (Björkman, 1956). 
 
Hemicelluloses are a class of heterogeneous polysaccharides which are built up by 
different types of sugar units and are defined as cell wall polysaccharides with a β-
(1→4)-linked backbone in equatorial configuration (Scheller & Ulvskov, 2010). The 
main chain is often decorated by side group sugars, uronic acids, acetyl groups, etc. 
and the DP is usually around 100-200 for wood hemicelluloses. The most common 
wood hemicelluloses are glucomannans and xylans which mainly are present in the 
secondary cell walls of vascular plants. Xyloglucan is another class of hemicellulose 
found in the primary well wall (Scheller & Ulvskov, 2010; Timell, 1967). The chemical 
structures of wood hemicelluloses are illustrated in Figure 2a-e. From here on the 
chemical structure is referred to as just “structure”. 
 
As shown in Figure 2 the structure of cellulose and hemicelluloses is, in many ways, 
similar consisting of a long chain of monosaccharide units. However, the composition 
of hemicelluloses is more complex. Comparing the sugar units, Glc is a hexose with 
the hydroxyl (OH) groups on C2 and C3 in equatorial configurations, whereas for D-
mannose (Man) C2 is axial and C3 equatorial, both Glc and Man also contain a 
primary OH at C6. D-xylose (Xyl) is a pentose lacking the primary OH at C6, and with 
OH at both C2 and C3 in equatorial configuration (Fengel & Wegener, 1984; 
Sjöström, 1993).  
 

2.1.2 Glucomannans 

The main hemicellulose in Nordic softwoods like Norway Spruce (Picea abies) and 
Scots Pine (Pinus sylvestris) is O-acetyl-galactoglucomannan (acGGM) making up 
around 20 % of the dry wood. The backbone consists of β-(1→4)-linked D-
mannopyranosyl and D-glucopyranosyl residues, where Man is partially substituted 
by α-(1→6)-linked D-galactopyranosyl, and the same type of D-galactose (Gal) 
substitution has also been identified on Glc (Willför, et al., 2003). Furthermore, the 
Man units can be O-acetylated at C2 and C3 positions and a degree of acetylation 
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(DSac) of 0.2-0.3 has been reported, as well as a Gal:Glc:Man ratio of 0.1-1:1:3-4 
(Timell, 1967; Lundqvist, et al., 2002). 
 
Hardwoods contain O-acetyl-glucomannans, a β-(1→4)-linked Man and Glc 
polysaccharide with a 1:1-2 ratio of Glc:Man and partial O-acetylation at C2 and C3 
of Man units with a DSac of 0.3. The fraction of the dry cell wall of hardwood is 
generally only around 3-5 % (Timell, 1967; Teleman, et al., 2003).  
 

2.1.3 Xylans 

Xylans are the second most common polysaccharide on earth and the main 
hemicellulose in many kinds of grasses and hardwoods like for example birch (Betula 
pendula and pubescens). O-acetyl-4-O-methylglucuronoxylan (acGX) makes up 
about 20-30 % of the hardwood dry weight (Timell, 1967; Scheller & Ulvskov, 2010). 
The backbone consists of β-(1→4)-linked D-xylopyranosyl with partial substitution of 
α-(1→2) linked D-4-O-methylglucuronic acids (mGlcA) and a mGlcA:Xyl ratio of 
0.4:7. The Xyl units are partially O-acetylated and a DSac of 0.4 has been reported 
(Teleman, et al., 2002).   
 
Softwoods contain about 10 % of arabino-4-O-methylglucuronoxylan (AGX), where 
the β-(1→4)-linked Xyl backbone is partially substituted by both α-(1→2) linked 
mGlcA and α-(1→3) linked L-arabinose (Ara) as L-arabinofuranosyl residues. The 
Ara:mGlcA:Xyl ratio is about 1:2:11 (Escalante et al. 2012).  
 

2.1.4 Xyloglucans 

The main chain consists of β-(1→4) linked Glc units, which are substituted with α-
(1→6) linked Xyl on three consecutive Glc units, followed by one unsubstituted 
backbone Glc. Also, additional sugar units may be present on the Xyl units, such as 
Gal and L-fucose (Fuc), resulting in longer branches (Ebringerová, et al., 2005).  
 
Xyloglucan (XG) is mainly present in the primary cell wall and in hardwoods they 
represent about 20 % of the primary cell walls, and in softwoods around 10 % 
(Scheller & Ulvskov, 2010). However, since the fraction of primary cell in comparison 
to secondary cell wall is small, the total abundance of XG is low.  
 

2.1.5 Related polysaccharides 

Both softwoods and hardwoods also contain small fractions of other polysaccharides 
that are classified as hemicelluloses, for example, β-(1→4) linked galactans with 
various side groups that are present in reaction wood. In Larch wood, the main 
hemicellulose is an arabinogalactan which represents about 10-25 % of the dry weight 
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(Timell, 1967).  Wood also contains related polysaccharides often called pectins, for 
example, galacturonans (Fengel & Wegener, 1984).   
 
There are other polysaccharides in nature with similar structures as the wood 
hemicelluloses. A couple of examples are galactomannans found in the seeds of the 
locust plant (LBG), and glucomannans from the tubers of Konjac (KGM). These are 
storage polysaccharides and have a high molecular weight compared to the wood 
hemicelluloses (Ebringerová, et al., 2005). 
 
 
 

 
 
Figure 2. Different hemicellulose structures (a) acGGM, (b) AGX, (c) acGM, (d) acGX, and (e) XG, and the 
cellulose structure in (f). 
 

2.2 BIOLOGICAL FUNCTION 

2.2.1 Biosynthesis and the primary cell wall 

The biosynthesis of the wood cells starts with the formation of the primary cell wall 
where cellulose, hemicellulose, and pectin forms a network. The cell is expanded to 
the final size and then the synthesis of the secondary cell wall starts (Kumar, et al., 
2016). The cellulose and hemicelluloses continue to build up the base of the cell wall, 
while lignin also starts to form in the spaces between cell walls; however, most 
lignification take place after the formation of the last secondary cell wall layer (S3). 
When the programmed cell death occurs then lignin polymerization continues as 
explained in Figure 3 (Albertsheim, et al., 2011). It should be noted that the 
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biosynthesis of all cell wall components is not yet fully understood but a brief 
description of the biosynthesis of the cell wall components are included here.  
   
Cellulose is synthesized by cellulose synthase complexes (CSCs) that are located on 
the plasma membrane. In higher plants, the CSCs are hexagonal shaped and are built 
up by 12-36 cellulose synthase proteins. The number of these proteins determines the 
number of cellulose chains in the microfibril. Alternatively, it is always 36 cellulose 
synthase proteins but not all contribute with a glucan chain (McFarlane, et al., 2014). 
The CSCs moves along microtubules on the plasma membrane and directly deposits 
the cellulose microfibrils onto the cell wall (McFarlane, et al., 2014).  
 
The building blocks for hemicellulose synthesis are activated nucleotide sugars which 
are connected by glycosyltransferases in the Golgi apparatus forming the 
hemicellulose polymers (Pauly, et al., 2013). Different types of glycosyltransferases 
are involved in building the backbone glycan chain, and in adding the side group 
substituents. When the polysaccharide is formed vesicles transport it out to the cell 
wall where it might be further modified (Kumar, et al., 2016).  
 
Lignin polymerizes in the spaces between the formed cellulose-hemicellulose 
network and it has been showed that the lignification starts while the cell is still alive 
and continues after cell death (Smith, et al., 2013). The monolignols are transported 
out to the cell wall where they are oxidized by enzymes like laccases and peroxidases 
forming radicals, followed by end-wise polymerization when radicals meet (Barros, 
et al., 2015).  
 
 

 
Figure 3. Biosynthesis and deposition of polysaccharides and lignin during plant cell wall formation. 
Adapted from (Albertsheim, et al., 2011) and (Terashima, 1990). 
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As previously mentioned, the primary cell wall can undergo cell expansion before the 
formation of the secondary cell wall, and during this event, XG is suggested to play a 
crucial role. XG can interact actively, but non-covalently, with cellulose and act as a 
link connecting separate cellulose fibrils. Furthermore, an enzyme called XG 
endotransferase can cleave and reconnect XG chains. If XG acts as a bridge between 
two adjacent cellulose microfibrils, an XG endotransferase can cleave the bridge and 
stay attached to one of the XG ends. Now, if the cell expands the cellulose fibril can 
move until the enzyme comes is in contact with a new XG chain where it connects the 
two ends and restores the strength of the cell wall. This makes it possible for the 
cellulose fibrils to move during cell expansion without losing the shape of the primary 
cell wall. Thus, there is strong evidence that XGs contributes to the mechanical 
properties of the cell wall acting as a non-covalently bound link between cellulose 
fibrils (Fry, 2004; Cosgrove, 2005) further showed for model systems where XG 
adsorbed to bacterial cellulose and had a significant impact on the mechanical 
properties of model cellulose-XG materials (Whitney, et al., 1999; Lopez-Sanchez, et 
al., 2015). 
 

2.2.2 Secondary cell wall hemicelluloses 

The secondary cell wall makes up the bulk of wood and is a strong and rigid material, 
also allowing for a good water conductivity (Cosgrove & Jarvis, 2012; Burgert & 

Keplinger, 2013). The secondary cell wall hemicelluloses in softwoods are mainly 
acGGM and AGX, whereas acGX and acGM are present in hardwood. The structures 
differ both with regards to backbone monosaccharides (xylan vs. glucomannan) and 
various side group decorations. Side groups hinder the hemicelluloses from co-
crystallization and improve solubility (Cosgrove, 2005; Pawar, et al., 2013), and it is 
likely that the structural characteristics of the hemicelluloses impact their biological 
function. 
 
One widely accepted role of the secondary cell wall hemicelluloses is to, by non-
covalent interactions, tether cellulose microfibrils and act as a link between cellulose 
and lignin (Hansen & Björkman, 1998; Scheller & Ulvskov, 2010; Brandt, et al., 2013). 
Hemicelluloses also interact covalently with lignin as LCCs (Björkman, 1956) and the 
acetylation of hemicellulose is suggested to facilitate non-covalent interaction with 
lignin while the backbone of hemicellulose can adapt to be compatible with cellulose 
surfaces (Hansen & Björkman, 1998; Pawar, et al., 2013). Furthermore, it was showed 
that LCCs are crucial for the formation of a stable cellulose-hemicellulose-lignin 
framework (Iwata, et al., 1998), which suggests that hemicelluloses could act as a link 
connecting cellulose with lignin, but also as a regulator of the spacing between 
cellulose microfibrils. This would mean that hemicelluloses are strongly contributing 
to the polymer network and the mechanical properties of the cell wall regulating both 
the strength and porosity.  
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Indeed, analysis of xylan-deficient mutants proofs the importance of xylan for the 
strength of the cell wall, apart from collapsed cells also the growth and fertility was 
affected negatively for these mutants (Scheller & Ulvskov, 2010). Analysis by solid-
state NMR has also shown that the xylan chain adapts the backbone conformation 
into a 2-fold screw (same as cellulose) to be able to interact with cellulose (Teleman, 
et al., 2001; Simmons, et al., 2016). Furthermore, also mannans are suggested to 
adapt to the cellulose surface as a 2-fold screw (Moreira & Filho, 2008) and studies 
have shown that glucomannans experience a higher affinity or tighter association to 
cellulose than xylans (Iwata, et al., 1998; Eronen, et al., 2011) and a closer cooperation 
is suggested between glucomannan and cellulose, compared to xylan and cellulose 
(Åkerholm & Salmén, 2001).  This could be explained by the lack of C6 in Xyl which 
builds up the xylan backbone, while the steric configuration of glucomannan 
backbone is more similar to cellulose, where the only difference is the axial 
configuration of OH2 in the Man units. 
 
Side groups are affecting the interaction with cellulose, both for xylans and mannans 
(Whitney, et al., 1998; Köhnke, et al., 2011), and a more significant degree of Gal 
substitution of energy storage mannans (LBG) has, for example, shown a decrease in 
mannan-cellulose interaction (Whitney, et al., 1998). However, the substitution 
pattern may also be of significance in regulating the interaction between 
hemicelluloses and cellulose. An evenly spaced substation of side groups has been 
identified in both glucomannans (Yu, et al., 2018) and xylans (Chong, et al., 2014; 
Busse-Wicher, et al., 2014; Busse-Wicher, et al., 2016). Dupree and co-workers has 
proposed that since the regular substitution of various side groups makes them point 
to the same side of the hemicellulose backbone, this facilitates the cellulose 
interaction on the side that lacks side groups (Busse-Wicher, et al., 2014; Simmons, 
et al., 2016; Busse-Wicher, et al., 2016; Yu, et al., 2018).  
 
Acetyl groups are common decorations on secondary cell wall hemicelluloses and, as 
previously discussed, adjusting the DSac impacts non-covalent interactions which are 
one biological function of this type of substitution. Even if the role of O-acetylation 
on hemicelluloses is not fully understood, hindering enzymatic degradation (Biely, et 
al., 1986) is believed to be another function of these side groups, possibly as a steric 
hindrance or by changing the conformation of the molecule. Acetylation increases the 
structural complexity of the hemicelluloses and is an energetically more favorable 
way of modifying the polysaccharide compared to adding side group sugars which 
contain more carbon (Gille & Pauly, 2012). Furthermore, previous work on conifers 
showed that acetyl groups might be removed from glucomannan after cell wall 
formation. Differences in DSac of glucomannan in different developmental stages 
were also observed (Kim, et al., 2010), and the fact that the plant modifies the 
acetylation suggests that O-acetylation is of importance for the function of cell wall 
hemicelluloses.  
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Due to the hydrophilic properties of hemicelluloses, another suggested function is to 
adjust the moisture equilibrium of the living tree (Timell, 1967). Additionally, the pH 
and ionic strength might be regulated by the AGX and acGX hemicelluloses due to 
the presence of the acidic side group mGlcA (White, et al., 2014). 
 

2.3 TECHNICAL UTILIZATION 

2.3.1 Traditional pulping 

The forest is an essential resource for the Nordic countries which has a long history 
of wood utilization, both as timber and for pulp and paper production. There are two 
chemical pulping processes which are dominating the pulp and paper industry, the 
kraft process and the sulfite process. The first sulfite mill was built in 1874, and the 
first kraft mill in 1890, both in Sweden (Biermann, 1996). Today, the alkaline kraft 
process with the active cooking chemicals hydroxide ions and hydrogen sulfide ions 
are dominating. Here a continuous digester is used which improves process 
efficiency, and the kraft pulping corresponds to 90 % of the world production of virgin 
pulp fibers (Biermann, 1996; Sixta & Schild, 2009). Common products produced by 
the kraft process are linerboard and sack paper, which requires a strong fiber. The 
kraft process can contain bleaching steps if a bright product is desired, and this 
process can, also produce high-quality printing paper, as well as pulp for tissue paper, 
packaging and dissolving pulp.  
 
The other process uses sulfite cooking at neutral or acidic conditions and with H2SO3 
as active chemical (with a base of for example NH4

+, Mg2+, Ca2+, or Na+). The cooking 
is carried out in batches which makes this process more flexible since the conditions 
can be easily adjusted. Sulfite cooking is suitable for the production of specialty 
products, for grease resistant paper, as well as for dissolving pulp where a pure 
cellulose product is desired with less focus on the strength (Biermann, 1996). Sulfite 
pulping only corresponds to about 5 % of the production of virgin fibers, but as much 
as 60 % of the market for dissolving pulp (Schild, et al., 2010).  
 

2.3.2 Biorefinery 

The need for environmentally friendly and renewable materials is high, as well as the 
interest in the biorefinery concept. The purpose with a biorefinery is to, by several 
process steps, fractionate lignocellulosic feedstock to separate streams and convert 
all components to value-added products such as materials, chemicals, fuels and 
energy (Ragauskas, et al., 2006). Traditional pulping industries have a head start 
since they already process and fractionate wood to separate streams and some mills 
can already be considered as rudimentary forest biorefineries. However, all 
components are not used to their full potential and there is a demand for advanced 
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technologies to optimize the processes and find economically feasible ways to 
produce more value-added products from all wood components (van Heiningen, 
2006; Bajpai, 2013). 
 
