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“Until the day we have a medical vaccine, food is the 
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Abstract  

Galactoglucomannans (GGMs) are principal hemicelluloses in softwood tissues. Spruce 

GGM obtained from different recovery approaches are currently studied for applications as 

emulsifiers and stabilizers of dispersed systems. Natural polysaccharides, owing to their 

origin from a complex matrix, have an intrinsic affinity for the association. Their associative 

properties are affected by the recovery approach since it influences purity and intrinsic 

characteristics (e.g., molar mass, degree of substitution). Understanding the impact of the 

GGM recovery approach on its associative behavior, currently limited, is essential to 

comprehend the stabilization mechanism of GGM in dispersed systems as well in the 

expansion of its functional applications. 

This doctoral project investigated the associative behavior of GGM at a semi-dilute 

concentration of 1% in an aqueous medium and its effect in an oil-in-water emulsion system, 

with GGM recovered from spruce sawdust/wood chips using pressurized hot water 

extraction, BLN process (modified pressurized hot water extraction process), and effluent of 

the thermo-mechanical pulping process. All studied GGM samples existed in the form of 

polysaccharide molecules and supramolecular fraction. It was observed that the recovery 

approach and sample purity affected the molar mass of the polysaccharide fraction as well 

as the share and structural properties of the supramolecular fraction. The supramolecular 

fraction was observed to be either colloidal aggregates, agglomerates, solid particles, or a 

combination in varying proportions. Next, these samples were studied in emulsions. 

Differences in the macromolecular state of samples were found to influence interfacial 

morphology and stability of emulsions.  

Following, the associative behavior of purified GGM obtained from the pressurized hot 

water extraction process was studied at acidic, neutral, and alkaline pH and upon addition of 

sodium chloride. Associative behavior of the sample displayed a positive correlation with 

acidic pH condition and time, improving emulsion stability. The sample exhibited an upper 

limit of GGM to oil ratio for efficient emulsification and stabilization ability, implying the 

presence of a limited amount of active emulsifying component.  

Currently, novel biomaterials are being developed from wood biomass. The findings of this 

study contributed to the characterization of colloidal properties of GGM at a nanometric 

scale, thereby enhancing its scope of future applications. These findings regarding the 

solubility of GGM would also be relevant in existing operations of paper and pulping 

industries, as well as for aspiring biorefineries in identifying optimal GGM recovery 

approach. 
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Abbreviations 

AF4 Asymmetrical flow field-flow fractionation 

Araf Arabinofuranose 

DLS Dynamic light scattering  

DMSO  Dimethylsulfoxide 

DP Degree of polymerization 

dRI Differential refractive index 

DS Degree of substitution 

ePHWE Ethanol-precipitated galactoglucomannans from pressurized hot water 

extraction 

eTMP Ethanol-precipitated galactoglucomannans from effluent of thermo-

mechanical pulping mill 

FID Flame-ionization detector 

GalAp Galacturonic acid pyranose 

Galp Galactopyranose 

GC Gas chromatography  

GGM Galactoglucomannan 

Glcp Glucopyranose 

GulAp Guluronic acid pyranose 

LCC Lignin-carbohydrate complex 

LS Light scattering 

MALS Multi-angle light scattering  

ManAp Mannuronic acid pyranose 

Manp Mannopyranose 

MeGlcAp Methyl-glucuronic acid pyranose 

n/a Not applicable  

n/d Not determined  

NaOH Sodium hydroxide 

O/W Oil-in-water 

PHWE Pressurized-hot water extraction 

Rhamp Rhamnopyranose 

RT Room temperature 

SAXS Small-angle X-ray scattering  

SDS Sodium dodecyl sulfate 

SEC Size-exclusion chromatography 

SEM Scanning electron microscopy 

sPHWE  Spray-dried galactoglucomannans from pressurized hot water extraction 

sTMP GGM Spray-dried galactoglucomannans from the effluent of thermo-mechanical 

pulping mill 

TEM Transmission electron microscopy 

TMP Thermo-mechanical pulping  

TSI Turbiscan stability index 

TSImax Maximum Turbiscan stability index 

UV Ultra-violet 

Xylp Xylopyranose 
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dn/dc  Refractive index increment 

k Destabilization rate constant of emulsions  

kB Boltzmann’s constant 

pKa Dissociation constant  

Rg Radius of gyration 

Vx Cross-flow rate 
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1. Introduction 

Polysaccharides play a central role in all living organisms by reserving energy, providing 

structural integrity, and protection against harsh environment conditions. Humans have a 

long history of utilizing polysaccharides for health and food applications (Sandford and 

Baird 1983). Polysaccharide usage for food and medicinal applications dates back centuries. 

Presently, they are widely utilized in processed food products, where their primary function 

is to provide and maintain food structure (McClements 2016).  

Emulsions are an indispensable part of food product formulation where polysaccharides are 

utilized (McClements 2016). Emulsions are colloidal systems and a simple definition of 

them is a mixture of two immiscible phases where one phase is dispersed into another and 

remains in a thermodynamically metastable state for a certain period of time. Food industries 

utilize polysaccharides and proteins, biosurfactants like phospholipids, and chemically 

derived emulsifying agents to create and stabilize dispersed systems like emulsions 

(McClements 2016). In recent years, accelerated demand for convenient and functional 

foods along with growing health and environmental concerns among consumers has 

increased the application of natural plant-based polysaccharides. Currently, there are only a 

handful of choices for approved natural polysaccharides. Harvesting and recovering many 

of them is a laborious process which is subjected to inconsistencies in supply, price, and 

quality due to several factors, among them is climate change (Marketsandmarkets 2019; 

Sandford and Baird 1983). Thus, functional, cost-effective, and renewable alternatives are 

highly sought after; wood is potentially one of these solutions (Ministry of Economic Affairs 

and Employment 2017).   