The main product from today’s pulp industries is generally cellulose, where part of 
the hemicellulose can be retained with the cellulose pulp, and the rest of the 
hemicellulose ends up with the lignin fraction in the black liquor which is burned for 
energy (as black liquor) in the recovery boiler (kraft process). Lignin has a high energy 
value of 27 MJ/kg, compared to 13.6 MJ/kg for hemicelluloses (Gullichsen & 
Fogelholm, 1999), and part of the black liquor can also be filtered to recover lignin 
and produce pellets as fuel for boilers, etc. (Bajpai, 2013). Lignosulfonates are 
produced from the sulfite process and are used as a dispersing agent and additive, for 
example in concrete (Borregaard, Norway). Furthermore, the low molecular weight 
extractives released during kraft pulping, in softwoods forming a fraction called tall 
oil, can be converted to products like biodiesel and rosins (Sunpine, Sweden). Apart 
from these present industrial products, research about using the components to more 
advanced materials are ongoing. Some examples are studies about the use of 
nanocellulose for applications such as strong composites (Moon, et al., 2011) and 
converting lignin into carbon fibers (Souto, et al., 2018).   
 
Thus, pulping industries have the great potential to become a big partner in the 
modern material producers, where the issue of replacing oil as a resource is central, 
and it is probable that the future biorefineries will be a modified version of the 
traditional pulping processes. However, to fully convert the biomass one challenge is 
to take care of the hemicelluloses fraction in a better way. 
 

2.3.3 Hemicellulose extraction and challenges 

It is challenging to extract hemicelluloses in its polymeric form and at high yields. 
Wood is a solid material where the polymers form a complex network and need to be 
separated from each other. Separation often involves the use of chemicals, but also 
enzymes can be applied although accessibility is a problem (Wang, et al., 2015).  
 
Alkaline conditions are common in the industry, and at high pH, hemicelluloses are 
more sensitive to chemical degradation and reactions like peeling and alkaline 
hydrolysis compared to cellulose. Peeling is an endwise degradation where one sugar 
unit (in modified form) at a time is removed from the reducing end, resulting in a 
slow decrease of molecular weight but a significant effect on yield. The peeling 
reaction is a larger problem for GGM compared to xylan, which can be prevented by 
stopping reactions involving side group substituents where the location of the side 
group is significant (Sjöström, 1993). Alkaline hydrolysis is another suggested 
mechanism for carbohydrate degradation at high pH and elevated temperatures 
(Ballou, 1954; Gellerstedt, 2009). During alkaline hydrolysis, glycosidic linkages can 
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be cleaved anywhere within the polysaccharide chain, which results in a significant 
impact on the molecular weight and produces new reducing ends where secondary 
peeling can take place (Sjöström, 1993). There are strategies to stabilize the 
carbohydrates during pulping to decrease the losses, and anthraquinone has been 
used (Löwendahl & Samuelson, 1978) but is in the debate due to health concerns. The 
addition of the oxidation agent polysulfide (Wang, et al., 2015) is another alternative, 
and the reducing agent sodium dithionite (Veguta, et al., 2017) is also one suggestion. 
Altering the alkali concentration is another way to optimize the carbohydrate yield. 
Generally, the degradation of GGM is increasing with increased alkali, but at a certain 
point the yield increases (Brännvall & Lindström, 2007), furthermore, also a harsh 
pre-treatment has shown an increased concentration of GGM (Annergren, et al., 
1961; Paananen, et al., 2010).  
 
Only elevated temperatures in water are enough to affect the hemicelluloses and can 
cause the hydrolysis of acetyl groups. The subsequent formation of acetic acid lowers 
the pH in the system and can induce autohydrolysis where the acidic conditions 
induce the cleavage of backbone glycosidic linkages. Such reactions can be 
suppressed by the use of a buffered aqueous system (Song, et al., 2011). 
 
To improve the extraction of hemicelluloses one way is implementing a pre-
extraction step of the wood chips before the cooking step. Many different conditions 
have been suggested (Bajpai, 2013), and a couple of examples are pressurized hot 
water (Yoon, et al., 2008) and alkaline (Sixta & Schild, 2009) pre-extraction steps. 
The latter is more suitable for xylan extraction since GGM experience a more 
considerable degree of degradation due to previously discussed mechanisms. The 
pre-extraction step can also involve enzymatic treatment to improve the extraction 
yields (Wang, et al., 2015). Another possible process to extract a xylan rich fraction is 
cold caustic extraction followed by ultrafiltration after the cooking (Schild, et al., 
2010).  
 
Despite many studies regarding hemicelluloses extraction, the challenge remains to 
extract these polymers at high yields avoiding extensive degradation. Suggested 
techniques like pre-extraction by hot water may be implemented, but additional 
factors like investment costs, feasibility, effects on upcoming process steps, etc. need 
to be considered.  
 

2.3.4 Potential wood hemicellulose applications 

Hemicelluloses are already a natural part of the pulp and paper industry and, 
depending on the applications; the process conditions can be adapted trying to keep 
as much hemicellulose as possible with the cellulose fraction. This results in a higher 
yield and the hemicelluloses can improve the properties of the pulp (Molin & Teder, 
2002; Salmén & Lindström, 2015; Tavast, et al., 2015). Molin and Teder (2002) 
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showed that the mechanical properties of hand sheets made from spruce kraft pulp 
highly depend on the cellulose/hemicellulose (a mixture of xylan and glucomannan) 
ratio. The stiffness and tensile index increased with a higher content of hemicellulose, 
while tear index decreased. Tavast et al. (2015) further confirmed that xylan improves 
the tensile strength, while Salmén and Lindström (2015) showed that retaining GGM 
can improve the strength of spruce pulp. Additionally, GGM has shown to improve 
the mechanical properties of cellulose nanofiber gels significantly and can be added 
to improve the wet strength of cellulose-based materials (Prakobna, et al., 2015).    
 
Extracted wood hemicelluloses in polymeric form also have the potential to be used 
for a variety of applications. Studies have shown that hemicellulose films possess 
good oxygen barrier properties and can, for example, be used in food packaging 
(Mikkonen, et al., 2011; Escalante, et al., 2012; Oinonen, et al., 2013; Kisonen, et al., 
2014). Wood hemicelluloses can also be used as thickeners, emulsifiers, aerogels or 
for hydrogels in the food and pharmaceutical industry (Gabrielii, et al., 2000; Edlund 
& Albertsson, 2008; Voepel, et al., 2009; Mikkonen, et al., 2013; Mikkonen, et al., 
2016). Another possible application is a nutritional supplement as prebiotics (Polari, 
et al., 2012). 
 
During chemical processing of wood, the polymeric hemicelluloses can be degraded 
to monomeric sugars and organic acids. Furthermore, xylose can be degraded to 
furfural, while hexoses such as mannose and glucose can form hydroxymethylfurfural 
(Biermann, 1996). Hexoses are generally more easily fermentable although ways of 
fermenting pentoses have also been developed, and xylose can, for example, be 
converted to xylitol and used as a sweetener (Pauly & Keegstra, 2008).  Additional 
products from the fermentation of monosaccharides are ethanol, organic acids, etc. 
These small molecular weight compounds can be utilized as biofuels or platform 
chemicals, for example as the building block for further polymerization (Zhang, 
2008; Pauly & Keegstra, 2008; Bajpai, 2013). 
 
In conclusion, hemicelluloses have enormous potentials to act as a raw material for a 
variety of products. Increased fundamental knowledge about their properties is 
needed for the development of suitable processes and products. 
 

2.3.5 The United Nations sustainable development goals 

The United Nations (UN) has formulated 17 goals presented at un.org/sustainable-
development-goals aiming at a sustainable future for all. UN describes the need to 
work towards new innovations for increased resource and energy efficiency where the 
CO2 emissions are decreased (Goal 9: Industry, Innovation and Infrastructure). The 
importance of resource efficiency is highlighted, especially since the material 
consumption is increasing and we need to focus on “doing more and better with less” 
(Goal 12: Responsible Production and Consumption). The need for more 
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environmentally friendly materials is discussed, as well as the requirement of 
eliminating the plastic waste in order to keep our oceans safe and clean (Goal 14: Life 
Below Water). Thus, the development of biodegradable materials and more ocean-
friendly choices are essential. Nevertheless, UN also emphasizes the need for 
sustainable management of the Earth’s forests (Goal 15: Life On Land). Currently, 
30.7 % of the surface on Earth is covered by forests, but during the period 2010-2015 
as much as 3.3 million hectares of forest were lost. Thus, it is crucial to regenerate the 
forest in areas which are exposed to harvesting, as well as to consider the biodiversity 
when selecting regions for wood harvesting.  
 
Research for improved utilization of wood, a renewable and bio-based resource, 
complies well with the formulated view in the UN goals as long as the wood is 
harvested and used in a sustainable way. Improved usage of hemicelluloses, a wood 
component that is poorly utilized today, would contribute to all of the above-
mentioned goals since it would result in more efficient usage of wood materials that 
are also processed for products based on cellulose, lignin and extractives. New 
innovations regarding hemicellulose based materials would, therefore, contribute to 
the “doing more and better with less”, as well as has potentials to be used for 
biodegradable products that will not accumulate in our oceans.  
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3 EXPERIMENTAL  

3.1 HEMICELLULOSE MATERIALS 

The material used in this work has either been extracted from the source of interest 
or has been model polysaccharides from other plant sources. An overview of the used 
materials and characterization techniques are presented in Figure 4.  
 

3.1.1 Model polysaccharides and modification (Papers III, V-VII) 

To study wood hemicelluloses can be challenging due to difficulties in the extraction 
of pure polysaccharides. Since wood contains a network of polysaccharides, it is 
common to have presences of other traceable substances such as lignin, which is 
especially difficult to remove due to the presence of covalent bonds between 
hemicelluloses and lignin (LCCs). The complex structure of secondary cell wall 
hemicelluloses is another factor that makes the interpretation of the results difficult. 
Thus, one strategy can be to use other well-defined polysaccharides as models for the 
wood polysaccharides. In this work softwood GGM has been of high importance, and 
the two model polysaccharides KGM and LBG have been used to evaluate the mannan 
properties. The KGM and LBG samples that were prepared and used for different 
studies are presented in figure 4a. 
 
Both KGM and LBG have similar structures as GGM but in different ways. KGM 
represents the backbone properties since these molecules are built up by β-(1→4) 
linked Glc and Man units with a Glc:Man ratio of 1:1.6, also a low degree of α-(1→6) 
branching (8 %) has been reported (Katsuraya, et al., 2003). LBG represents another 
structural similarity to GGM since it consists of a pure β-(1→4) linked D-Man 
backbone with α-(1→6) linked Gal substitutions at a Gal:Man ratio of about 1:4 
(Ebringerová, et al., 2005), meaning a branching of 25 %. 
 
The use of model polysaccharides (Papers III, V, VI, VII) makes it possible to evaluate 
different structural characteristics systematically, however, there are also limitations. 
The sugar composition of KGM is different from the backbone of GGM since a higher 
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fraction of Glc is present in KGM. Considering Gal substitution previous work 
suggests the presence of two types of GGM in spruce, one with a low and one with a 
high content of Gal (Sjöström, 1993), here LBG would represent the highly 
substituted GGM fraction. Furthermore, the exact distribution of sugars within the 
polymeric chains is not known. Another factor that differs is the molecular weight of 
the polysaccharides. The Mw of softwood GGM is generally reported to about 20-60 
kDa (Timell, 1967; Sjöström, 1993; Willför, et al., 2003) while a common Mw for KGM 
and LBG is as high as 1000 kDa. The Mw can, however, quite easily be adjusted and 
in Paper III the molecular weight of KGM and LBG was modified by mild acid 
treatment in 0.1 M HCl at 70 °C.   
 
Acetylation of model polysaccharides 
Acetylation is an interesting structural aspect to evaluate. In this work, the DSac of 
LBG and KGM has been modified by chemical acetylation. Different methods can be 
applied and in Paper V and VI a method involving dissolution in formamide followed 
by addition of the catalyst pyridine and Ac2O as active acetylation agent was used. 
Solubility issues made it difficult to achieve a proper distribution of LBG and KGM 
with varying DSac; thus also another method was used in Paper VI where the mannans 
were directly dissolved in Ac2O and catalyzed by NaOH.  
 
A different approach was to use a method previously successful in dissolving ball 
milled cell walls prior to acetylation (Lu & Ralph, 2003); however, this method also 
showed difficulties in achieving a complete dissolution of the mannans. Here the LBG 
and KGM with a modified Mw were used, and to never dry the material after the mild 
acid hydrolysis helped the dissolution in NMI and DMSO and made the upcoming 
acetylation more efficient. The challenge here was to estimate how much Ac2O to add 
since remaining water and EtOH in the wet mannan sample consumed some of the 
added Ac2O. This methodology resulted in a series of LBG and KGM with different 
DSac and a Mw similar to GGM (20-30 kDa) (Paper III).   
 
Chemical acetylation makes it possible to study how different DSac impacts the 
properties of mannan. However, one limitation is the lack of specific substitution on 
some hydroxyl groups. Internal backbone Man has hydroxyl groups at C2, C3, and C6 
that all can become chemically acetylated, but in the native state, only C2 and C3 is 
acetylated. Furthermore, all sugar units can be modified while native GGM only has 
acetylation on the Man units (Lundqvist, et al., 2002; Willför, et al., 2003). 
   

3.1.2 Hemicellulose extraction (Papers IV, VII) 

Different procedures have been used for the hemicellulose extraction depending on 
the nature of the materials. It is desired to keep the native structure but still obtain a 
high yield, and a tradeoff between these factors is often necessary when choosing the 
method for extraction.  
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Warm water extraction of acGGM 
To keep the acetyl groups attached to the GGM during the extraction process can be 
challenging since these groups are sensitive to high pH and autohydrolysis in hot 
water, and special care needs to be taken to assure that right conditions are being 
used. Here acGGM extracted from the thermomechanical spruce pulp by water at a 
moderate temperature of 60 °C as described in Willför et al. (2003) and Paper VII 
were used.  
 
Pressurized hot water extraction of acGX 
When extracting birch xylan, acGX, the acetyl substitutions needs to be considered in 
the same way as previously mentioned for acGGM. Here high temperature was used 
to facilitate the extraction yield while the problem of autohydrolysis was avoided by 
the use of a pH 5 buffer. In short, acGX was extracted from Wiley milled and acetone 
extracted birch wood by 0.2 M sodium formate buffer (pH 5), at 170 °C in an 
accelerated solvent extractor (ASE) which applies a pressure of 1500 psi during the 
extraction (Martínez-Abad, et al., 2018). A sequence of extractions was applied to the 
same cell, and the fractions containing the highest amount of acGX were combined. 
A more detailed description is available in Paper IV. 
 
Alkaline extraction of spruce hemicelluloses 
Higher yield is an advantage with alkaline extraction, and AGX does not contain any 
acetyl groups which can be easily cleaved off by alkali. Spruce wood was Wiley milled, 
acetone extracted and delignified by chlorite delignification. After that hemicelluloses 
were extracted by 24 % KOH at room temperature. The extract contained a mixture 
of AGX and GGM which were separated by Ba(OH)2 treatment (see Paper IV) and 
several fractions were obtained: AGX+GGM, AGX, and GGM. 
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Figure 4. (a) List of the modified LBG and KGM model polysaccharides. (b) Overview of the 
extraction/modification of hemicellulose polysaccharides. (c) Characterization toolbox of studied 
hemicelluloses.  
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3.2 CHARACTERIZATION OF POLYSACCHARIDES 

To understand the effect from the structure on the properties, the materials need a 
proper characterization. Thus, several methods have been combined and 
summarized in Figure 4b. Here the methods are briefly described and critically 
evaluated, while the full procedures are present in the respective papers.   
 