Wood is a renewable resource consisting of three types of valuable polymers (cellulose, 

hemicelluloses, and lignin); all of these have a substantial potential to replace oil-based 

products from manufacturing industries. Contrary to the prevailing belief, tree cover is 

increasing worldwide, especially outside tropical regions (FAO and UNEP 2020; Song  et 

al. 2018). In Nordic and Baltic countries, the annual growth rate of forest biomass production 

is approximately 287 million m3 (Rytter et al. 2016). Recovering cellulose for pulp and 

papermaking has been a traditional stream of revenue generation for forest industries. With 

declining paper and paperboard demand, recent years have observed an increased interest 

from forest industries in utilizing all three wood polymers as high value “platform” 

chemicals (Ministry of Agriculture and Forestry of Finland 2019). Efficient utilization of 

wood to produce biodegradable materials replacing the need for fossil-derived resources 
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complies with the United Nation’s sustainable development goals, Goal 9: Industry, 

Innovation and Infrastructure and Goal 12: Responsible Consumption and Production, where 

the need for innovations for increased resource and energy efficiency and need for more 

environment friendly materials are emphasized (UN 2019). The Finnish bioeconomy 

strategy has also prioritized food applications of wood materials as a major step towards 

versatile exploitation of forests to increase their sustainable economic use.  

Wood hemicelluloses are a class of heterogeneous polysaccharides primarily found in the 

secondary cell wall of wood tissues (Sjöström 1993), where they could constitute up to one-

fourth of dry wood cell wall mass. Their exact content and composition depend on the type 

and species of wood. In softwood and hardwood, they are mostly acetylated 

galactoglucomannans (GGMs) and acetylated glucuronoxylans, respectively. 

Arabinoglucuronoxylans in softwood and glucomannans in hardwood are also found in small 

amounts (Sjöström 1993). Spruce is a very commonly utilized softwood species for 

papermaking in Finland. The past two decades have observed widespread interest in 

recovering GGM using different biorefining approaches. GGMs have been recovered from 

the effluent of thermomechanical pulping (TMP) mills (Willför et al. 2003a) and wood 

chips/sawdust with hydrothermal extraction using processes such as steam, pressurized 

water, or microwaves (Kilpelainen 2015; Lundqvist et al. 2002; Schoultz 2015; Song et al. 

2008). Parallelly, GGMs were also studied for novel technological functionalities such as 

the production of soft porous materials like hydrogels (Liu et al. 2016), aerogels 

(Alakalhunmaa et al. 2016), microcapsules (Laine et al. 2010), packaging films (Mikkonen 

et al. 2012), biocomposites (Xu et al. 2018) and recently as hydrocolloids, using which they 

were able to create and stabilize dispersed colloidal systems like emulsions (Lehtonen et al. 

2018; Mikkonen et al. 2016a; Mikkonen et al. 2009; Mikkonen et al. 2016b; Valoppi et al. 

2019).  

Research on the hydrocolloidal functionality of GGM for food emulsions was initiated by 

the pioneering work of Mikkonen et al. (2009) when GGM recovered from the effluent of 

TMP mills was able to emulsify and stabilize a model beverage emulsion. This was followed 

by studies where GGM exhibited a superior ability to maintain physical and chemical 

stability (against lipid oxidation) in emulsions. Past studies have attributed the emulsion 

stabilization mechanism of GGM to a mixed effect of steric and Pickering-type stabilization. 

The latter was assumed to originate from GGM assemblies (Lehtonen et al. 2018; Mikkonen 

et al. 2019; Mikkonen et al. 2016a; Mikkonen et al. 2016b). Recently, it was reported that 

lignin-rich particles may exist in unpurified GGM that could adsorb and contribute to 
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Pickering-type stabilization (Lahtinen et al. 2019; Valoppi et al. 2019). These 

aforementioned stabilization mechanisms may exist depending on the macromolecular state 

of GGM, or in other words, the solubility. However, the role of the latter has been poorly 

addressed in past studies. 

Polysaccharides have a natural affinity for association (Pitkänen et al. 2011b), possibly 

because of their retained “memory” of the complex hierarchy of their origin (Dickinson 

2017). Associative properties of natural polysaccharides affect their solubility/dispersibility 

properties; thus, they are detrimental to their key functionalities, such as emulsification, 

solution/dispersion stability, and gelation (McClements 2016; Whistler 1973). 

Polysaccharides can form molecular complexes either due to an association between 

themselves or with other compounds. Polysaccharide recovery employing heat, acid, alkali, 

shear force, pressure, and other processes can affect their intrinsic characteristics and degree 

of co-extraction of source-specific compounds (BeMiller 2019c; Dumitriu 2004). Several 

recovery approaches have been studied in the case of GGM, where these approaches and 

process conditions have been observed to affect the physicochemical properties of GGM. In 

emulsions, GGM recovered via flow-through pressurized hot water extraction (PHWE) 

(Kilpeläinen et al. 2014), the effluent of TMP process, and a modified PHWE named the 

BLN process (name taken after initials of the inventors) (Schoultz 2015) have been studied. 

The functional performance of GGM recovered from these approaches in emulsions has been 

discussed in terms of differences in their phenolic content by assuming GGM as individually 

dispersed polysaccharide molecules. The effect of macromolecular aspects of GGM and the 

effect of recovery approach on these aspects have not been taken in account, despite the 

assumption that molecular assemblies existed in GGM and reported poor solubility of GGM 

(Kishani et al. 2018; Valoppi et al. 2019; Xu et al. 2007).  

Recent studies have demonstrated that GGM could deliver similar or superior functionality 

in food products compared to other commercially used hydrocolloids (Lehtonen et al. 2016; 

Mikkonen et al. 2016b; Zhao et al. 2020). The functional performance of GGM in 

multiphasic systems such as emulsions could be highly influenced by their macromolecular 

state in an aqueous medium, the understanding of which is essential to enable their utilization 

and further fabrication. This doctoral project was aimed at revealing the emulsion 

stabilization mechanism of GGM using a bottom-up approach, by elucidating the associative 

properties of GGM in the aqueous phase (biphasic system), the effect on these properties 

brought by recovery approaches, and finally understanding their role in emulsions (triphasic 

system).
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2. Literature review 