Size Exclusion Chromatography (SEC) 
The size of the polysaccharides was analyzed by SEC with refractive index (RI) 
detection (Papers III, IV, VI, VII) and sometimes a multi-angle laser light scattering 
(MALLS) detector (Papers IV and VII).  A water-based eluent with 10 mM NaOH or 
0.1 M NaNO3 + 5 mM NaN3 was most often used, but in some cases also a system with 
DMSO + 0.5 % LiBr as a mobile phase. Solubility is essential for this analysis and 
profoundly impacts the choice of the mobile phase. Furthermore, what SEC actually 
measures is the hydrodynamic volume of the polymers and the retention times is 
compared to a standard curve that is prepared by measuring the retention time of 
standard polymers of known molecular weight, and also here the separation is based 
on their hydrodynamic volume. This makes the choice of standards critical for the 
analysis, and a standard polymer which is as similar as possible to the analyzed 
sample is desired. In this work, the polysaccharide pullulan was used. The analysis 
can become more accurate if, except for standard calibration and the usual RI and 
UV detectors, also a MALLS-detector is included. By this light scattering the absolute 
molecular weight of the polymer in solution can be obtained, but the main challenge 
is to estimate an accurate dn/dc value to be used for the Mw calculation. 
 
Nuclear magnetic resonance spectroscopy (NMR) 
NMR is a diverse technique that can give a range of data. In this work, the method 
called heteronuclear single quantum coherence (HSQC), which gives a 2D spectrum 
of 13C and 1H, was used. Using this technique, information about the average structure 
of the sample and where the O-acetyl groups were located could be obtained. 
However, also here solubility is a limitation and quite high concentrations are 
required for a good spectrum. Therefore, it was not possible to analyze all samples by 
this methodology. The most commonly used solvents in this work were D2O and 
DMSO-d6.   
 
Fourier transformation infrared spectroscopy (FTIR) 
FTIR was used as a quick and easy way of identifying acetyl groups and get an 
estimate of acetyl content on extracted or modified hemicelluloses. The analysis was 
performed directly on the dried material and is therefore not limited by solubility. 
 
High-performance liquid chromatography (HPLC) 
The DSac was determined by saponification of the polysaccharides, followed by 
analysis of acetic acid with HPLC (Paper III-VII). This method was not limited by 
solubility and the DSac was back-calculated based on the concentration of the 
hemicelluloses in the sample and the concentration of acetic acid measured by HPLC.    
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High-performance anion-exchange chromatography (HPAEC) 
Another commonly used analysis technique during this work was HPAEC coupled 
with pulsed amperometric detection (PAD). The concentration of both oligomers and 
sugars was analyzed by using different types of columns. Prior to sugar analysis, the 
polysaccharides need to be degraded to monomeric sugars, and this can be done by 
different methods, usually acidic but also enzymatic treatments are possible (Willför, 
et al., 2009). All methods have different advantages and disadvantages. Sulfuric acid 
hydrolysis (Saeman, et al., 1954) works for hydrolyzing all the polysaccharides, also 
crystalline regions of cellulose (Papers III-VI). However, this is a harsh treatment that 
degrades uronic acids. A less harsh alternative involves the use of trifluoroacetic acid 
(TFA) for the hydrolysis (Albertsheim, et al., 1967), which is more suitable for uronic 
acid containing polysaccharides (Paper VII). TFA hydrolysis will give incomplete 
degradation of crystalline cellulose regions, and can also have problems with some 
glycosidic linkages connected to uronic acids. The third method used in this work was 
acid methanolysis (Bertaud, et al., 2002; Appeldoorn, et al., 2010) which uses 
hydrochloric acid in methanol and a second step with TFA acid (Paper IV). This is the 
best option for quantification of the uronic acids, which are converted to the more 
stable methyl esters after the first step, and works well for hemicelluloses but not for 
crystalline cellulose regions.  

3.3 EVALUATION OF PROPERTIES 

When the hemicelluloses had been characterized to identify well-defined structures, 
the next step was to evaluate the implications from the structure on specific 
properties. Many different methods were used to increase the understanding of how 
wood hemicelluloses function. The properties discussed below were selected due to 
biological and technical interest and is critically described here while detailed 
descriptions are found in the respective papers. 

3.3.1 Molecular flexibility (Papers I-III, VII) 

The glycosidic linkage that connects the sugar monomers had a significant impact on 
the macromolecular conformation and was in this work studied by molecular 
dynamics (MD) simulations. MD uses classical mechanics to describe the movement 
of atoms while several parameters (defined in a force field, here the biomolecular 
force field GLYCAM06) describes the interaction forces between atoms and 
molecules as a function of the position of the atoms. MD simulation is a powerful tool 
for analysis of detailed molecular properties. The fact that a model is used needs to 
be considered when analyzing the observations and comparing to the real system. 
Therefore, to confirm that the simulated system was giving a correct representation 
of the real molecule an experimental validation was made. The NMR couplings 
constants as well as proton-proton distances were calculated for mannobiose, 



                                                            EXPERIMENTAL 

21 
 

cellobiose and xylobiose and compared to NMR analysis of the corresponding 
disaccharide dissolved in water (Paper I). The NMR analysis corroborated the MD 
system which verified a valid model, with one exception; the xylose residues in the 
simulations contained an increased content of the inverted chair conformation (1C4) 
compared to Xyl studied by NMR. However, the effect on the conformational space 
of the glycosidic linkage was evaluated in Paper I and the difference in ring 
conformation did not show a significant impact, but for subsequent simulations 
(Paper II) of xylose, this effect was corrected by applying harmonic restraints to keep 
Xyl units in the 4C1 conformation. Therefore, simulations of also larger 
oligosaccharides were assumed to be of similar agreement as showed for the 
disaccharides. 
 

 
Figure 5. (a) Definitions of backbone glycosidic linkages. (b) Illustration of the dihedral angles φ and ψ 
(Paper II). (c) Summary of the simulated oligosaccharides used in this work. The structures marked with 
* are not present in this summary but in Paper I. 

 
 
The simulated MD systems used in this work are based on a single oligosaccharide in 
a water solution which is a simplified environment when comparing to the plant cell 
wall. However, the behavior in water solution is also believed to resemble a significant 
share of the behavior in the cell wall since wood in a living tree has a significant 
moisture content. Both the effect from backbone sugars and several side group 
substituents on the molecular flexibility in a water solution has been studied. An 
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additional system also containing a cellulose surface combined with a single xylan 
oligomer and water was used in Paper II. 
 
The molecular flexibility was here evaluated by analyzing the conformational space 
of the backbone glycosidic linkages. Three types of backbone glycosidic linkages were 
identified and defined as type C, M, and X (Figure 5a). The C type is present between 
two Glc-units and between Glc and Man if the anomeric carbon of Glc is involved in 
the linkage. Type M is found between two Man-units and when Man and Glc are 
connected by the anomeric carbon in the Man-unit. The configuration of the OH2 
group is axial in Man and equatorial in Glc which impact the steric properties of the 
two linkage types.  Type X is the glycosidic linkage connecting two Xyl units, and here 
C6 is lacking. In each glycosidic linkage the conformation of two dihedral angles, φ = 
O5’-C1’-O4-C4 and ψ = C1’-O4-C4-C3, have been considered to describe the 
conformational space (Figure 5b). The probability of the different conformations was 
converted to free energy by the Boltzmann inversion and presented as contour plots 
where φ and ψ were plotted against each other resulting in a 2D map of the glycosidic 
linkages’ conformational space. A wider distribution represents higher flexibility. 
Other contributions such as hydrogen bonding around the linkages were also 
calculated from the simulation data. The oligomers studied by MD simulations are 
summarized in Figure 5c also listing their glycosidic linkage types. 
 

3.3.2 Interaction with cellulose (Papers II-IV) 

The interaction between the polysaccharides in the actual wood cell wall is still a 
reasonably unexplored field due to technical issues and detailed techniques for 
studying polymer interactions in a solid material is lacking. However, there are 
different ways of constructing well-defined model systems to evaluate contributions 
from different structural components on the interaction. In this work, both computer 
models and experimental systems have been used to evaluate the interaction. 
 
MD simulations 
As earlier discussed, MD simulations are useful to study specific molecules and 
detailed properties such as hydrogen bonding and interaction strength. Therefore, 
the interaction between xylan oligomers of different substitution patterns and a 
“hydrophilic” (1-10) or “hydrophobic” (200) cellulose surface was evaluated, which 
represents two different crystal planes present in cellulose Iβ. The starting position 
was when the xylan oligomer was docked onto the cellulose surface is the same 
direction as the cellulose polymer fitting into the Iβ crystal structure. The 
conformation of the backbone was evaluated similarly as described for the systems in 
water solution. Furthermore, in an additional analysis, a harmonic potential was 
applied in the direction normal to the cellulose surface at the center of the mass 
distance of the xylan oligomer and cellulose. The oligomer was slowly pulled off and 
the reversible work of adhesion (Gibbs’ free energy) was calculated using Jarzynski’s 
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equality (Jarzynski, 1997). This is a contrived system where the xylan oligomer is 
docked at a specific position. However, this makes it possible to compare the 
interaction strength from different oligomers at exactly the same conditions (Paper 
II).  
 
Adsorption measured by a quartz crystal microbalance (QCM) 
Mannan polysaccharides were dissolved in water at 0.1 mg/ml and the amount of 
adsorbed material on a cellulose surface was measured at the cellulose/water 
interface by using the quartz crystal microbalance with dissipation (QCM-D) 
technique. The purpose was to compare the interaction between cellulose and 
hemicelluloses of different structures (Paper III). One limitation with this method is 
that if several hemicellulose layers are formed the measured cellulose-hemicellulose 
interaction can be biased by hemicellulose-hemicellulose interaction. Still, this is a 
good method for comparison of the adsorption of different hemicelluloses with 
cellulose surfaces. 
 
Bacterial cellulose-hemicellulose (BC-H) hydrogels 
Pure cellulose-hemicelluloses hydrogels can be constructed by the production of 
bacterial celluloses in a medium containing dissolved hemicelluloses (Mikkelsen & 
Gidley, 2011) (Paper IV). This is a unique system making it possible to introduce 
hemicelluloses into the network simultaneously as the cellulose is synthesized in a 
similar way as during the biosynthesis of the wood cell wall. However, this system has 
its limitations when comparing the observations to wood cell walls, like the 
differences between the microfibrils in bacterial cellulose compared to wood (Moon, 
et al., 2011), the high water content, and the lack of lignin. Nevertheless, this gives 
information about how the two most common classes of polysaccharides in nature 
interact and impact each other, which is one piece of the puzzle in understanding 
their function in the actual cell wall.    
 
After the formation of BC-H hydrogels with varying wood hemicelluloses, different 
methods were used to evaluate the properties. Solid-state NMR analysis by 13C cross 
polarized magic angle spinning (CP/MAS) was applied to determine the effect from 
different hemicelluloses on the formed cellulose crystallinity. This technique also 
makes it possible to evaluate if the type of interaction between the hemicelluloses and 
cellulose is of rigid character giving rise to characteristic peaks in the C1, C4 and C6 
regions of the CP/MAS spectrum. Scanning Electron Microscopy (SEM) was used to 
visualize the formed BC-H network, and antibody labeling of the hemicelluloses 
followed by confocal microscopy was used to evaluate the distribution of 
hemicelluloses within the material. 
 
Furthermore, the produced BC-H hydrogels were exposed to mechanical tests in both 
compression and tension, in order to evaluate how the composition of the network 
affected the mechanical behavior. A rotational rheometer was used to study the 
compression-relaxation mechanical behavior as well as the shear modulus by small 
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amplitude oscillation shear (SAOS) analysis. Here the BC-H hydrogel was 
compressed until reaching a force breakpoint, an oscillation was applied, the pressure 
was released and the sample was allowed to relax, the same was repeated 7 times with 
increasing force set as the breakpoint (1.6-30 N). From this analysis, the compression 
ratio, elastic modulus (Erelax), and shear moduli G’ (storage modulus) and G’’ (loss 
modulus) were determined. The BC-H hydrogels were also evaluated by a model 
describing the poroviscoelastic behavior (Mow, et al., 1980; Lopez-Sanchez, et al., 
2014), and here information about the lateral aggregate modulus (HA) and 
permeability (Bursać, et al., 1999; Bonilla, et al., 2016) was obtained. During the 
rheology measurement, the network was compressed but the concentration of water 
was still high and an additional compression was applied until a polysaccharide 
concentration of about 10 % was achieved. This resulted in a material more similar to 
the plant cell wall and uniaxial tensile testing was thereafter performed by using an 
Instron instrument determining the stress (σ), strain (ε) and apparent Young’s 
modulus (Eapp) in tension (McKenna, et al., 2009; Mikkelsen, et al., 2015).     
 

3.3.3 Solubility/Dispersibility (Papers III, V, VI) 

Solubility is an essential property which may be controlled by the design of the 
polysaccharide. Molecular solubility where single molecules are separated and 
distributed in a solution is a difficult property to identify and evaluate. Generally, 
when solubility is discussed it can be better to use the terminology “dispersibility” to 
describe the observed property. Even if the polymers are not separated into individual 
molecules, but form associations, the degree of dispersibility can vary and the 
molecules can form better or worse dispersions. In this work, several methods have 
been combined to study both solubility and dispersibility. 
 
Turbidity measurements were used to get an estimate of the dispersibility of solutions 
of 1 mg/ml hemicellulose in either water or DMSO (Paper III). The repeatability was 
better in water, and a common application of turbidity measurements is to analyze 
the quality of just water, but also the measurements in DMSO captured the 
differences which were observed by visual inspection of the samples and turbidity 
measurement has been used for organic solvents also previously (Fischer, et al., 
2008).     
 
A more sensitive method is dynamic light scattering (DLS) which also gives more 
detailed information. However, this method is sensitive against large particles and 
the solutions/dispersions had to be filtered before analysis (0.45 µm). Therefore, it 
was not possible to analyze all samples, and only the ones that showed a good 
dispersibility from previous observations and could pass the filter were analyzed. The 
analysis was made for samples dissolved at 1 mg/ml in water (Paper III). In addition, 
atomic force microscopy (AFM) imaging was performed analyzing the size of possible 
hemicellulose associates. Prior to AFM analysis 0.5 mg/ml hemicellulose dispersions 
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in water were prepared and the hemicellulose associates were adsorbed onto mica 
surfaces covered with an anchoring polymeric surface. The size of possible 
hemicellulose associates is also related to the dispersibility/solubility (Paper III).  
 
In another method samples of mannan in water were prepared, and then centrifuged 
to separate the liquid and solid fractions to gravimetrically estimate how much of the 
sample that was dispersed in the solution (Paper V and VI). This gave an estimate of 
how the dispersibility varied for hemicelluloses with a DSac of all ranges.    
 

3.3.4 Degradability (Papers III, V-VII) 

Several factors can cause degradation of hemicelluloses and from a technical aspect, 
the stability against chemicals and temperature is significant. Furthermore, it is 
important that hemicellulose products will not mold or become biologically 
degradable. The stability against microbes is also essential for the function in the cell 
wall. Therefore, these properties were considered in this work and the methods are 
briefly described below.  
 
Thermal degradability (Paper III)  
Galacto- and glucomannans with varying degrees of acetylation was studied by 
thermogravimetric (TGA) analysis to evaluate the impact of chemical acetylation on 
the thermal stability.  
 
Biological degradability (Papers V, VI)  
Acetylation has been suggested to influence the enzymatic degradability of 
hemicelluloses (Biely, et al., 1986) and here two different strategies were used to 
evaluate the stability against microbes. In the first system the action of a soil sample 
containing a mixture of microorganisms (Paper V) was studied, and in the other 
system the action of purified enzymes was investigated (Paper VI).    
 
In the study involving soil microorganisms, agar plates were prepared with mannan 
polysaccharides as the sole carbon source. Both KGM and LBG mannans of different 
DSac was used in separate agar plates. A soil sample containing a mixture of microbes 
was collected from the forest in Stockholm, Sweden, and was applied on the agar plate 
and inoculated. The number of colonies that grew on each plate was counted after 3, 
5 and 7 days. Also, a single fungus was selected from the soil sample, and it was 
separately inoculated to visually evaluate how the difference in acetylation influenced 
the growth of the fungi. 
 
The used of a soil sample and not a purified bacterium can be questioned due to the 
inability to determine the action of specific microbes as would be possible for more 
well-defined systems. However, here the main purpose was to understand how the 
change in the DSac influenced the degradability, and if the mannan would be 
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technically applied the material would face a combination of microbes, just as in the 
soil sample. The same is also true for a plant growing in the forest. By using this 
system, the effect from acetylation by a natural combination of microbes was 
evaluated (Paper V).  
 
Additionally, the effect from different DSac on endo-β-mannanase activity was 
studied for two commercially available mannanases from the glycoside hydrolase 
families 5 and 26 and originating from Cellvibrio japonicus. Measurement of 
reducing sugars was used to compare the enzymatic activity; however, it should be 
noted that the enzymes produce a large range of oligosaccharides with different 
lengths and composition of monomeric sugars, and the measurement of reducing 
sugars gives a picture of differences in overall hydrolyzability (Paper VI). 
 
Alkaline degradation of GGM (Paper VII) 
Alkaline conditions are widely used during technical processing of softwood, a 
condition that is degrading acGGM. To increase the understanding of the 
implications from the structure on the degradation mechanisms the behavior of many 
polysaccharides was evaluated. Primarily, acGGM was exposed to 0.5 M NaOH at 90 
°C for different times ranging between 0 and 150 min, followed by analysis of the 
molecular weight as well as additional parameters such as formed oligomers, organic 
acids, and sugar composition of remaining material. Also, the model mannans LBG 
and KGM (low viscosity, Megazyme, Ireland), and the polysaccharide 
carboxymethylated cellulose (CMC) (low viscosity, Sigma-Aldrich, Germany) was 
studied. CMC was included since it is a homopolysaccharide with β-(1→4) linked 
backbone that also is soluble in water. Additionally, MD simulations were used to 
study the interaction between GGM oligomers and OH-.  
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4 RESULTS AND DISCUSSION 

4.1 STRUCTURE OF DESIGNED MODEL ACETYLATED 
MANNANS (Paper III) 

The polysaccharides LBG galactomannan and KGM glucomannan were chemically 
modified to adjust the Mw making them similar to softwood acGGM, and the Mw of 
the final polysaccharides ranged between 23-32 kDa (Figure 6e). Furthermore, these 
mannans were acetylated to different DSac to study the impact of O-acetylation (OAc) 
on selected properties.  
 
After modification, four levels of acetylation for each mannan was obtained and the 
DSac determined by HPLC is presented in Figure 6a. The difference in acetylation 
level was further confirmed by FTIR as presented in Figure 6c and d. The FTIR peaks 
at 1740, 1370, and 1220 cm-1 correspond to carbonyl, C-CH3, and carboxyl stretching 
(Saikia, et al., 1995; Xu, et al., 2010), respectively, which are all related to OAc. An 
increased response represents an increased DSac correlating well with the calculated 
DSac values. The peak around 3400 cm-1 represents hydroxyl stretching which 
decreased for high DSac because hydroxyl groups were replaced by acetyl groups. 2D 
NMR also verified the acetylation and gave an indication about the positions of acetyl 
groups. For LBG low about 60% of OAc groups were located at C6 and the rest at C2 
and C3, whereas for LBG mid about 50% of OAc groups were C6 substitutions. 
Considering KGM samples, moderate acetylation mainly resulted in OAc groups at 
C6. Highly acetylated samples showed full substitution of C6, C2 and C3 for both 
KGM and LBG. However, due to solubility issues (especially for low and mid 
acetylation degrees) this is just an indication. 
 
The sugar composition remained rather constant after modification as showed in 
Figure 6b. Furthermore, the LBG samples have a high degree of Gal branching, 25 %, 
and a pure Man backbone while KGM has a combined Glc and Man backbone and a 
low degree of branching (8 %). The purpose with the chemical modification and 
characterization of these “designed” hemicelluloses was to evaluate the impact of 
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structural components such as Gal substitution, backbone composition, and 
acetylation on cellulose interaction, dispersibility, and thermal stability as described 
later. 
 
 

 
Figure 6. (a) DSac of modified mannans. (b) Sugar composition of all samples, before and after modification 
by acid hydrolysis and acetylation. Standard deviations of monosaccharide content were 0.00-0.01 and 
also arabinose, rhamnose and xylose were considered but not detected. (c) FTIR spectrum of LBG 
samples. (d) FTIR spectrum of KGM samples. (e) SEC results of the apparent Mw and Mn (kDa) of modified 
mannan samples, *after acid hydrolysis, **after acetylation for low, mid and high samples, and after drying 
for LBG raw. KGM raw could not be sufficiently dissolved after drying for SEC analysis. 
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4.2 BACKBONE FLEXIBILITY (Paper I-III, VII) 

The macromolecular conformation of hemicelluloses is strongly dependent on the 
glycosidic linkages connecting the backbone sugars. The flexibility and shape 
influence their interactions with other hemicelluloses and other molecules both in the 
plant cell wall and in technical products affecting the performance. Thus, the 
flexibility of the backbone linkages in both unsubstituted and substituted structures 
was analyzed in Papers I, II, III, and VII. 
 

4.2.1 Type of glycosidic linkage in the backbone 

A hemicellulose is built up by numerous monosaccharide units that are connected 
through glycosidic linkages. These linkages can be of different types depending on 
which monosaccharides are connected. There are three types of glycosidic linkages in 
the backbone that can be involved in the most common wood hemicelluloses; 
glucomannans, xylans and xyloglucans. These are defined as type M, C and X as 
described in the experimental section and shown in Figure 5. Type X is the only 
backbone glycosidic linkage that is present in xylans, and xyloglucans only consist of 
type C backbone linkages (which is also the case for cellulose). Glucomannans contain 
both Man and Glc in the backbone and therefore has a combination of both type M 
and type C linkages.  
 
Initially, disaccharides corresponding to all possible sugar combinations found in the 
backbone of wood glucomannans, xylans and xyloglucans were studied. The 
conformational spaces are presented as free energy maps in Figure 7 where each map 
is divided into four regions to make it easier to refer to the different conformations. 
The conformation in region 4 is the most common for all linkage types, and this 
corresponds to syn conformation and a relatively flat structure. The conformation in 
region 3(+) is more twisted (non-exo-anomeric conformation), while the populations 
in region 1 and 3(-) results in a conformation where the O5 in both sugar units are on 
the same side of the glycosidic linkage, and the structure becomes bent (illustrated in 
Figure 8b and c). The abbreviated names of the oligomers are explained in Figure 5c. 
 

The simulations showed that linkages of the same type behaved similarly (see GG and 
GM, as well as MM and MG in Figure 7). Comparing type C, M and X it was clear that 
the conformational spaces are relatively similar and the same regions are present for 
all backbone glycosidic linkages. However, type X showed a broader minimum 
(Figure 7) meaning that this structure was the most flexible. Type M had a higher 
probability for region 3(+) compared to type C (5 % vs 2 %), and C is, therefore, the 
least flexible glycosidic linkage type. The same observations were made both for 
disaccharides and tetrasaccharides (in the case of xylan, hexasaccharides were also 
studied, Figure 10), making it likely that this is true for longer polysaccharides as well. 
Thus, the backbone flexibility of the most common wood hemicelluloses would be in 
the following order: xylan > glucomannan > xyloglucan. 
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Figure 7. Conformational space of backbone glycosidic linkages. Numbers included in each region 
represents the probability (%) for the corresponding population. The global minimum is anchored at 0 kJ/ml 
for each map. The standard errors for the probability for each region is 0.1-1.5. (Paper I) 
 
One hypothesis was that hydrogen bonding was involved in the stability of the 
glycosidic linkages. There are three possible hydrogen bonds that can be attained: 
HB1=O5’∙∙∙H-O3, HB2a=O2’-H’∙∙∙O6, HB2b=O2’∙∙∙H’-O6, as showed in Figure 5a. 
HB1 can form for all glycosidic linkage types, while the HB2 bond involves C6 and 
can be attained for type M and C. The probabilities for the respective hydrogen bonds 
in region 4 and 3 are presented in Figure 8a where the hydrogen bonding is 
normalized with the probability of finding respective glycosidic linkage in the 
considered region. HB1 is only present in region 4 and is the most common for type 
C glycosidic linkages with a probability of around 50 %. Furthermore, for type C 
linkages both versions of HB2 was found in region 4. Therefore, HB1 and HB2 
theoretically can form simultaneously and for GG the probability for having HB1 and 
HB2 at the same time is 11 %. Type M glycosidic linkages attain HB1 in region 4 and 
HB2 in region 3. The probability for HB2 in region 3 is significantly higher for type 
M linkages compared to type C which rarely visits region 3, but when it does the 
probability for HB2 is 20-30 % (HB2a+HB2b). Type M is more likely to attain a 
conformation in region 3, and then the probability for HB2 is around 50-55 %. 
Representative conformations of disaccharides in the respective region together with 
possible hydrogen bonds are presented in Figure 8b. 
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Only a negligible effect from hydrogen bonding on the conformation of saccharide 
glycosidic linkages in water solution has been observed in previous studies (Peric-
Hassler, et al., 2010; Wang, et al., 2013). However, when saccharides were 
surrounded by vacuum, the contribution from the hydrogen bonds was clear 
(Campen, et al., 2007). This highlights the importance of the surrounding 
environment. In the case of water solution, a broken intramolecular hydrogen bond 
can easily be replaced by an intermolecular hydrogen bond with a water molecule that 
is as energetically favorable. Something that is impossible in vacuum or other less 
polar environments. In this work the saccharides were studied in water, however, the 
actual environment in the wood cell wall is much more complicated and has a lower 
moisture content which is likely to increase the importance of the intramolecular 
hydrogen bonds for the conformation of the glycosidic linkages.  
 
As previously mentioned, the conformation in region 4 dominated for all glycosidic 
linkage types with a probability >90 % and longer oligosaccharides of DP 10 with this 
conformation is presented in Figure 8c. The sum of φ and ψ can be used to 
characterize the conformation of a polysaccharide chain (Mazeau, et al., 2005; French 
& Johnson, 2009) and for β-(1→4) linked polysaccharides φ+ψ=420° represents a 
left-handed 3-fold helical screw while φ+ψ=360° corresponds to a 2-fold helical 
screw (IUPAC definition) (French & Johnson, 2009). The sum of the populations in 
region 4 for both type C and M is around 400°. For type X region 4(+) is 440° and 4(-) 
380° and the total average of the conformational space for type X is determined to 
415° (the corresponding value for M- and C-type glycosidic linkages is 394-397°). The 
energy barrier between region 4(-) and 4(+) in type X is low, about 1.5 kJ/mol, 
indicating that the structure easily can change between these conformations which 
together with the analysis of the φ+ψ-value shows that the conformation of the X-
type containing polymer xylan, can be characterized as a flexible 3-fold conformation. 
Mannan and glucan chains are in between 2- and 3-fold conformation when dissolved 
in a water solution.  
 
Another interesting observation is the population that is present in region 1, and in 
some cases also 3(-), resulting in conformation that gives a drastic change of direction 
when present in a longer polymeric chain (lower panel in Figure 8c). The probability 
is only around 1 % but since the DP of hemicelluloses generally is >100 this 
conformation is likely to be present. The main chain of hemicelluloses can be 
considered as the vertebral spine that modulates interaction with components like 
cellulose and lignin and the combination of the elongated screw and the observed 
change of direction could explain previously suggested models of hemicelluloses as a 
cross-linker between regions in a lignocellulosic biomass ( Somerville, et al., 2004; 
Cosgrove & Jarvis, 2012; Salmén, 2015), where both covalent and non-covalent 
interactions with other cell wall polymers can be present. It was  showed here that 
glucomannans should have a more rigid backbone than xylan, which could be part of 
the explanation as to why glucomannans  have shown a closer interaction with 
cellulose (Åkerholm & Salmén, 2001). Also, studies on technical wood have  
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concluded that glucomannans interact better with cellulose than xylans (Clayton & 
Phelps, 1965), and technical processing of wood (such as kraft and sulfite pulping, 
hot water extraction, etc.) with the purpose to separate the wood fibers will affect the 
polysaccharides. The molecular weight is often decreasing, and side groups can be 
cleaved off (Johansson & Samuelson, 1977; Sjöström, 1977) making these “technical 
hemicelluloses” more similar to the unsubstituted model considered here. The 
macromolecular conformation of technical hemicelluloses is also likely to influence 
their potential that is used for material applications such as films and composites. 
 
 

 
Figure 8. (a) Probabilities (%) for hydrogen bonding around the backbone glycosidic linkages. Values are 
normalized with the probability for respective region. (b) Representative conformations from each region, 
including possible hydrogen bonds (dashed blue lines). (c) Conformation of a longer oligosaccharide. The 
lower panel shows the impact of having one linkage with a conformation in region 1 or 3(-). (Paper I) 
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4.2.2 Effect from side groups 

Apart from the composition of sugars in the backbone, an important structural 
characteristic for the wood hemicelluloses is the side group decorations. Some 
selected substitution patterns of the wood hemicelluloses were studied in Papers II, 
III and VII. Xylan from spruce (Picea abies) was analyzed by enzymatic profiling 
involving treatment by selective enzymes and mass spectrometry which made it 
possible to identify the substitution pattern of spruce AGX (Paper II) and the 
identified xylan motifs were therefore chosen for the MD simulations. The mannan 
oligomer structures were chosen since they represent the Gal and OAc substituted 
structures that previously have been identified in native softwood acGGM. All 
abbreviated oligomers found in this section are explained in Figure 5c.  
 
The α-(1→6)-linked Gal side group in GGM is located at C6 and was studied in 
oligomers MMLM, MGLM, and MLLM, where L represents a Gal substituted Man 
unit. The conformational space is presented by the free energy maps in Figure 9b and 
the unsubstituted reference structures in Figure 9a. The Gal substitution showed no 
drastic impact on the conformation of the backbone glycosidic linkages although the 
flexibility decreased slightly since the probability for the most common population in 
region 4 increased and the more twisted conformation in region 3(+) decreased. This 
was similar for both the M type linkage in the center of MMLM and the C type linkage 
in MGLM comparing to respective reference (MM-MM or MG-MM). Nevertheless, 
having two Gal substituted Man units next to each other, as in MLLM, had the most 
significant impact.  
 
Apart from Gal substitutions, mannans can also be O-acetylated (OAc) and the 
conformation of mannan oligosaccharides with OAc substitution at C2 and C3, which 
are possible OAc sites in the native state, were studied in water. The studied oligomers 
were MMYM, MMWM, MYWM and MMTM where Y represents a Man unit with OAc 
at C2, W is Man with OAc at C3, and T corresponds to OAc at both C2 and C3 in the 
same Man unit. The free energy maps of the acetylated mannans are presented in 
Figure 9d and reference MMMM-linkages in Figure 9a. The overall observation is 
that substitution by OAc only has a limited impact on the conformational space. 
Nevertheless, a significant effect was that OAc at C2 suppressed the probability for 
the twisted conformation in region 3(+) decreasing from >5 % to around 1 % in all 
cases. Instead, the most common conformation in region 4 experienced an increased 
probability and the effect is a slightly more restricted linkage. The influence from 
substitution at C3 was different resulting in a slight increase of the backbone 
flexibility. The probability for region 4 decreased from 92 % in MM-MM to 89 % in 
MM-WM in favor of region 1 and 3 (structure presented in Figure 9e). The MMTM 
structure showed the same effects as seen when only one hydroxyl group was 
substituted at C2 or C3, respectively. Nevertheless, in MY-WM, where both C2 and 
C3 units are facing the central glycosidic linkage, a more restricted conformational 
space was observed, and the probability for region 4 was 99 %. MYWM is illustrated 
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in Figure 9e, where it is clear that the two OAc-groups may present an obstacle for 
rotation of the φ and ψ dihedrals constituting the linkage.  
 