2.1 Overview of polysaccharides used in food industry 

Polysaccharides, as the name suggests, are composed of multiple monosaccharide units in a 

repeating pattern bonded with glycosidic linkages. When the number of monosaccharide 

units is small, typically 2–10, they are referred to as oligosaccharides (BeMiller 2019a). An 

exact demarcation on the number of monosaccharide units between the oligo- and 

polysaccharides varies in the literature. Polysaccharides are the most abundant organic 

compounds on Earth and exhibit very high structural and compositional diversity. For 

commercial purposes, they are isolated mainly from plants (extracts, exudates, and seeds) 

and various species of algae and microbes (BeMiller 2019b). They are widely used in food 

products as hydrocolloids to perform functions as thickeners, emulsifiers, stabilizers, and 

gelling agents (Williams and Phillips 2009). Polysaccharides can be used in their natural 

state of physical and chemical modifications are performed to enhance their functionalities 

such as to improve their solubility or emulsification ability (Dickinson 2003). For example, 

starch and cellulose are largely used after chemical modification. In the European Union, 

polysaccharides usage in food applications other than their native presence in food (such as 

starch) can be approved as food additives (Regulation (EC) No 1333/2008 2008), as 

substances with substantiated health claims (Regulation (EC) No 1924/2006 2006) or as 

novel food ingredients (Regulation (EU) No 2015/2283 2015). Polysaccharides as additives 

receive an E-number which permits their utilization for technological purposes in processed 

food. Most native and chemically modified polysaccharides labeled as food hydrocolloids 

fall into the category of food additives. The list of approved polysaccharides can be retrieved 

from Regulation (EU) No 1130/2011 (2011).  

Polysaccharides are highly diverse in their composition and structure, which consequently 

influence their techno-functional properties. Some of the polysaccharides commonly used as 

food hydrocolloids, their sources, common recovery approaches, generic compositional 

information, and their most common applications are outlined in Table 1. The main purpose 

of the following table is to distinguish their composition, their origin, and other 

characteristics from a broader perspective. Their exact chemical composition and molar mass 

is expected to differ based on the variations in the source (e.g., species, age, growing 

conditions in plants), recovery approaches, and conditions used for their recovery from the 

native source. The list excludes modified polysaccharides such as those from cellulose, 

starch, and pectin, which are very commonly used as food hydrocolloids. 
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Table 1. Overview of commonly used unmodified polysaccharides in food applications. List adapted from Wüstenberg (2015). 

Origin Polysaccharide Recovery approach 
Molar mass 

(g/mol) 

Composition and functional 

groups 
Application References 

Plant cell wall 

Pectin 

Mineral/organic acid extraction 

from citrus peels, apple pomace, 

sugar beet chips at 50–90 °C for 

3–12h followed by precipitation 

with isopropanol/ethanol 

1–2× 106 

Amalgam of 

homogalacturonans (GalpA) 

chains, galacturonans 

substituted by chains of Rhamp/ 

Araf or both 

 

Carbonyl groups, methyl ester, 

acetyl groups, protein residues, 

ferulic acids 

Gelling 

agents, 

emulsifiers 

(EFSA Panel on 

Food Additives 

Nutrient Sources 

added to Food et al. 

2017a; 

Ngouémazong et al. 

2015) 

Microcrystalline 

cellulose (MCC) 

and powdered 

cellulose 

 

Acidic hydrolysis of purified 

pulp (MCC) 

Mechanical disintegration of 

purified pulp (powdered  

cellulose) 

n/a 
Linear unsubstituted chains of 

Glcp units 

Thickeners, 

stabilizers, 

emulsifiers, 

anticaking 

agent 

(EFSA Panel on 

Food Additives 

Nutrient Sources 

added to Food et al. 

2018; Williams and 

Phillips 2009) 

Plant exudates Gum Arabic 

Mechanical grinding of the dried 

exudates or subsequent 

dissolution and spray-

drying/roller drying 

2× 105–8× 105 

Amalgam of three fractions; 

branched acidic 

arabinogalactans (Araf, GlcpA, 

and Galp), arabinogalactan-

peptide complex, and 

glycoproteins 

 

Carbonyl groups, conjugated 

proteins 

Emulsifiers, 

thickeners, 

stabilizers 

(BeMiller 2019k) 

Plant storage 

polysaccharides 
Starch 

Wet milling of corn, potato 

tubers, and cassava 

>105 

(Amylose) 

>107 

(Amylopectin) 

Composed of linear (amylose), 

branched (amylopectin), both 

Glcp units 

Thickeners, 

gelling agents 
(BeMiller 2019d) 



17 

 

 

Guar gum 

Direct milling of endosperm part 

of seed after germ separation and 

seed husk removal by thermal 

treatment to obtain gum (flour) 

or purification of 

polysaccharides by aqueous 

alcohol precipitation after 

dispersion of seed flour in hot 

water 

 

5× 104–8× 106 

 

Manp units with minimal 

substitution by Galp units 

 

Thickeners, 

stabilizers, fat 

mimetic 

 

(EFSA Panel on 

Food Additives 

Nutrient Sources 

added to Food et al. 

2017b) 

Locust bean gum 

Same as in guar gum except seed 

coats are loosened by heat/acid 

treatment prior to germ 

separation. 

5× 104–3× 106 

(EFSA Panel on 

Food Additives 

Nutrient Sources 

added to Food et al. 

2017c) 

Konjac gum/ 

glucomannans 

Dry-milling of tubers of 

Amorphophallus konjac. Flour 

(konjac gum) obtained after 

separation of starch by air-

classification. Further 

purification by aqueous alcohol 

(konjac glucomannans). 

2× 106–2× 107 

Manp and Glcp units 

substituted by Galp units 

Acetyl groups 

Thickeners, 

synergistic 

gelling agents 

with other 

hydrocolloids, 

moisture 

enhancers 

(BeMiller 2019f; 

EFSA Panel on Food 

Additives Nutrient 

Sources added to 

Food et al. 2017) 

Microbial 

Xanthan 
Controlled aerobic fermentation 

of microbes xanthan 

(Xanthomonas campestris), 

gellan (Sphingomonas elodea), 

curdlan (Agrobacterium spp.) 