 

 
Figure 9. (a) Free energy maps for reference glycosidic linkages in unsubstituted glucomannan tetraoses 
and energy bar. (b) Structure of the GGM oligosaccharide MGLM. (c) Free energy maps showing the 
impact from α-(1→6) Gal substitution (L) on the conformation of GL2 (Paper VII). (d) Free energy maps of 
backbone glycosidic linkages in O-acetylated mannan oligosaccharides. (e) Snapshots from the 
simulations of acetylated mannan oligomers. Numbers within free energy maps show the probability for 
each region, the standard error was 0.1-1.3. 
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The spruce AGX contain α-(1→3)-linked Ara and α-(1→2)-linked mGlcA as side 
group decorations. The major xylan oligomers identified in Paper II had side groups 
positioned at even Xyl positions and the two main repeating units were XXXXUX and 
XXAXUX, which was also been found in other conifers (Busse-Wicher, et al., 2016). 
In addition, clustered regions of XnUUX were identified and the two major AGX 
motifs together with XXXUUX were therefore selected for the MD simulations, as 
well as an unsubstituted XXXXXX. The letter A is referring to a Xyl unit with Ara 
substitution and U is mGlcA substituted Xyl (structure is explained in Figure 10a). 
The conformational space of affected backbone glycosidic linkages are presented in 
Figure 10c and the unsubstituted reference in 10b. A single mGlcA substitution did 
not have a significant effect on the conformation of the backbone glycosidic linkages, 
neither in XXAXUX nor XXXXUX. If two mGlcA decorations were present on two 
neighboring Xyl units as in XXXU-UX the population in region 3 decreased while the 
probability for the “bend” in region 1 increased from 1 % to 4 % compared to 
unsubstituted structures. The conformation in region 1 results in a backbone twist 
where the two mGlcA ends up on the same side of the Xyl chain. Also, deprotonated 
structures containing mGlcA were simulated as control, but here the side groups 
would repel each other and this effect was not observed. Ara side groups disturbed 
GL2, the closest glycosidic linkage, and the probability for a more twisted 
conformation increased. The population in region 4(-) significantly decreased from 45 
% to 24 % compared to unsubstituted Xyl, and 3(+) and 4(+) increased. Figure 10d 
illustrates 3-fold conformation of both XXXXXX and XXAXUX. 
 
This concludes that both in the case of glucomannans and xylans the side groups 
generally seem to have a moderate impact on backbone conformation and, if 
extrapolated to polysaccharides, also on the macromolecular conformation in water 
solution. Interestingly, the position of the side group seems to be more important 
than the type of side group, probably due to the direction of the substituted hydroxyl 
group in relation to the adjacent glycosidic linkage. Ara substitution at C3 of Xyl had 
the largest impact on the backbone conformation in solution resulting in a more 
twisted linkage, whereas also OAc at C3 in Man showed a tendency for increased 
flexibility. Substitution of OH3 disturbs the formation of HB1, the most common 
hydrogen bond around the glycosidic linkage, possibly decreasing the stability 
especially for type X glycosidic linkages where HB2 is not possible. However, another 
explanation can be that side groups such as Ara and mGlcA act as a steric hindrance. 
It is also interesting to note that comparing OAc substitution on C2 in Man with 
mGlcA substitution in Xyl, the conformation of the backbone glycosidic linkage in 
Man was restricted while no effect was observed in the case of Xyl. This might be 
explained by the axial configuration of OH2 in Man in combination with the lack of 
C6 in Xyl. 
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Figure 10. (a) Structure showing the studied substitution in a combined xylan oligomer. (b) Key of how the 
energy maps are divided into regions and energy distribution. (c) Reference glycosidic linkages in XXXXXX 
(upper panel) and impact from α-(1→3) Ara (A) and α-(1→2) mGlcA (U) substitution (lower panel). (d) 3-
fold conformation of xylooligomers in solution. The numbers in the maps show the probability for respective 
region; the standard error was 0.0-1.6. (Paper II) 

 

4.3 CELLULOSE INTERACTION (Paper II-IV) 

One biological function of hemicelluloses is suggested to be as a link connecting other 
polymers such as cellulose in the wood cell wall (Scheller & Ulvskov, 2010). The 
interaction with cellulose is also important if hemicelluloses are used as an additive 
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to cellulose-based products or if composite materials are produced. In Paper II the 
interaction of xylan oligomers with different substitution patterns identified in spruce 
AGX were evaluated with regards to backbone conformation, which is essential for 
the ability of the hemicellulose polysaccharides to adapt to cellulose surfaces and 
obtain a good interaction. Furthermore, also the reversible work of adhesion needed 
to pull the xylan oligomers off a cellulose surface completely was calculated. In Paper 
III the interaction of chemically modified galactomannan and glucomannan 
structures of different DSac with cellulose surfaces were analyzed by determining 
adsorbed mass by QCM measurements. Additionally, hemicellulose-cellulose 
hydrogels were prepared in Paper IV by using different hemicelluloses extracted from 
spruce and birch wood and the bacterial strain Komagataeibacter xylinus. The 
interaction with cellulose was thereafter evaluated by studying the mechanical 
properties of the formed network in both compression and tension. Furthermore, 
solid-state NMR was used to evaluate how the different hemicelluloses were 
interacting with cellulose. 
 

4.3.1 Impact of xylan substitution on cellulose interaction 

As previously mentioned in section 4.2.2, xylan motifs were identified for spruce AGX 
(Paper II). The major oligomers were XXXXUX and XXAXUX with side groups 
positioned at even Xyl position but also clustered regions of XnUUX were identified. 
The solution properties were previously discussed, and all AGX oligomers, both with 
and without side groups, showed a 3-fold conformation. The same oligomer 
structures (XXXXXX, XXXXUX, XXAXUX, XXXUUX) were also studied when 
docked onto a cellulose surface (cellulose Iβ) in a parallel direction to the cellulose 
chains. There are several proposed models of cellulose microfibrils and surfaces 
(Nishiyama, et al., 2002; Ding & Himmel, 2006; Fernandes, et al., 2011; Cosgrove, 
2014) involving surfaces classified as hydrophilic and hydrophobic. Here two of these 
surfaces were chosen, and the conformation of xylan oligomers on the hydrophilic (1-
10) and hydrophilic (200) surfaces were studied, and a 2-fold conformation of the 
xylan oligomers were observed in both cases (Figure 11). This is supported by 
previous solid-state NMR studies showing a conformational change when xylan is 
adsorbed onto cellulose compared to when it is present in a solution (Teleman et al., 
2001; Simmons et al., 2016). 
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Figure 11. (a) Free energy maps showing the conformational space of middle backbone glycosidic linkages 
in xylan oligomers when adsorbed onto a cellulose surface. (b) Snapshots from the simulated systems. (c) 
2-fold conformation of a xylohexaose. (Paper II) 

 
 
The two dihedral angles φ and ψ from the backbone glycosidic linkages of xylan 
described in Figure 5b were considered and the sum φ+ψ=360° represents 2-fold 
conformations (French & Johnson, 2009) and is found at the diagonal of the free 
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energy maps as showed in Figure 11a and b. The mGlcA side group substitutions did 
not significantly impact the conformation of the adjacent backbone linkages, neither 
in protonated nor deprotonated form. However, in a similar way as observed in 
solution, Ara substitution alter the backbone conformation. The 2-fold conformation 
is still common but also more twisted conformations of GL2 (defined in fig 10a) were 
frequent both on the (1-10) and (200) surfaces. The XXAXUX oligomer did undergo 
dynamic changes during the course of the simulation, it started in a position where 
the chain was parallel to the cellulose chains, then a twist at the GL2 was initiated 
and part of the oligomer changed direction, and thereafter the chain returned to the 
initial parallel position illustrated in Figure 12. 
 
 

 
Figure 12. Snapshots from simulation showing the impact of the Ara substation on backbone conformation 
when adsorbed to a (200) cellulose surface (green). 
 

 
Furthermore, MD simulations where the xylan oligomers were slowly pulled off the 
cellulose surfaces until completely separated were performed. By calculating the free 
energy ΔG, the interaction strength for the different substitution patterns could be 
determined. The ΔG values required to pull off the respective xylan oligomers from 
the cellulose surfaces are presented in Figure 13b. For the hydrophilic (1-10) surface 
the XXXUUX clearly showed the strongest interaction, while unsubstituted XXXXXX 
and XXXXUX were the weakest attached. As shown in Figure 11b the side groups for 
XXAXUX were pointing out from the surface, which is also the case for XXXXUX, 
while XXXUUX had one group facing the (1-10) surface and this is likely an 
explanation to the higher interaction strength observed for XXXUUX. The free 
energies calculated for the hydrophobic (200) cellulose surface showed a stronger 
interaction for substituted structures compared to XXXXX. The behavior of the xylan 
oligomers during the course of the pulling is shown in Figure 13a. The detachment 
always started at one of the ends of the xylan oligomer. In the case of substituted 
oligomers, it was the less substituted side and the non-reducing end that was 
detached first, whereas in the case of XXXXXX either of the ends was initially pulled 
off. This indicates that the side groups are acting as anchors, a function that was 
previously proposed for xyloglucan (Hanus & Mazeau, 2006; Cosgrove, 2014). 
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Furthermore, the interaction with (200) was stronger compared to (1-10) and 
hydrogen bonding between the oligomers and respective surfaces were studied. As 
expected, hydrogen bonds rarely formed to the hydrophobic (200) surface while on 
an average 4-5 formed with the hydrophilic (1-10) surface. This highlights the 
importance of hydrophobic forces for the cellulose interaction, and the fact that 
unsubstituted XXXXXX generally experienced the weakest interaction further 
confirms the role of side group substitution for adjusting the interaction with 
cellulose. Additionally, the xylan oligomers with deprotonated mGlcA side groups 
showed high interaction strength and the presence of such xylan segments in the 
plant could be a way to introduce charges onto the cellulose surfaces. A previous study 
showed that α-(1→2)-linked side groups improve the interaction between xylan and 
cellulose which is in line with our observations, and the same work also suggested 
that the interaction with hydrophobic surfaces are stronger than hydrophilic surfaces, 
since diffusion of xylan oligomers from hydrophilic to hydrophobic surfaces at 
elevated temperatures was observed (Pereira, et al., 2017). Previous work has also 
suggested that even spacing with side groups on the same side of the xylan chain is 
favorable for cellulose interaction with hydrophilic surfaces (Busse-Wicher, et al., 
2016; Simmons, et al., 2016). Here, however, we showed that side group substitutions 
on both sides could be tolerated by cellulose surfaces of both hydrophilic and 
hydrophobic type, and increase the interaction strength. From an energetic point of 
view, it is unclear if the possibility of closer xylan chain packing due to side group 
pointing out from the surface, or a stronger interaction between cellulose and 
hemicellulose is more favorable.  
 
 

 
 
Figure 13. (a) Illustration of the pulling simulation. (b) Calculated work of adhesion for xylan oligomers 
including oligomers with deprotonated mGlcA units (U-), estimated error: 2.0-7.7. Figure courtesy to Dr 
Jakob Wohlert. (Paper II) 
 



                                                            RESULTS AND DISCUSSION 

41 
 

4.3.2 Adsorption of designed mannans on a cellulose surface 

The mannan polysaccharides LBG and KGM were modified to the polysaccharides 
described in Section 4.1. The acetylation degree of modified mannans is indicated in 
the name by “low”, “mid”, or “high” referring to the level of DSac, and “raw” for zero 
acetylation. To evaluate the impact of structure on cellulose interaction LBG raw, 
LBG low and LBG mid, KGM low, and KGM mid were studied by QCM-D (KGM raw, 
KGM high and LBG high did not show sufficient solubility during sample 
preparation). The adsorbed hemicellulose mass on the cellulose surface was higher 
for KGM compared to LBG (Figure 14) which seem to be related to the higher 
solubility of LBG (Section 4.4). Furthermore, this also agrees with previous 
observations showing that a lower branching by Gal increased cellulose interaction 
(Whitney, et al., 1998) and thus, Gal side groups in LBG might constitute a hinder. 
Another explanation is the content of Glc in KGM which possibly facilitated cellulose 
interaction due to a more similar backbone conformation as well as influenced 
intermolecular hydrogen bonding possibilities from OH2 in the Glc units.  KGM low 
and KGM mid showed similar results although a slightly higher adsorbed mass for 
KGM with lower DSac containing less side group substitutions. Also if LBG low and 
LBG mid are compared the one with the lower content of acetyl moieties exhibited 
higher adsorption onto the cellulose. Nevertheless, for LBG samples the unacetylated 
LBG raw resulted in the lowest amount of adsorbed mass and this behavior is 
probably explained by the high solubility of LBG raw in water (Section 4.4) which is 
reflected by the QCM-D data since the high affinity with water may inhibit adsorption 
onto cellulose surfaces.  
 

 
Figure 14. QCM-D results showing adsorbed (a) KGM and (b) LBG mass on a cellulose surface. Mannans 
were analyzed in water at a concentration of 0.1 mg/ml. The amount of adsorbed mass was determined 
from the changes in resonance frequency (Δf) of the crystal according to the Sauerbrey equation 
(Sauerbrey, 1959). Figure courtesy to Saina Kishani. 
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4.3.3 Properties of BC-H hydrogels 

Wood hemicelluloses were extracted from spruce and birch (overview in Figure 15a), 
and were characterized with regards to monosaccharide composition, acetylation and 
molecular weight (Figure 15c). These wood hemicelluloses were used together with 
the cellulose producing bacterial strain Komagataeibacter xylinus (ATCC® 53524) to 
fabricate a network of hemicellulose and cellulose. The bacterial cellulose–
hemicellulose (BC-H) material was further used to study the contribution of 
hemicellulose type and structure on the mechanical properties of the formed 
network. Several BC-H hydrogels were fabricated as listed in Figure 15a, and for the 
combined spruce hemicellulose materials a GGM:AGX ratio of 2:1 was targeted. The 
produced BC-H hydrogels consisted of a highly hydrated cellulose-hemicellulose 
network with a water content previously estimated to about 98-99 % (Lopez-Sanchez, 
et al., 2015). A photo of the material after harvest is presented in Figure 15e, and the 
methods used to analyze the BC-H pellicles are summarized in Figure 15b.  
 
The presence of hemicelluloses in the BC-H hydrogels was showed by antibody 
labelling with a xylan (LM11) and a mannan (LM21) specific antibody, respectively, 
and studied by confocal microscopy. The hemicelluloses seemed to be well 
distributed and some images are presented in Figure 16. Acid hydrolysis of the freeze-
dried BC-H materials showed that the hemicellulose content was around 15-25 % 
(Figure 15d) with the highest fraction of hemicellulose in BC-acGX (corresponding to 
birch). The same concentration of hemicellulose was used in the solution during BC 
fermentation, and the high content of acGX might be explained by a higher solubility 
or stability of this solution. The ratio of monosaccharides in extracted wood 
hemicellulose was compared with the hemicellulose fraction that was left in the 
solution after BC-H fermentation and showed similar ratios, indicating no specificity 
of certain structures (this was analyzed by solution state NMR, data not shown).   
 