Recovery from the fermentation 

broth by precipitation with 

ethanol/isopropanol 

> 2× 106 

Backbone of homoglycans 

(Glcp) substituted by 

trisaccharides: Manp-GlcpA-

Manp 

Acetyl and carbonyl groups, 

pyruvic acid 

Thickeners, 

stabilizers, 
(BeMiller 2019g) 

Gellan 1.5–3.0× 106 

Backbone of Glcp-GlcpA-

Rhamp 

Carbonyl, acetyl ester, and 

glyceryl ester groups 

Gelling 

agents, 

thickeners 
(BeMiller 2019h; 

McIntosh et al. 2005) 

Curdlan > 2× 106 
Homoglycans (Glcp units), 

intramolecular bonding within 

Glcp units 

Gelling 

agents 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/sphingomonas-elodea
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Algae 

Alginates 

(Alginic acid, 

sodium, and 

calcium alginate) 

Alkali dissolution of harvested 

seaweed followed by 

precipitation with calcium 

chloride to obtain calcium 

alginate or subsequent acid 

treatment to obtain alginic acid 

or subsequent neutralization to 

obtain sodium alginate 

1× 104–6.0× 

105 

(Non)alternating ManpA and 

GulpA units 

 

Carbonyl groups 

Gelling 

agents, 

thickeners 

(BeMiller 2019j; 

EFSA Panel on 

Additives Products 

or Substances used in 

Animal Feed et al. 

2017) 

Carrageenan 

(κ-, ι-, and λ 

forms) 

Aqueous/dilute alkali extraction 

from seaweed of Rhodophyceae 

family followed by precipitation 

using aqueous alcohol for 

purification 

2–8.0× 105 

Galp and 3,6-anhydro Galp 

units with different amount of 

half-ester sulfate groups 

Half-ester sulfate groups in an 

increasing content from κ-, ι-, 

to λ- carrageenans 

 

Thickeners 

(λ- form), 

gelling agents 

(κ-, ι- form), 

stabilizers 

(BeMiller 2019i) 

Agar 

Aqueous extraction with or 

without high pressure under 

acidic/basic conditions, cooled 

to form gels, followed by freeze-

thawing or gel syneresis using 

mechanical force to concentrate 

the agar extract 

1.0–1.5× 105 

(Agarose) 

~1.4× 104 

(Agaropectin) 

Similar as in carrageenans with 

Galp and 3,6-anhydro Galp 

units 

Agarose (linear, gelling agent) 

and agaropectin (branched, non-

gelling agent with half-ester 

sulfate groups) 

Gelling 

agents 

(Armisén and 

Gaiatas 2009) 

n/a- not applicable
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2.2 Wood polymers  

Wood is best defined as a three-dimensional biopolymer composite composed of an intricate 

network of three major polymers: cellulose, hemicelluloses, lignins, and minor amounts of 

low molecular weight compounds (fatty acids, sterols, and terpenes). The latter is 

collectively referred to as extractives. The wood cell wall also consists of small portions of 

other polymers such as starch, pectin, proteins, and trace amounts of mineral elements 

(Sjöström 1993; Timell 1967).  

 

Figure 1. (A) Schematic illustration of the wood cell wall with middle lamella (ML), primary 

cell wall (P), three layers of secondary cell walls (S1, S2 and S3), and warty layer (W). (B) 

Complex organization of cellulose, hemicelluloses (glucomannans, xylans), and lignins as three 

major polymers constructing the wood microstructure. Images reproduced from Bi et al. 

(2015); Kilpelainen (2015) 

Figure 1 provides a simplified illustration of the organization of cellulose, hemicelluloses, 

and lignin in a typical softwood tracheid or a hardwood fiber. The primary cell wall and 

middle lamella, which are rich in pectic polysaccharides, are the first portions to appear in a 

developing wood cell. Upon cell wall thickening, cellulose and hemicelluloses are deposited 

to form the secondary cell wall. Lignins start to fill the intercellular space between cellulose 

and hemicelluloses, however, most lignification process takes place after the formation of 

the secondary cell wall. Lignification continues even after the programmed death of the 

wood cell (Timell 1967).  

2.2.1 Cellulose 

Cellulose is a major constituent of wood that constitutes approximately 40–45% of dry 

substances in most wood species. It is a linear homopolymer composed of β-(1→4) linked 
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D-Glcp units, which form unsubstituted chains with a degree of polymerization (DP) of 

around 10,000–15,000. Several of these chains (approximately 36) assemble to form larger 

units known as elementary fibrils, which pack further to microfibrils and then to cellulose 

fibers (Sjöström 1993). Cellulose chains are aggregated in microfibrils mainly via van der 

Waals forces and a high degree of inter-and intramolecular hydrogen bonding. Within each 

microfibril, there are ordered regions, where cellulose chains are tightly packed together in 

crystallites and less ordered or amorphous regions (Habibi et al. 2010).  

Due to a high degree of association in cellulose, they are insoluble in most aqueous and 

organic solvents. However, because of their peculiar hierarchical assembly behavior, they 

are gaining wide-spread attention as fascinating soft porous materials (Ferreira et al. 2020). 

Powdered cellulose, which is produced by mechanical disintegration of purified α-cellulose 

from pulp and microcrystalline cellulose, which are partially depolymerized cellulose with 

shorter crystalline polymer regions produced by acidic or oxidative treatment is approved in 

food applications as thickeners, stabilizers, bulking agents, fat replacers, and emulsifying 

agents (BeMiller 2019e; EFSA Panel on Food Additives Nutrient Sources added to Food et 

al. 2018; Nsor-Atindana et al. 2017). Through chemical derivatization, cellulose ethers with 

methyl, hydroxyl propyl, hydroxypropylmethyl, carboxymethyl, ethyl derivatives are 

produced. Chemical derivatization of cellulose improves their solubility and imparts 

functional properties such as emulsification and thickening abilities (BeMiller 2019e).   

2.2.2 Lignins 

Lignins typically constitute 26–32 wt.% and 20–25 wt.% of softwood and hardwood, 

respectively (Sjöström 1993). They are heterogeneous three-dimensional polymers 

composed of several different monolignols. The most classical ones are p-coumaryl, 

coniferyl, and sinapyl alcohols. These primary units are the precursors for lignin 

polymerization, which occurs from an oxidative coupling reaction. In nature, polymerization 

is mediated by cell wall localized enzymes, such as laccase and peroxidase, in a so-called 

“end-wise” polymerization, which is vital to providing strength and integrity in wood cell 

walls (Tobimatsu and Schuetz 2019).  

Lignins are known to bind to cell wall polysaccharides through covalent and non-covalent 

bond-forming lignin-carbohydrate complexes (LCC) (Koshijima and Watanabe 2003; 

Oinonen et al. 2015); thus, their role in biorefining is considered important. Due to the 
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recalcitrant nature of lignins and LCC, hemicellulose recovery and purity are affected 

(Giummarella and Lawoko 2017). 