Scanning electron microscopy (Figure 17) showed that the materials consisted of an 
entangled network of cellulose fibrils. Generally, no significant differences were 
observed for the BC-H materials compared to pure BC, showing that the 
hemicelluloses were successfully incorporated without significantly influencing the 
cellulose network. The BC pellicles were also compressed to a polysaccharide 
concentration of about 10 % (Figure 15f) prior to uniaxial tensile testing resulting in 
a highly collapsed network as showed in Figure 17b. 
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Figure 15. (a) Overview of extracted polysaccharides and produced BC and BC-H materials. (b) Overview 
of the analysis of BC materials. (c) Sugar composition of extracted hemicelluloses determined after acid 
methanolysis, DSac and distribution between C2 and C3 acetylation (estimated from HSQC 2D NMR, 
*around 16 % of acetylated Xyl units showed C2 and C3 of the same Xyl unit), and Mw determined by 
standard calibration (StC) and light scattering calibration (LsC) by SEC (0.1 M NaNO3 + 5 mM NaN3). 
Standard deviation for DSac values are 0.00-0.01 and for sugar composition 0.0-2.6. (d) Monosaccharide 
composition (neutral sugars) in BC pellicles determined after sulphuric acid hydrolysis. The Glc content 
continues up to 100 %. Standard deviation: 0.0-0.8. The number (%) presented next to each bar shows 
the estimated hemicellulose content by assuming the same ratio of Glc and uronic acids with Man or Xyl 
as in the raw materials. (e) Photo of harvested BC pellicle. (f) Photo of compressed BC pellicle. 
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Figure 16. Confocal images of antibody labelled BC-acGGM+AGX showing the distribution of AGX by 
LM11 (red) and GGM by LM21 (green), and a reference BC without hemicellulose.  

 
 

 
Figure 17. (a) SEM images at x30k zoom showing the entangled fibrils in the BC network. The first image 
at the top row is pure BC (ATCC 53524), then the BC-H materials with acGGM and acGGM+AGX. The 
second row consist the BC-H with GGMalk+AGX, AGX, and acGX. (b) BC before and after compression at 
x10k zoom. Figure courtesy to Dr Deirdre Mikkelsen and Dr Sushil Dhital. 
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The cellulose crystallinity was estimated to around 80 % by solid-state NMR of the 
hydrated BC materials (prior to compression) and only slight variations were 
observed from hemicellulose content. Furthermore, as shown  in Figure 18a the 13C 
CP/MAS spectrums for GGM containing hydrogels showed a response from C1 of 
Man (102 ppm) meaning that GGM experienced rigid interaction with the cellulose 
(Whitney, et al., 1998). This peak increased for a BC-acGGM pellicle treated to 
remove OAc from acGGM (pH 10 washed), and if BC-acGGM+AGX are compared 
with BC-GGMalk+AGX, indicating that the GGM and cellulose interaction is promoted 
by a decreased DSac (Figure 18b). Broadening of the C6 peak (63 ppm) and a peak in 
the C4 region (82 ppm) for AGX and acGX samples indicates that also xylan 
hemicelluloses experience partial rigid interaction with cellulose (Wickholm, et al., 
1998; Teleman, et al., 2001).  
 
 
 

 
Figure 18. (a) Solid state NMR 13C CP/MAS spectrums of BC and BC-H materials. (b) CP/MAS spectrums 
for BC-acGGM, the same pellicle after a pH 10 wash for acetyl group removal (BC-acGGM deac), BC-
GGMalk+AGX, and BC-acGGM+AGX with focus on the C1 region. Figure courtesy to Dr Bernadine 
Flanagan. 

 
 
The mechanical properties of wood cell walls are important for the biological function 
(Cosgrove & Jarvis, 2012) and were evaluated here by compression-relaxation 
mechanical analysis and small amplitude oscillatory shear (SAOS) analysis on a 
rotational rheometer studying the viscoelastic behavior in compression. Considering 
shear modulus the elastic contribution is represented by the storage modulus (G’) 
and the viscous contribution from the loss modulus (G’’), and all materials exhibited 
G’>G’’ meaning that in compression the elasticity dominates, which is in agreement 
with previous observations for similar materials (Lopez-Sanchez, et al., 2015). 
Moreover, all BC materials showed an increase in modulus, both considering the 
elastic modulus (Erelax) and the storage modulus (G’), with an increased compression 
ratio (CR) (Figure 19b). Comparing Erelax at a CR around 0.1 the acGGM stands out 



                                                            RESULTS AND DISCUSSION 

46 
 

with the higher stiffness, whereas AGX is in the other end showing the lowest 
modulus. In between these extreme cases the combined spruce hemicelluloses, birch 
acGX, and the reference BC with similar Erelax values were found. At higher CR the 
difference between the modulus of the different BC materials declined. Furthermore, 
the behavior from the compression study was fitted by a model based on previous 
work (Mow, et al., 1980; Lopez-Sanchez, et al., 2014) which represents one way of 
interpreting and visualizing the poroviscoelastic behavior of these hydrogel 
materials. This model calculated the lateral aggregate modulus, HA, and permeability 
of the materials (Bursać, et al., 1999; Bonilla, et al., 2016). It was shown that HA 
increased with CR, whereas the permeability did the opposite. The fitted values are 
compared at a CR around 0.1 in Figure 19 where the aggregate modulus HA (Figure 
19c) of acGGM stands out with the highest modulus and AGX with the lowest. 
Considering the permeability (Figure 19d) all hemicellulose containing hydrogels 
showed a decreased permeability compared to the reference BC, with BC-AGX as the 
only exception, indicating that wood hemicelluloses contribute to a more compact 
network where the flow of water becomes restricted.     
 
The hemicellulose ratio of 2:1 GGM:AGX in spruce wood is reflected in the combined 
materials. Since acGGM and AGX showed different effects when they were used by 
themselves, adjusting the ratio might be a way for the plant to obtain the right 
mechanical properties of the cell wall. Birch mainly contains acGX and small amounts 
of glucomannan (not added in this study but some glucomannan was co-extracted 
with the acGX and therefore present in the BC-acGX). In compression, the BC-acGX 
behaved similarly as the combined spruce hydrogels (acGGM+AGX and 
GGMalk+AGX). This might be one explanation to the low content of glucomannan in 
hardwood since the acGX accomplish the right properties, whereas the softwood 
hemicelluloses on the other hand are combined to a larger extent, tailoring the 
mechanical properties. 
 
After compression to a 1:9 ratio of polysaccharide:water uniaxial tensile testing was 
performed (Figure 20). The apparent Young’s modulus in tension (Eapp) was retained 
for acGGM containing materials compared to pure BC, but the BC-AGX, BC-acGX, 
and BC-GGMalk+AGX experienced a significantly lower modulus in tension. 
Furthermore, the strain at max (εmax) for these materials showed a tremendous 
increase, especially for BC-AGX and BC-acGX. It is, however, surprising that BC-
acGGM+AGX and BC-GGMalk+AGX behaved differently. acGGM/GGM is the 
dominating hemicellulose as showed in Figure 15d, and the similar behavior of BC-
acGGM+AGX and BC-acGGM is, therefore, more expected. Nevertheless, in BC-
GGMalk+AGX it seems like the AGX content dominates the mechanical effects in 
tension. 
 
The results concerning the extensibility and modulus in compression indicate that 
GGM might co-crystallize with the cellulose surfaces to a larger extent, whereas the 
more flexible xylan is suggested to act more as a surfactant that lubricates the 
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cellulose network. This is in accordance also with technical applications such as in 
paper and board, and is in an agreement with the observation that glucomannan 
improve the fiber strength and xylan the tensile strength as observed for wood kraft 
pulp (Salmén & Lindström, 2015; Tavast, et al., 2015).  
 

 
Figure 19. (a) An example curve of the force and thickness variation during the measurement, as well as 
definition of parameters regarding the viscoelastic behavior of BC materials. CR is the compression ratio, 
ε the compression strain, Erelax the Young’s modulus. (b) Young’s modulus (Erelax), compression ratio and 
storage modulus (G’) during compression testing. (c) Comparison between estimated aggregate modulus 
(HA) and (d) permeability from a poroviscoelastic model (Mow, et al., 1980; Bursać, et al., 1999; Lopez-
Sanchez, et al., 2014; Bonilla, et al., 2016).   
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Figure 20. (a) Stress-strain curves from uniaxial tensile testing showing representative curves for each 
material. (b) Dry content, density (ρ) and extracted parameters stress at maximum (σmax), strain at 
maximum (εmax), and apparent Young’s modulus (Eapp) from uniaxial tensile testing. Different superscripts 
(a-d) show significant differences at p<0.05 (ANOVA single factor). ± values are standard deviations from 
5-9 repetitions. 
 
 

4.3.4 Impact of hemicellulose structure on cellulose interaction 

In this work, several methodologies giving different aspects on the interactions 
between hemicelluloses and celluloses, comparing hemicellulose type and effect from 
substitutions, have been used. These findings are here discussed with regards to their 
function and role in the plant cell wall, as well as the impact on hemicellulose 
containing cellulose products.  
 
According to the MD simulations the backbone of glucomannans is less flexible 
(increasing with higher content of Glc) compared to xylan. This makes the 
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conformation of the glucomannan backbone more similar to the cellulose chain, likely 
facilitating the interaction. Furthermore, the lack of C6 in Xyl probably contributes 
to decreased intermolecular hydrogen bonding possibilities comparing with 
glucomannan. However, Xyl has the same configuration of OH2 as cellulose, which 
is not the case in Man, further influencing the intermolecular hydrogen bonding. The 
observed bend from the MD simulations resulting in a distinct change of direction is 
likely to make it possible for hemicelluloses to cross-link different cellulose regions. 
Additionally, the side groups showed to slightly impact the backbone conformation 
in water solution, although Ara substitutions found in AGX partially disturbed the 2-
fold conformation of the xylan backbone. However, this did not show to decrease the 
interaction energy with cellulose as determined by the pulling simulations and as 
shown in Figure 12 the xylan oligomer did not lose contact with the cellulose surface 
because of the more twisted backbone glycosidic linkage, it only changed direction at 
the affected backbone glycosidic linkage.     
 
Solid-state NMR of hemicellulose-cellulose hydrogels clearly showed rigid 
interaction between GGM and cellulose, and it increased with decreased acetylation 
which suggests that less acetyl side groups contribute to more close interaction. Rigid 
interaction was also shown for xylan polysaccharides, however, differences from 
substitution pattern of AGX and acGX could not be clearly distinguished. 
Furthermore, the simulations of xylan oligomers with cellulose surfaces showed that 
the substitution pattern influences the strength and that side groups generally 
increase the interaction strength. In addition to the high content of regular 
substitution of side groups found in wood xylans (Paper II, Martínez-Abad et al. 
2018) this suggests that the chemical structure of wood hemicelluloses is well 
deliberated. Furthermore, we have shown that a larger mass of glucomannan (KGM) 
was adsorbed onto cellulose compared to galactomannan (LBG). Here both backbone 
flexibility and side group substitution can be contributing factors. The glucomannan 
has a higher content of Glc affecting the intrinsic stiffness and making it more similar 
to cellulose, whereas galactomannan has a high degree of branching by Gal side 
groups. Two different fractions of GGM has been proposed (Sjöström, 1993), and if 
Gal hinders cellulose interaction this could mean that the Gal-poor GGM fraction is 
present closer to cellulose than Gal-rich GGM in the cell wall. Additionally, 
substitution by acetyl moieties showed to impact the adsorption to cellulose and in 
the BC-H networks, a decreased acetyl content facilitated the rigid interaction. The 
QCM study on chemically acetylated mannans also showed that the presence of acetyl 
substitutions influenced adsorption onto cellulose, however, factors such as solubility 
are also important for this type of evaluation and if the mannan has a higher 
preference for the solution (water) it may counteract to the cellulose adsorption.  
 
The different techniques measure different aspect of the hemicellulose-cellulose 
interaction. The MD simulation studies an extremely well-defined oligosaccharide on 
a cellulose surface, and here only one single xylan chain was studied. Thus, the effect 
of having several hemicellulose molecules and how the single adsorbed chain would 
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impact the interaction of additional xylan molecules was not considered. On the other 
hand, the QCM measurement contributes with a bigger picture on the adsorbed mass 
of hemicellulose on a cellulose surface. It is, however, difficult to know if mono- or 
multilayers of hemicelluloses are formed, and the formation of multilayers would also 
measure the hemicellulose-hemicellulose interaction. The solid-state NMR analysis 
used here only determines if close interaction is achieved, and does not give 
information about hemicelluloses present in the bulk of the material. Thus, the 
increase in adsorbed mass as observed from QCM measurements does not necessarily 
mean an increased rigid interaction with cellulose since this analysis may include 
additional interaction mechanisms. Understanding the impact of side groups on 
cellulose interaction is complex, and a higher mass/number of hemicellulose 
molecules is not directly correlated to interaction strength. Consequently, the highly 
branched GGM and xylan hemicelluloses might be less likely to adsorb onto cellulose 
(as indicated by solid-state NMR and QCM measurements), but when it does the 
strength might be higher (as seen from pulling simulations). 
 
The role of acGGM seems to be different compared to the role AGX in softwood, 
where AGX contributes to a significant increase of the extensibility of the network 
(showed by tensile testing in Figure 20). GGM, on the other hand, increase the 
modulus in compression (Figure 19b). However, the acGX (also containing some co-
extracted glucomannan) showed similar properties in compression as a combination 
of spruce hemicelluloses, while the extensibility in tension was as high as for AGX. 
This shows how differences in the structure of hemicelluloses may be correlated to 
the different compositions found in hardwoods and softwoods, respectively. In 
spruce, GGM has been proposed to interact closer to cellulose than AGX (Åkerholm 
& Salmén, 2001), this is supported by our work in the sense that acGGM resulted in 
increased stiffness of the BC-H composite in combination with NMR results showing 
rigid interaction. On the other hand, xylan also showed partial rigid interaction 
(solid-state NMR) but the high tensile strain of xylan-containing BC-H materials may 
indicate a looser association that hydrates the network and makes it more flexible. An 
additional factor that could contribute to the mechanical properties of xylan is when 
the uronic acid units are deprotonated since negatively charged side groups could 
result in a dispersing effect separating cellulose regions. The modelled permeability 
for BC-AGX was actually the highest, however, no clear trend was observed when 
comparing with the other xylan containing BC-H hydrogels. Clustered regions of side 
groups, such as acetyl moieties, might also be present in segments that are not 
interacting as closely to cellulose, and more with lignin. The interaction with lignin 
has, however, not been evaluated in this work.    
 
For the production of hemicellulose based products, we can use wood as an 
inspiration and combine hemicellulose types to obtain desired properties. Hydrogels 
can be useful for several applications in fields such as medicine and agriculture 
(Edlund & Albertsson, 2008; Voepel, et al., 2009; Hu, et al., 2018), and the 
mechanical properties in compression and tension can be tailored by the addition of 
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different types of hemicelluloses. The addition of xylan for improved extensibility 
may be especially illuminating, and similar effects have also been observed for films 
(Svärd, et al., 2015). Furthermore, the substitution by side groups in for example 
mannans may be reduced to improve the amount of adsorbed material onto cellulose 
for material applications.   

4.4 SOLUBILITY OF ACETYLATED MANNANS (Paper III, V, VI) 

The substitution pattern of hemicellulose is perhaps regulated by the plant to not only 
modulate the interaction with other cell wall components, but also the solubility. 
Furthermore, solubility is highly significant from a technical perspective, both for 
extraction and processing. Therefore, the same model mannans as described in 
Section 4.1 was studied with regards to solubility and dispersibility (the terms are 
discussed in the experimental section) in Paper III. Furthermore, an estimation of 
the dispersibility was performed in Papers V and VI on high molecular weight LBG 
and KGM of varying DSac.  
 
Starting with the study of the designed hemicelluloses characterized as described in 
Section 4.1, called KGM raw, KGM low, KGM mid, KGM high, LBG raw, LBG low, 
LBG mid and LBG high, referring to their DSac-level, a first evaluation was made by 
measuring the turbidity (Figure 21a). The turbidity value of the samples increased 
with decreased dispersibility/solubility. All KGM and LBG samples were studied and 
in water the turbidity showed that the dispersibility/solubility generally was better 
with lower DSac, with one exception, the dispersibility of KGM increased for a low and 
mid DSac (0.2-0.6) compared to no acetylation. In the polar aprotic solvent DMSO, 
the mannans instead showed the opposite behavior, and the dispersibility/solubility 
increased with increasing DSac, which was also observed for acetylated xylan in 
previous work (Gröndahl, et al., 2003). The turbidity measurement captured the 
visual observations, but the stability and reproducibility were better in water when 
compared to DMSO as reflected by the standard deviations.  
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Figure 21. (a) Turbidity analysis of acetylated mannans. The concentration of KGM/LBG was 1 mg/ml. 
Turbidity values >300 correspond to highly unstable dispersions. (b) Number distributions versus 
hydrodynamic diameter (dh) of mannan samples analyzed by DLS at 1 mg/ml in water. (c) AFM images of 
surfaces prepared by using mannan dispersions at a concentration of 0.5 mg/ml in water, figure courtesy 
to Saina Kishani. 

 
 
 
The samples that showed sufficient dispersibility in water was further analyzed by 
more detailed DLS measurements (Figure 21b) where it was showed that the LBG raw 
and LBG low dispersions consisted of soluble molecules (dh<10 nm) in agreement 
with previous observations for spruce acGGM (Kishani, et al., 2018) together with a 
low fraction of larger associations (seen by volume distribution curves presented in 
Paper III). Considering KGM, the sample with low DSac formed a dispersion in water 
that could be analyzed by DLS, however, only larger associations around 125 nm were 
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observed and no molecules that were classified as completely soluble. Furthermore, 
the size of the molecule associations in water dispersions were evaluated by AFM 
(Figure 21c) showing that KGM low formed smaller associations than KGM mid, 
while LBG raw experienced the smallest associations of all, and the association sizes 
for LBG increased with increased DSac. 
 
The overall better solubility of LBG compared to KGM in water is attributed to the 
high degree of Gal substitution of LBG, whereas KGM is more linear. This is in 
agreement with previous observations (Dos Santos, et al., 2015). The significant 
difference between KGM raw and KGM low is probably explained by the low degree 
of other branching while LBG has Gal side groups. Thus, a low DSac might have a 
positive impact of solubility by preventing the aggregation/co-crystallization of 
mannan chains. However, since acetyl groups are less hydrophilic than hydroxyl 
groups the solubility in water decreases at higher DSac, whereas the less polar side 
groups favored interaction with DMSO, a polar aprotic solvent that has the ability to 
dissolve both polar and non-polar compounds. 
 
A gravimetric method was used to evaluate the dispersibility in similar mannans of 
varying DSac (chemically modified) but a higher Mw (around 1 000 kDa) since it was 
believed to impact the action of enzymes (Papers V and VI). The results showed a 
decrease in dispersibility with increased DSac for both KGM and LBG and are 
presented in Section 4.6. However, it should be noted that the unacetylated KGM still 
had a native DSac of 0.1, which is not the case for KGM raw that was treated at acid 
conditions to modify the molecular weight.  
 

4.5 THERMAL STABILITY OF DESIGNED MANNANS (Paper III) 

For processing and applications of polysaccharide materials, thermal stability is an 
important property. It was therefore evaluated in Paper III for model polysaccharides 
consisting of LBG galactomannan and KGM glucomannan of varying DSac (Section 
4.1). 
 
Two decomposition processes were defined, where the first one (25-100 °C) is due to 
moisture loss, and the second process at 200-450 °C is corresponding to the 
degradation of the actual polysaccharide (Figure 22) and is therefore of larger 
interest. The temperature at the onset of the degradation (Tonset) as well as the 
temperature where the rate of decomposition is the highest (Tpeak) are summarized in 
Figure 22c. The degradation of LBG started at 220 °C for the unacetylated sample 
and increased to 335 °C in LBG high, resulting in a difference of 115 °C. For KGM the 
same difference is 129 °C comparing 212 °C for KGM raw and 341 °C for KGM high. 
Also, Tpeak increased with higher DSac as showed in Figure 22. Furthermore, when the 
thermal decomposition started, the chemical acetylation increased the degradation 
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rate ΔT (Tpeak-Tonset). For the unacetylated samples ΔTT was 81 °C and 112 °C for LBG 
raw and KGM raw, respectively, and for the highly acetylated samples around 36 °C.   
 
Generally, the observation was increased thermal stability with increasing DSac, both 
in the case of KGM and LBG which is in agreement with previous work on 
hemicelluloses (Xu, et al., 2010; Gröndahl, et al., 2003). Comparing LBG and KGM 
they had a similar behavior although KGM high was the most thermally stable 
sample.  Replacing the hydroxyl groups with less reactive acetyl groups is probably 
explaining the observed behavior; also, the lower moisture content for higher DSac 
could explain the higher stability since a higher moisture content has been suggested 
to promote thermal degradation due to  higher availability of reactive water molecules 
(Gröndahl, et al., 2003). Thus, this modification can be a way of increasing the 
thermal stability of hemicellulose based products.     
     
 

 
Figure 22. TGA analysis showing the thermal properties of acetylated mannans in N2 atmosphere, (a) LBG 
and (b) KGM. The derivative curves of the second degradation process are in the small boxes (c) Table of 
onset and peak temperatures, *on dry basis. Figure courtesy to Dr Danila Morais de Carvalho. 
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4.6 BIOLOGICAL DEGRADABILITY OF MANNANS (Paper V, VI) 

Cell wall components such as cellulose and lignin are naturally more resistant to 
biological degradation than hemicelluloses, and in the case of cellulose one reason is 
the more crystalline regions (Scheffer & Cowling 1966). Thus, the presence of OAc on 
hemicelluloses can be a way for the plant to protect this highly vulnerable 
polysaccharide. Furthermore, chemical acetylation can also be technically utilized in 
modifying hemicellulose based products. The effect of acetyl moieties was here 
studied for mannans both by using soil samples (Paper V) and purified enzymes 
(Paper VI). The LBG and KGM polysaccharides were directly modified in original 
molecular weight (~1000 kDa) with regards to DSac, and studied together with the 
unmodified reference.  
 
The naming and DSac-levels for the study on soil microorganisms were:  

 LBG-N/KGM-N for unmodified mannan with a DSac of 0.0/0.1,  

 LBG-L/KGM-L for chemically acetylated mannan to a DSac of 0.3/0.2 

 LBG-H/KGM-H for chemically acetylated mannan to a DSac of 2.5/2.4 
 
For the evaluation of endo-β-mannanases the substrates were defined as:   

 LBGn/KGMn for unmodified mannan with a DSac of 0.0/0.1,  

 LBGa/KGMa for chemically acetylated mannan to a DSac of 0.8/0.7 

 LBGb/KGMb for chemically acetylated mannan to a DSac of 1.9/2.1 
 

4.6.1 Soil samples 

A soil sample consisting of a mixture of naturally occurring microbes was cultivated 
on agar plates with mannans (LBG/KGM) of different DSac as a sole carbon source. 
The number of colonies formed were calculated after 3, 5, and 7 days. The study 
clearly showed that a higher DSac of the mannan made it more difficult for the 
microorganisms to utilize the carbon source since a higher number of colonies were 
observed on the plates with native mannan compared to if the mannan was acetylated 
(Figure 23a and b). An additional experiment where one fungus from the soil sample 
was isolated and identified to be of Penicillium species was separately inoculated on 
the same type of agar plates. The diameter of the fungus was measured after 3, 5, and 
7 days and this showed that the fungus could grow on all agar plates, independently 
of carbon source. However, when native LBG/KGM was used the diameter became 
longer, and a more significant observation was the difference in produced biomass. 
The appearance was different, and the thickness of the fungus was higher when the 
unmodified LBG/KGM was used as carbon source, Figure 23c.   
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Figure 23. (a) Number of colonies (left) and diameter of fungi strain (right) for LBG (a) and KGM (b) of 
varying DSac (value presented in parenthesis). (c) Penicillium fungus grown for 7 days on an agar plate 
with native KGM (left) or KGM-H (right), figure courtesy to Dr Ran Bi. (Paper V) 
 

 
 
Both of these experiments showed that acetylation protects the mannan 
polysaccharides against microbial degradation, but another observation was that the 
dispersibility of the mannans seemed to decrease for the chemically acetylated 
samples. This was therefore gravimetrically evaluated and, as expected, the fraction 
of material that was dispersed in the solution decreased with increasing DSac. LBG-
L/KGM-L only showed a dispersible fraction around 65 % compared to 70/90 % for 
LBG-N/KGM-N, whereas the LBG-H/KGM-H decreased significantly showing a 
dispersible fraction <10 %. Apart from the DSac value also the distribution of OAc 
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along the chain is believed to impact solubility as previously shown for chitosan 
(Kurita, et al., 1991), and it is possible that the chemically modified substrates 
contained segments of varying DSac. In fact, acetylation of wood has showed increased 
resistance against fungal degradation and one suggested mechanism is the decreased 
moisture sorption of acetylated wood making the environment less favorable for a 
biological attack (Rowell, 2006). A decrease of pH is also possible due to the 
formation of acetic acid; however, no decrease of pH was observed after 7 days of 
cultivation. Thus, a likely mechanism of the decreased microbial growth with 
increased DSac is that OAc sterically hinder the action of enzymes as previously 
suggested (Gille & Pauly, 2012) and the enzymatic degradation is further evaluated 
under next section where the function of two mannanases on similar substrates was 
studied. 
 
LBG-L and KGM-L have DSac level similar as softwood acGGM and can be related to 
the biological properties, whereas the LBG-H and KGM-H samples have a much 
higher DSac. These high levels are more of technical importance, and chemical 
acetylation can be one way to alter the degradability of hemicellulose based materials.  
 

4.6.2 Endo-β-mannanases  

The action of two endo-β-mannanases from the glycoside hydrolase families 5 and 26 
originating from Cellvibrio japonicas (CjMan5A and CjMan26A) on various mannan 
substrates were studied. The mannan substrates considered are native LBG and KGM 
(LBGn and KGMn), chemically acetylated LBG and KGM (LBGa, LBGb, KGMa, 
KGMb) as well as a water-extracted acGGM (ASE extraction at 170 °C by a pH 5 
buffer). 
 
The cleavage patterns from the two mannanases differed, and for LBGn and KGMn 
the CjMan5A generally produced more mannotriose (M3) and mannotetraose (M4), 
while CjMan26A generated more mannobiose (M2) and mannose (M) as seen in 
Figure 24b which shows the composition of the produced manno oligomers after 24 
h incubations. Similar results were observed for spruce acGGM, except a higher 
production of M3 from CjMan26A. This is supported by previous work suggesting 
that the role of CjMan5A is to break down larger oligomers to smaller ones that are 
further hydrolyzed to mannose and M2 by CjMan26A (Hogg, et al., 2003). However, 
the amount of produced mannan oligomers was significantly reduced for the 
acetylated mannans (Figure 24b). The reducing sugar analysis showed that chemical 
acetylation of LBGn and KGMn significantly decreased the hydrolyzability for both 
CjMan5A and CjMan26A. The effect was larger for LBG compared to KGM and the 
graphs in Figure 24a show the reducing sugar profiles obtained at an enzyme 
concentration of 10 nM in the case of KGMn, KGMa, and LBGn, whereas LBGa 
required a 10 times higher concentration of 100 nM for a similar result. Formed 
mannan oligosaccharides were also analyzed by MS-ESI and fractions of acetylated 
oligomers from both KGMn, KGMa and also LBGa (at the higher enzyme charge) 
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were produced for both enzymes showing that at least to some extent, they were able 
to act on the chemically acetylated substrates. 
 
Adding an acetyl esterase together with other mannan degrading enzymes can 
enhance the mannanase activity (Tenkanen, et al., 1995) and thus trials were made 
with a combination of an acetyl esterase from Clostridium thermocellum and studied 
endo-mannanases. This showed an increase in the hydrolyzability during the early 
measurements, but no significant impact after 24 h.    
 
In the same way, as previously described for the soil sample experiment, the 
dispersibility was believed to impact the accessibility of the enzymes. Therefore, the 
same type of gravimetric evaluation, where the water dispersed and insoluble 
fractions of the mannan substrates were separated, was performed. The dispersible 
fraction contained around 65/85 % for LBGn/KGMn, around 45 % at a DSac of 0.7-
0.8, and 14 % for the highly acetylated mannans with a DSac around 2 (KGMb and 
LBGb). Furthermore, HPLC analysis of the DSac showed that almost all acetyl groups 
were present in the insoluble fraction suggesting that the acetyl groups are not 
randomly distributed along the mannan chain. The enzymatic activity on the 
insoluble fraction of KGMa was only 10 % compared to the soluble fraction, and 
undetectable for the insoluble fraction of LBGa.   
 
 
 

 
Figure 24. (a) Reducing sugar profiles of KGM (upper panel) and LBG (lower panel). Black graphs are for 
CjMan5A and red for CjMan26A, solid lines represent KGMn/LBGn substrates and dashed lines 
KGMa/LBGa. The enzyme concentration was 10 nM for LBGn, KGMn, KGMa, and 100nM for LBGa and 
the substrate concentration was 0.1 %. (b) Concentrations of produced mannose oligomers after 24 h 
incubation with the respective enzyme. Figure courtesy to Jenny Arnling Bååth. (Paper VI) 
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In conclusion, chemical acetylation of LBG and KGM lowered the activity of the 
enzymes, as well as the natural system of microorganisms. Thus, O-acetylation may 
be a way for the plant to regulate the degradability of wood hemicelluloses. Making 
conclusions about the role of hemicellulose acetylation in the actual cell wall can be 
questioned since the systems used here are simplified excluding both the cellulose 
and lignin components. Still, the degradation of wood can, in some aspects, be 
considered as the sum of the degradation of its components, justifying this types of 
studies. These studies also involved chemical acetylation of C6 and high levels of DSac, 
which is not found on native acGGM. However, the effect on the biological 
degradability may be useful for materials made from hemicellulose polysaccharides 
since a biodegradable product often is desired due to environmental reasons, but still 
the problem of mold growth, etc., should be avoided. 
 

4.7 DEGRADABILITY OF GGM AT ALKALINE CONDITIONS 
(Paper VII) 

The main hemicellulose in softwoods such as Norway spruce and Scots pine are 
acGGM; however, a problem during the technical processing of such materials is that 
acGGM is sensitive towards degradation under alkaline conditions. Thus, this was 
evaluated in Paper VII. 
 