Lignin is a complex amorphous polymer with several different functional groups such as 

aliphatic and phenolic hydroxyls, carboxylic, carbonyl, and methoxyl. Depending on their 

recovery approach, additional functional groups can be present (Sjöström 1993; Zhao et al. 

2016). Due to a large number of reactive functional groups that are able to associate, lignins 

are well-known for their self-associative behavior in both aqueous and non-aqueous 

mediums as well as in solid matrices. The association takes place via hydrogen bonding, 

intermolecular van der Waals forces, non-bonded orbital, and ionic interactions (Mishra and 

Ekielski 2019; Zhao et al. 2016). Valorization of lignins in the form of nanoparticles has 

been performed by utilizing the self-associative behavior of lignins (Mishra and Ekielski 

2019; Österberg et al. 2020; Zhao et al. 2016). 

2.2.3 Hemicelluloses   

Contrary to cellulose, which is a homopolymer, wood hemicelluloses are composed of 

heterogeneous monosaccharides. They are defined as cell wall polysaccharides with a β-

(1→4) linked backbone in an equatorial configuration. Hemicelluloses can constitute up to 

30% of the dry weight of wood. They were earlier believed to be intermediates compounds 

in the biosynthesis of cellulose. It is now known that they are formed through a separate 

biosynthetic route and have a supporting function in the plant cell wall (Sjöström 1993). 

In the secondary cell wall of softwoods, acetylated GGMs are the primary hemicelluloses 

(Table 2). Manp and Glcp units form the backbone in GGM substituted by Galp and acetyl 

groups (Figure 2). In wood, GGM can be rich or poor in Galp units. The latter is referred to 

as glucomannans. Acetyl groups are present on an average of one per 3–4 hexose units at the 

C-2 and C-3 positions. In hardwoods, acetylated glucuronoxylans are the principal 

hemicelluloses (Table 2). Xylp units form the backbone of the polysaccharide, which are 

substituted by methylated glucuronic acids. The acetyl groups are present on an average of 

seven per ten units of xylose at C-2 and C-3 positions. In addition to GGM and 

glucuronoxylans, softwoods and hardwoods contain arabinoglucuronoxylans and 

glucomannans, respectively (Sjöström 1993). 

Other polysaccharides such as arabinogalactans, pectic compounds (galacturonans, 

rhamnogalacturonans), and starch are also found in minor quantities (Sjöström 1993; Willför 
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et al. 2002). Pectins, which are usually not classified as hemicelluloses are mostly found in 

the middle lamella.   

Table 2. Major softwood and hardwood hemicelluloses, their amount, composition, and molar ratio 

between constituting monosaccharides and acetyl groups (Ac) (when applicable). Molar ratio of 

Manp: Glcp: Galp: Ac in galactoglucomannans, Xylp: Glcp: Araf in arabinoglucuronoxylans, Xylp: 

Glcp: Ac in glucuronoxylans, and Manp: Glcp in glucomannans. Adapted from Sjöström (1993). 

Hemicellulose 

(% in dry wood) 

Composition Molar ratio 

Softwood   

Galactoglucomannans 

(5-8%) 

(Galacto)glucomannans 

(10-15%) 

β-(1→4) D-Manp 

β-(1→4) D-Glcp  

α-(1→6) D-Galp  

Ac 

3:1:1:1  

 

4:1:0.1:1 

Arabinoglucuronoxylans 

(7-10%) 

β-(1→4) D-Xylp  

α-(1→2)4-O-methyl-D-GlcpA α-(1→3) 

L-Araf 

10:2:1.3 

Hardwood 

Glucuronoxylans 

(15-30%) 

β-(1→4) D-Xylp  

α-(1→2) 4-O-methyl-D-GlcpA  

Ac 

10:1:7 

Glucomannans 

(2-5%) 

β-(1→4) D-Manp 

β-(1→4) D-Glcp  

1-2:1 

 

 

Figure 2. Structure of galactose-rich fraction of galactoglucomannans composed of 

monosaccharides; β-D-Glcp, β-D-Manp, and α-D-Galp. R is an acetyl group (Ac) or -H atom. 

Adapted from Sjöström (1993).  

2.3 Softwood hemicelluloses recovery 

The recovery of hemicelluloses from lignocellulosic biomass has gained attention in an 

integrated forest biorefinery concept, which focuses on the utilization of all wood biomass 

components. Value Prior to Pulping is a novel concept that includes hydrolysis of pulpwood 

to obtain hemicelluloses prior to pulping for their subsequent conversion into ethanol or 
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other value-added “platform” chemicals. This concept can be integrated into an existing 

mechanical or chemical pulp mills to generate revenues from side-streams (Saukkonen 

2014).  

Hemicelluloses are embedded in a complex matrix with cellulose and lignin in wood cell 

walls as illustrated in Figure 1. Lignocellulosic biomasses are mostly recalcitrant (Jeong and 

Lee 2015) therefore treatment needs to be severe enough to separate hemicelluloses from 

cellulose, disrupt the lignin sheath, and increase the cell wall pore size to facilitate the 

accessibility of hydrolyzing catalysts. However, it should not too severe to prevent complete 

depolymerization of the polysaccharides and further change into undesirable compounds 

(Kilpelainen 2015). GGM recovery from wood chips or sawdust has been studied by using 

pressurized hot water extraction (Kilpeläinen et al. 2014; Schoultz 2015; Song et al. 2008), 

steam explosion treatment (Palm and Zacchi 2003), microwave-assisted heat treatment 

(Lundqvist et al. 2002), and high voltage electric treatment (Chadni et al. 2019b). All these 

approaches involve cleaving various bonds in the lignocellulosic biomass and subsequent 

extraction of hemicelluloses. In contrast to chemical treatment using alkali/acids, 

hydrothermal treatment involving the use of water/steam is considered environmentally 

friendly and economic because of the simpler down-streaming process (Jeong and Lee 

2015). It has been demonstrated that with hydrothermal treatment using steam, pressurized 

hot water extraction, and microwave treatment, up to 70-75% of hemicelluloses present in 

the wood material could be obtained (Kilpeläinen et al. 2014; Palm and Zacchi 2003).  