Extracted acGGM, as well as the model components LBG and KGM, were 
characterized to determine sugar composition and DSac as presented in Figure 25b. 
The molecular weight of these mannans and the model homopolysaccharide CMC 
was determined both by standard calibration and light scattering detection. All 
polysaccharides showed a unimodal molecular weight distribution, except for acGGM 
(Figure 26c) which had a main fraction with an Mw about 40 kDa and a less common 
fraction around 450 kDa (light scattering calibration). This is not surprising for a 
polysaccharide that is extracted from wood and a high and low Mw fraction has been 
observed previously (Teleman, et al., 2003; Willför, et al., 2003). The spruce acGGM 
was also analyzed by 2D-NMR (Figure 25a) to obtain more detailed information 
about the composition. This showed that part of the Gal is of β-type and therefore 
originates from another source and a likely candidate is an arabinogalactan due to 
the Ara content. The 2D-NMR analysis also estimated the DSac to 0.15 which is in 
agreement with 0.2 obtained from HPLC-analysis and showed that about 65 % of the 
OAc groups are located at C2 and 35 % at C3 of Man. Lignin seems to be present at 
low amounts estimated to <1 % from the methoxy signal in the NMR spectrum.  
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Figure 25. Sugar composition of starting materials. (a) HSQC 2D NMR, M stands for Man, G for Glc and 
the number for the carbon, “red” is for reducing end, and “int” of an internal unit. (b) Sugar composition 
and DSac. (Paper VII) 
 

 
The degradability of the polysaccharides acGGM, LBG, KGM and CMC was studied 
at 90 °C and 0.5 M NaOH by quenching the reaction in an ice bath after different 
treatment times between 0-150 min. The solutions were dialyzed and analyzed by 
SEC to determine the apparent molecular weight (standard calibration) and the 
degradation profiles are presented in Figure 26a. For mannan polysaccharides 
(GGM, KGM, LBG) the Mw decreased in two phases with different time scales, one 
first fast phase followed by a phase with a slower decrease of Mw. An empirical model 
was used to describe this behavior consisting of the sum of two exponential functions 
corresponding to one slow and one fast decay: 
 

𝑓(𝑡) = 𝑎1𝑒
−

𝑡

𝜏1 + 𝑎2𝑒
−

𝑡

𝜏2  Eq. (4) 
 
Where “f(t)” is the Mw, “t” is the treatment time in minutes, “a” are constants where 
a1+a2 for respective polysaccharide correspond to the starting Mw, and “τ” are time 
constants where a larger value corresponds to a slower decrease of Mw. Factors are 
listed in Figure 26b. This model describes the observations well as shown by the R2 
values. The behavior for all mannans is described by the sum of both factors while 
CMC only show the slow decay.  
 
A slower degradation of GGM with time has also been observed in previous studies at 
alkaline conditions (Meier, 1962; Hansson & Hartler, 1970; Sjöström, 1977) and was 
attributed to stabilizing effects from stopping reactions where the end group is 
rearranged to a metasaccharinic acid. The proposed stopping reaction would inhibit 



                                                            RESULTS AND DISCUSSION 

61 
 

the removal of end groups by peeling. However, this should not impact alkaline 
hydrolysis where glycosidic linkages are hydrolyzed somewhere within the chain. The 
fast decrease of Mw during the initial phase is hardly caused by peeling due to the 
limited effect from hydrolyzing one sugar unit at a time, while the impact on Mw 
would be much higher from alkaline hydrolysis in the middle of a polysaccharide 
chain. The two-timescales observed here are therefore proposed to be dominated by 
(1) alkaline hydrolysis and (2) peeling. The fast decrease of Mw in combination with 
the production of oligomers (Figure 27c, d, f) are evidential for alkaline hydrolysis, 
while formic acid (Figure 27b) is a degradation product from peeling. 
 
However, the observations are not entirely straightforward and an additional 
explanation that is proposed is the effect from different structural regions. The 
different types of backbone glycosidic linkages have previously been described 
(Figure 5) and type C and M are found in the polysaccharides considered here. KGM 
and acGGM contain a mix of both, LBG only M and CMC only C. The flexibility of the 
C-type is slightly lower and hydrogen bonding can be attained stabilizing the 
glycosidic linkage at two sides simultaneously, whereas type M has an increased 
population of more twisted conformations. Furthermore, also the impact of Gal 
substitution should be considered for LBG and acGGM and, as previously described 
(Figure 9), this results in a slightly decreased flexibility of the glycosidic linkage. 
Furthermore, the position of the Gal side group was studied by MD simulations 
evaluating the conformation of the dihedral angles O5-C5-C6-O6 and C4-C5-C6-O6 
that connects Gal to Man. The conformation can be classified as being in either gg, tg 
or gt (g=gauche and t=trans). Here the preferred conformation with a probability of 
81 % in MGLM and 70 % in MMLM was found to be gg. In gg the Gal side group is 
covering the middle glycosidic linkage forming a “sandwich structure” (Figure 28e 
and f). However, despite the high probability of this conformation the hydrogen 
bonding probability between the Gal side group and Glc was only 11 % in MGLM, and 
as low as 3 % between Gal and corresponding Man in MMLM, suggesting that the 
impact of hydrogen bonding with the backbone is limited.  
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Figure 26. Molecular weight profile after alkaline treatment. Mw was determined by SEC analysis in 10 mM 
NaOH and standard calibration. (b) Factors for the empirical model described by Equation 4. (c) SEC 
profile of acGGM. (Paper VII) 

 
 
The sugar composition was evaluated and for LBG, consisting of a pure Man 
backbone with Gal side groups, the Gal/Man ratio was consistent during the 
treatment. The structure of GGM also showed a constant Gal/Man ratio and despite 
the content of arabinogalactan this seems to resemble the major GGM fraction of the 
extracted sample, especially since LBG exhibited the same behavior. This shows that 
the Gal side group is stable during these conditions and also technical conditions have 
shown relatively high stability of the Gal side group (Croon & Enström, 1962; Wang, 
et al., 2011), suggesting that Gal substitution constitute an important aspect in 
understanding the mechanisms of mannan stability. Furthermore, the composition 
of the backbone sugars is also proposed to be of significance, although the effect is 
not apparent. Here the Glc/Man ratio in KGM was rather constant while it increased 
for GGM. This could either be explained by that the extracted GGM contain another 
Glc rich fraction (like cellulose) that is more stable than the actual GGM, by that the 
sugar distribution in the backbones differs which is affecting the degradation, or that 
the Gal substitution in GGM influence the behavior.   
 
LBG and KGM are especially suitable for comparison due to their purity as well as 
similar starting molecular weight. The Mw profiles in Figure 26a show that the initial 
phase is longer for LBG which is also reflected by the large value of the time constant 
τ1 that is about 5 times higher for LBG compared to KGM and more than 10 times 
higher than for GGM. This shows that LBG experiences the slowest degradation 
during the first phase and, comparing LBG and KGM, both the sugar composition in 
the backbone, as well as Gal substitution, could explain this.  



                                                            RESULTS AND DISCUSSION 

63 
 

 

 
Figure 27. (a) Sugar ratios after each treatment step. Produced degradation products (b) formic acid, (c) 
acetic acid, (d) oligomers from GGM, (e) oligomers form LBG, (f) oligomers from KGM. K=KGM, L=LBG, 
G=GGM, R=unknown oligosaccharide, M=mannan oligosaccharide of X (number) Man units. (Paper VII) 

 
 
Chemical substitution of C2 and C3, such as OAc, could also impact the degradability. 
However, the acetyl groups present on acGGM are easily cleaved off and, as showed 
in Figure 27c, these decorations are early released. The carboxymethyl groups might, 
however, influence degradation of CMC and the exact mechanisms for CMC require 
more focused studies.  
 
MD simulations were used to evaluate different stages along the suggested reaction 
path for alkaline hydrolysis presented in Figure 28a. The structural effects on 
intrinsic stiffness has already been discussed, but also the possibility for OH2 and 
OH3 in Man and Glc to coordinate OH- was studied (system showed in Figure 28b, 
and Figure 28c shows the attained region for OH- around the oligomers). This is a 
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necessary step for deprotonation and the possibility of subsequent alkaline 
hydrolysis. The simulations showed that OH- was strongly coordinated by OH2 and 
OH3 in both Man and Glc, and Gal substitution was not a hinder. Glc experienced a 
higher coordination number compared to Man and Gal substitution in combination 
with a C type glycosidic linkage as in MGLM actually increased the coordination 
(Figure 28d), probably because the hydroxyl groups in Glc and Gal could coordinate 
OH- together, something that is less likely in Man that has an axial OH2. OH- 
coordination for Glc has also been observed for cellobiose and was suggested to 
induce deprotonation of cellulose at alkaline conditions (Bialik, et al., 2016; Lindman, 
et al., 2017). Additionally, the accessibility of water is important for the course of the 
alkaline hydrolysis reaction, but no significant differences were observed. 
 
In summary, all studied mannans degrade in two phases. First one fast phase, here 
attributed to alkaline hydrolysis, and then a slow phase suggested to be caused by 
peeling. The homopolysaccharide CMC, on the other hand, degrades linearly. This 
suggests that the sugar composition of the polysaccharides impact the mechanisms 
involved during degradation. The intrinsic stiffness of different structural regions is 
suggested to, together with the abundance of peeling vs alkaline hydrolysis, regulate 
the stability of the internal structural regions of mannans. The stability of these 
regions are proposed to depend on the sugars in the backbone, and hence glycosidic 
linkage type, as well as possible stabilization by non-covalent interactions between 
the glucomannan backbone and Gal side groups. The Gal units were stable during the 
studied conditions and MD simulations showed that the most probable conformation 
is when it covers the neighboring backbone glycosidic linkage supporting the 
hypothesis of the presence of a “sandwich structure”, as shown in Figure 28. Also an 
early study on pine GGM realized that there must be other factors than the stopping 
reaction that slows down the degradation of GGM, and it was proposed that the 
remaining GGM had more orderly structure increasing the stability (Aurell & Hartler, 
1965).  
 
The industrial system of wood chips in a digester with heat and the active cooking 
chemicals is more complicated than the dissolved polysaccharides studied here. The 
local pH will vary within the wood chips and polysaccharides will be in close contact 
further complicating the mechanisms involved and the interpretation of the results. 
Nevertheless, this study helps in the endeavors to understand GGM reactions also in 
more complex systems.   
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Figure 28. (a) Suggested reaction path for alkaline hydrolysis. (b) Simulated system with OH- (water is 
excluded for visual reasons). (c) Spatial distribution functions showing the 3D distribution of OH-. (d) 
Coordination numbers for O* (OH-) to OH2 and OH3 in the two middle sugar units of studied oligomers. 
(e) The most common conformation of the Gal side group (70-80 %). (f) Illustration of suggested stabilizing 
effect from Gal side group. (Paper VII) 
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5 CONCLUSIONS 

To enhance the comprehension about the structures and functions of wood 
hemicelluloses both computational and experimental techniques have assessed the 
impact from various structural qualities. 
 
It was shown that the flexibility of hemicelluloses is affected by the sugar composition 
in the backbone and the type of glycosidic linkages. Three types of glycosidic linkages 
found in the backbone of hemicelluloses were here defined as type C, M and X, where 
type X is present in xylan, type C in xyloglucan, and glucomannan contain a 
combination of type C and M. The conformational space was similar for all types but 
showed that xylans are more flexible than glucomannans forming a 3-fold helical 
screw, while glucomannans become more elongated attaining a conformation in 
between a 2-fold and 3-fold helical screw. Furthermore, the impact of side group 
substitutions on the backbone conformation seems to be highly dependent on where 
the side group is located (C2, C3, or C6). Most side groups showed a small impact on 
the backbone conformation in water solution, where C3 substitution made it more 
flexible and C2 side groups could have the opposite effect restricting the 
conformational space. Ara substitution at C3 of xylan showed the most significant 
impact making the backbone more twisted, and the effect was seen both in water 
solution and when adsorbed onto a cellulose surface.  
 
The impact of hemicellulose type and substitution on interaction with cellulose was 
studied by using a model system consisting of bacterial cellulose and hemicelluloses. 
The study of these composite hydrogels showed that acGGM, GGM, AGX and acGX 
were successfully incorporated in a bacterial cellulose network affecting the 
mechanical properties. In compression, acGGM increased the modulus of the 
material while the most distinct effect from xylan was that it made the materials much 
more extensible during uniaxial tensile testing. The significant difference in 
mechanical response suggests that the role of these two wood hemicellulose types 
differ in the plant.  
 
Furthermore, adsorption studies of galactomannans and glucomannans with 
different degrees of acetylation (DSac) showed that the DSac of mannans influences 
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the adsorption onto cellulose surfaces, and the more linear glucomannan containing 
both type C and M backbone glycosidic linkages experienced a higher adsorbed mass 
compared to the highly branched galactomannan. Although solubility also 
contributes to these observations, this supports previous suggestions on that 
adjusting the side group substitutions is one way for the plant to regulate the 
interaction with cellulose. A lower degree of substitution seems to increase the 
adsorbed mass (seen from both QCM-D and solid-state NMR) whereas close 
substitutions may result in stronger interaction, as observed from the MD 
simulations of xylan oligomers.  
 
Furthermore, the impact of acetylation on solubility/dispersibility was considered for 
mannan polysaccharides, and galactomannan with zero and low DSac showed the best 
solubility in water and the smallest associations. For the more linear glucomannan a 
low degree of acetylation (DSac=0.2) improved the solubility/dispersibility, and 
showed the smallest molecular associations for KGM samples, while at higher DSac 
the dispersibility decreased with increasing acetyl content. In the organic solvent 
DMSO the solubility/dispersibility, on the other hand, increased with higher DSac. 
This showed the importance of these side group substitutions for the solubility 
properties. Additionally, the fact that the polysaccharides of best solubility in water 
have the most similar DSac as in wood glucomannans suggests that one biological role 
of acetylation is to adjust the solubility. Regulating the acetylation can also be a way 
to modify the solubility for processing of polysaccharides. 
 
Acetylation of mannans affects the degradability and the thermal stability increased 
with higher content of acetyl groups. Concerning biological degradability, acetyl 
groups also showed a significant effect. The action of both purified mannanases and 
a combination of microorganisms in the form of a soil sample showed that the 
degradability decreased for increased DSac. However, the solubility is likely also 
influencing these observations. From a technical aspect, chemical acetylation of GGM 
is, therefore, a possible way to modulate the properties and increasing the DSac would 
result in a more thermally and biologically stable product. Adjusting the compatibility 
with other components for composite materials can be another suggested role of 
acetylation.    
 
The degradability of mannan polysaccharides in alkaline conditions was evaluated. 
Spruce galactoglucomannan, galactomannan, and glucomannan all degraded in two 
separate phases, whereas carboxymethylated cellulose degraded linearly. A possible 
explanation to the two phases could be initial domination of alkaline hydrolysis, 
which results in a fast decrease of molecular weight, and then a second slower phase 
where peeling dominates. In addition, the difference in sensitivity of different regions 
is believed to contribute to this behavior, where more stable structures remain in the 
end. The Gal side group was relatively stable and the presence of a sandwich structure 
was proposed. 
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The role of hemicelluloses in biological and technical systems has been targeted, 
resulting in more information about the role of hemicellulose type and the chemical 
structure on a range of properties. The increased knowledge can be used to develop 
technical processes and tailor the properties of hemicellulose-containing materials. 
From an environmental perspective, it is crucial to optimize the utilization of our 
resources, such as the renewable resource wood. However, the valorization of the 
hemicellulose fraction has high potentials for improvement. Understanding the 
impact of hemicellulose structure on solubility is essential for efficient extraction of 
high molecular weight components, and the influence of structure on their stability 
and mechanical properties can help the development of new products. The high 
abundance of hemicellulose polysaccharides in nature and the potentials of tailoring 
the structure to adjust the properties for product development make the future 
utilization of hemicellulose-based applications bright.  
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6 FUTURE WORK 

 
Still, many aspects of hemicellulose properties are yet to be studied. Both to fully map 
their role in plant cell walls, but also for the development of hemicellulose products. 
Here some concrete suggestions for additional studies following up on the work in 
this thesis are listed: 
 

- Structural analysis of bacterial cellulose-wood hemicellulose composites by 
advanced X-ray scattering techniques to, in detail, evaluate the morphology 
of the formed network. 

 
- Developing a more selective procedure for acetylation of mannans where 

only C2 and C3 positions are substituted, and not C6. It would result in a 
more representative material for comparison with native acGGM.  

 
- Study the solubility and cellulose interaction of extracted softwood acGGM 

by the same methodology as for designed acetylated mannans in this work 
(turbidity, DLS, AFM, QCM-D) relating the observed relationship between 
structure and properties on actual softwood acGGM.  

 
- MD simulations of hemicellulose solubility and the impact of acetylation on 

the solubility in water and DMSO, respectively. For example, by 
computational alchemy where hemicellulose structures are gradually 
mutated and the difference in free energies are calculated.   

 
- Studies of hemicelluloses with different degrees of acetylation and 

substitution patterns comparing the effect from the structure on the 
interaction with lignin, for example by QCM-D measurements using lignin 
surfaces.
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