GGM has also been recovered from the effluent of TMP mills (Thornton 1994; Thuvander 

et al. 2019; Willför et al. 2003a). During mechanical pulping, external and internal 

defibrillation are the primary reasons for the deconstruction of the woody matrix releasing 

water-soluble hemicelluloses (primarily GGMs and some arabinogalactans) in the process 

water (Thornton 1994). The process water collected from a TMP mill in Sweden was found 

to contain about 6.5 g/l solids amongst which 35 wt.% was hemicelluloses (Thuvander et al. 

2019). Willför et al. (2003a) reported a release of about 4 wt.% of dissolved non-cellulosic 

polysaccharides in the TMP fibers to the process water, which contained about 48 wt.% 

galactoglucomannans after ethanol-precipitation. However, the yield of GGMs using this 

approach is lower than what is obtained after hydrothermal treatment.  

Different recovery approaches to obtain GGM have been summarized in Table 3.  
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Table 3. A brief summary of different approaches used for the recovery of the GGM and the available 

information on the molar ratio between the Manp:Glp:Galp units and average molar mass.  

Method Condition Molar ratio Molar mass 
(103 g/mol) 

Reference 

Recovery from TMP 

process water 

n/a 4:1:0.5 29* (Willför et al. 

2003a) 

Steam treatment 200 ºC, 2 min -- < 5  (Palm and Zacchi 

2003) 

Hot-water extraction of 

wood 

90 ºC, 1 h 4.3:1:0.5 48* (Willför et al. 

2003b) 

Pressurized-hot water 

extraction 

170 ºC, 60 min -- < 5 (Song et al. 2008) 

Microwave heat 

treatment 

200 ºC, 2 min 4:1:0.1 < 10 (Lundqvist et al. 

2002) 

High voltage electric 

discharge 

40 kV, 10 kA, 

0.5 Hz (Pulse 

repetition), 50 ºC 

-- 47-55* (Chadni et al. 

2019b) 

n/a- Not applicable, *Obtained after ethanol precipitation  

During hydrothermal treatment, hydronium ions are produced from the self-ionization of 

water initiates hydrolysis, causing depolymerization and subsequent dissolution of polymers 

in the medium. Hydrolysis is catalyzed by acetic acid produced from the deacetylation of 

acetate groups in hemicelluloses. Additionally, the reaction can be catalyzed by the external 

addition of acid or alkali or by microwave irradiation (Jeong and Lee 2015). When 

pressurized water is used at subcritical conditions, water gains special properties viz. 

decrease in dielectric constant, enabling dissolution of semi-polar compounds. Thus, 

viscosity and surface tension of water decrease, increasing its penetrability that favors solute-

matrix interactions (Kilpelainen 2015).  

During hydrothermal treatment, the effect of time, temperature, ratio of liquid (extraction 

fluid) to solid (raw material), particle size of raw materials (e.g., wood chips), pH of the 

medium on the molar mass, yield, acetyl groups in GGM, the purity of GGM in terms 

monosaccharide composition, and lignin content have all been studied (Chadni et al. 2019a; 

Chadni et al. 2019b; Lundqvist et al. 2002; Michalak et al. 2018; Rissanen et al. 2015; Song 

et al. 2011; Song et al. 2008; Thornton et al. 1994). The relationship between the process-

related conditions on the properties of recovered extract has been summarized in Figure 3.  

Process related variables such as time and temperature affect the rate of hydrolysis reaction 

inside the wood matrix and diffusion of hemicelluloses from the inside of the matrix to the 

extraction medium (Rissanen et al. 2015). In reality, the process is complex and the effect of 

these variables on the physicochemical properties of the extract and their yield does not 
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always show a one-way interaction, as depicted in Figure 3. There may be interactions 

between the factors that can be exploited for a synergistic effect.  

 

Figure 3. Summary of the relationship between various factors during hydrothermal treatment (left 

column) and molar mass of GGM, their yield, amount of acetyl groups, and purity of GGM in 

terms of co-extraction of monosaccharides other than primary constituents of GGM and lignin 

content (right column). The + and – signs indicate direct and inverse relationships, respectively. For 

instance, increasing treatment time decreases molar mass of recovered GGM, increasing pH 

reduces purity of GGM. 

Ethanol-precipitation and filtration are commonly employed down-streaming methods to 

concentrate the polysaccharide fraction and to remove insoluble colloidal substances 

(Lundqvist et al. 2002; Thuvander et al. 2019). Ethanol precipitation is more effective in the 

removal of lignin and lignin-derived impurities relative to filtration (Song et al. 2013). In 

addition, filtration with different molecular cut-offs can be used in a sequential way to extract 

GGM with varying molar masses.   

2.4 Colloidal systems 

The word ‘colloid’ originates from the Greek word “kolla”, which means glue-like, and was 

first coined by Thomas Graham in 1861 to describe the unique behavior of this form of 

matter (Graham 1861). Colloidal systems include all particulate systems that have 

characteristics between a true solution and suspension. The particle size ranges from 1 nm 

to 1 µm in colloids (Ho 2013; Tadros 2017); when it's less than 1 nm or more than 1 µm, 

true solutions and suspensions are formed, respectively. Various definitions of solution, 

colloid, and suspension exist in the literature, therefore it is difficult to distinguish between 

these three systems, particularly between solution and colloid.  



26 

 

Colloidal systems are biphasic systems that feature an interface and exhibit the Tyndall effect 

(ability to scatter light) (Tadros 2017). They are composed of a dispersed and continuous 

phase (Ho 2013). Depending on the state of these two phases, they are classified as gels 

(liquid dispersed in solid), sols (solid dispersed in liquid), emulsions (liquid dispersed in 

liquid), and foams (gas dispersed in liquid). Both naturally-occurring and processed food 

products are some forms of simple or complex colloidal systems, e.g., milk is an emulsion, 

whipped cream is a foam, and jams/jellies are gels. Other types of colloidal systems include 

aerosols (liquid dispersed in gas) and smoke (solid dispersed in gas). Interactions of colloids 

within a system and with other constituents of food deliver microscopic and macroscopic 

structures that affect physical stability, flow, sensory properties, and the gastrointestinal fate 

of food products (McClements 2016).  

The thesis aims at studying properties of aqueous GGMs (biphasic system), where GGM is 

the primary dispersed phase and emulsions stabilized by GGMs (triphasic system), where 

GGM adsorbed oil droplets are the primary dispersed phase.  

There is some ambiguity in terms of the classification of aqueous polysaccharides as a 

solution, colloidal suspension, or a dispersion. Colloidal suspensions or sols have solid 

colloidal particles dispersed in a liquid, where particles are prevented from gravitational 

sedimentation due to Brownian motion. When the dimension of particles falls beyond the 

colloidal regime, i.e., 1 µm, they are referred to as coarse suspensions or dispersions (Tadros 

2018). According to Tadros (2017), synthetic or natural polymer molecules are monophasic 

systems at a macroscopic level; however, they can be classified as colloids if they exhibit 

attributes of a binary system at the microscopic level, i.e., if they exhibit interfacial region. 

Polysaccharide gels as a result of the molecular association are classified as colloids for this 

reason. Polysaccharides exhibit unique associative features forming supramolecular 

structures (reviewed further) (Dumitriu 2004), which are characteristics of a colloid. As 

supramolecular structures are less discussed and of less concern in many studies, literature 

may have used the term solution for simplicity. In the thesis, the term “aggregate” will be 

used to refer to any structure formed by molecular association between GGM or between 

GGM and other co-recovered compounds. When several aggregates are tightly packed and 

attain a 3D conformation, they will be referred to as particles. When several aggregates or 

particles are loosely packed, they will be referred to as agglomerates. The term 

“supramolecular” will be used as an umbrella term to refer to any of these structures. When 

discussing aqueous GGMs, the terms “dissolution”, “polysaccharide solution”, “solubility” 

are used in the thesis to be coherent with published literature. However, these terms are used 
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to refer to the colloidal or associative behavior of GGM and not to affirm that GGM forms 

a true solution.  

Emulsions are liquid in liquid colloidal systems composed of two barely miscible phases. In 

a two-phase system, a continuous phase is surrounded by a dispersed phase, which is in the 

form of fine droplets. Based on the radius of droplets, emulsions are classified into 

macroemulsions (0.1–5 µm), nanoemulsions (0.02–0.1 µm), and microemulsions (0.005–

0.05 µm). The former two are thermodynamically unstable but kinetically stable and more 

widely used in food formulation than the latter, which is thermodynamically stable and best 

described as “swollen micelles” (McClements 2012; Tadros 2018). Emulsions are divided 

into two groups: simple and multiple. Oil-in-water (O/W) and water-in-oil are simple 

emulsions. Water-in-oil-in-water or oil-in-water-in-oil are some examples of multiple 

emulsions. More sophisticated structures exist, such as colloidosomes, filled hydrogel 

particles, and microclusters (McClements 2016). Emulsion formation is thermodynamically 

unfavorable, which is why surface-active components or particles are used (reviewed 

further). 

2.4.1 Colloidal stability 

Colloidal systems are thermodynamically unstable, which means in the absence of kinetic 

barriers colloidal particles will associate over time to achieve the lowest energy state. This 

applies to colloidal particles in both suspensions and emulsions. A list of attractive and 

repulsive forces acting on a colloid is listed in Table 4 and Figure 4. To achieve colloidal 

stability, a delicate balance between these forces is required (Tadros 2017).  

In Figure 4, the colloid is illustrated as a spherical particle for simplicity. In reality, a colloid 

can be a particulate of any morphology. The colloid can be “lyophobic” like oil droplets in 

emulsions or “lyophilic” (hydrophilic) like polysaccharides and proteins. Lyophobic colloids 

can be stabilized by the addition of polymers with the mechanism of steric, electrosteric, or 

depletion stabilization mechanism as illustrated in Table 4 and Figure 4. 
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Table 4. Different types of interactions in colloidal systems (Ho 2013; Tadros 2017; 2018).  

Interaction Origin 

Van der Waals attraction Dipole-dipole interaction 

Hydrophobic attraction Hydrophobic groups  

H-bonding  Electropositive and electronegative atom 

Repulsive hydration forces Binding of water molecules with hydrophilic surfaces 

Electrostatic repulsion Positively or negatively charged surfaces 

Steric repulsion Adsorption of polymers on colloidal particles 

Depletion attraction/repulsion Unadsorbed polymers around colloidal particles  

 

 

Figure 4. Graphical illustration of most common stabilization mechanisms in colloidal systems. 

Refer to Table 4 for their description.  

The extent of colloidal association and their nature determine stability, texture, appearance, 

mouthfeel, digestion of food products (McClements 2016). In both suspensions and 

emulsions, colloidal particles exhibit time-dependent spatial and temporal correlations when 

inter-particle attraction surpasses repulsive forces (Tadros 2018). Colloidal association can 

lead to the formation of different types of structures (Figure 5A). When colloids in 

suspension/emulsion are stabilized by polymers, due to unadsorbed polymers in the 

continuous phase and insufficient particle coverage, depletion and bridging flocculation 

occur, respectively (Figure 5A).  

Particle interactions may result in the physical instability of the overall system. Depending 

on the density difference between the dispersed and continuous phase, gravitational 

sedimentation or creaming occurs (B, I, and IV). In emulsions, when particles with miscible 

phases come into contact, coalescence occurs (Figure 5B, V) (McClements 2016; Tadros 

2018).   
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A B 
 

  

Figure 5.  (A) Graphical illustration of different structures of unstable colloidal particles (B) 

Physical instability of colloidal system depicting (I) creaming without change in particle 

morphology (II) creaming due to flocculation (III) creaming due to Ostwald ripening (IV) 

sedimentation without change in particle morphology (V) creaming and coalescence of dispersed 

phase (VI) phase-inversion process that occurs in emulsions. 

2.5 Polysaccharide solubility  

Macromolecules such as polysaccharides are considered soft particles because they can 

attain a large number of shapes and conformation due to low elastic resilience against 

deformation or stretching (Malmsten 2003). Under any given solution and environment 

condition, they adopt well-defined conformations to minimize the free energy of the system 

(McClements, 2016). Polysaccharides behave as ideal chains in a good solvent, where  

individual monomers separate to attain any conformation (Figure 6A). They can partially 

shrink with a decrease in inter-chain interaction (Figure 6B), which occurs in a theta-solvent. 

In a poor solvent, high intermolecular attraction causes chains to shrink and collapse, giving 

rise to a compact globule-like conformation (Figure 6C).  

 

Figure 6. Polymer molecules in solution under (A) good, (B) theta, and (C) poor solvent. 

Biopolymers such as polysaccharides are often dispersed in an aqueous environment, where 

a large number of interactions such as hydrogen, hydrophobic, or ionic may occur 

concurrently depending on their structural features. Polysaccharides have a high affinity for 

water due to the presence of hydroxyl groups; however, their dissolution is a complex 
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balance between polymer-polymer interaction and polymer-solvent interaction. These 

interactions are affected by intrinsic polysaccharide characteristics such as molar mass, type 

of monosaccharide unit (acidic, neutral), monosaccharide arrangement (homopolymer, 

heteropolymer), branching degree, type of branching (even, random, cluster, branch-on-

branch), nature of substituents (mono-, di-, trisaccharide units), and presence of non-

polysaccharide units (such as acetyl groups, carboxyl groups, protein residues). Extrinsic 

characteristics such as solvent pH, ionic strength, type of cation, and temperature affect this 

complex balance (BeMiller, 2019; Guo, Hu, Wang, & Ai, 2017). Upon contact with the 

medium, polysaccharide chains are exposed and the interplay between the macromolecular 

interactions and macromolecule-solvent interaction results in either their dissolution or self-

association. Due to specific intermolecular interactions, dissolution of polysaccharides as 

single strand chains is rarely observed and the formation of supramolecular structures can 

impede their solubility (Dumitriu 2004).  

Homopolysaccharides without irregularities in their structure, such as cellulose, exhibit 

crystallinity. Irregularities in the form of substituents or different monosaccharide 

arrangements, for example, prevent the crystallization of polysaccharides. However, quasi-

ordered structures forming microcrystalline regions can exist in certain segments where 

regularities exist (Dumitriu 2004). The microcrystalline regions often result in gelation or 

supramolecular clusters are formed (Dumitriu 2004; Podzimek 2011). Highly branched 

polysaccharides as well as very high-molar mass polysaccharides (>106 g/mol) also form 

supramolecular structures (Podzimek 2011). Similarly, in polysaccharides with charged 

groups such as anionic polysaccharides with carboxylate groups, intermolecular associations 

exist when these groups are protonated (i.e., when pH of the medium is below the 

dissociation constant (pKa) of the charged group due to inhibited electrostatic repulsion). 

Monovalent and divalent cations can result in salting-out due to charge screening (decreased 

solubility) or promote intermolecular association resulting in gelation (BeMiller 2019c).  

Protein residues which are inherent to the polysaccharide structure are a common form of 

impurities in some polysaccharides such as pectin and gum Arabic, which are very 

commonly used as food hydrocolloids. These protein residues deliver amphiphilicity to these 

polysaccharides (Ngouémazong et al. 2015; Sanchez et al. 2018) and thus play a significant 

role in the emulsification (reviewed further). However, these hydrophobic groups are known 

to incur molecular associations in these polysaccharides. Molecular associations are also 

mediated by enzymatic cross-linking of the functional groups in polysaccharides, e.g., 
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enzyme-mediated cross-linking the ferulic acid in sugar beet pectin (Jung and Wicker 2012; 

Zhang et al. 2015).  

Polysaccharide solutions are spatially and dynamically complex (BeMiller 2019c). These 

characteristics most likely originate from their specific physiological functions in nature; 

e.g., persistent supramolecular structures with reduced solubility were possibly developed to 

endure harsh environmental conditions such as cold, rain, and snow (Dumitriu 2004). 

Several technological functionalities of polysaccharides such as viscosity and gelation are a 

result of their associative behavior. Polysaccharide-derived microgels, nanoparticles, 

nanofibers are novel structures derived from the supramolecular organization of 

polysaccharides (Murray 2019). Colloidal systems derived from self-assembly of 

polysaccharides are currently receiving attention as bioactive drug delivery vehicles with 

food and pharmaceutical applications (Dickinson 2017; Ishii et al. 2018; Mendes et al. 2017; 

Murray 2019; Yang et al. 2015). 

2.5.1 Spruce GGM solubility and characterization 

The molecular solubility of spruce GGM is mainly attributed to the presence of acetyl groups 

and galactose side groups. Acetyl groups are believed to be more crucial than galactose side 

groups (Sjöström 1993). In paper and pulping sectors, GGM solubility has been and is still 

relevant for their sorption tendency into TMP fibers during mechanical pulping. GGM 

(hemicelluloses in general) being hydrophilic than cellulose act as binders resulting in 

increased strength and flexibility of fibers (Tea et al. 2004) similarly to their functions in 

wood cells. During the pulp bleaching process, the deacetylation of GGM, e.g., would reduce 

their solubility and increase their sorption on cellulose fibers (Thornton 1994). Despite 

recent interest in the valorization of GGM, studies addressing multifactorial aspects affecting 

GGM solubility, the effect of recovery approaches, and the presence of other wood residues 

are scarce, and only the following studies are available to the author’s knowledge. 

Xu et al. (2007) reported colloidal suspensions of GGM that exhibited sedimentation over 

time. The study also observed that the deacetylation of GGM resulted in the aggregate 

formation, while salt addition had a minor effect on the solution stability, which was 

attributed to the non-ionic behavior of GGM. Parikka et al. (2010) observed that GGM lost 

their solubility when galactose units were enzymatically oxidized. These studies lacked a 

comprehensive detail on GGM solubility as it was characterized either by visual observation 

or turbidity measurement. 
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Kishani et al. (2018) studied molecular solubility of GGM that were recovered from different 

approaches namely, steam treatment of wood chips (125 °C, 20 min) followed by high-

pressure heating (100 °C, 5 min), mild steam pretreatment followed by hot-water extraction 

(60 °C, 3h) of wood chips and from the effluent of TMP plant. GGM varied in their post-

recovery treatment method to remove extractives and impurities. The study concluded that 

regardless of applied approaches, water was a poor dispersion medium for GGM and all 

samples displayed a poor to very poor solubility in water. A tentative explanation for the 

observation was differences in the chemical structure of GGM brought by recovery 

approaches. The potential role of lignin/lignin-derived residues was ruled out because their 

amount in the sample was very low. In the study, the solubility of GGM was characterized 

mainly by comparing the molar mass distribution of GGM dispersed in aqueous eluent and 

dimethyl sulfoxide (DMSO) analyzed using size-exclusion chromatography (SEC). DMSO 

as an organic solvent is very commonly used to solubilize polysaccharides. The difference 

in molar mass obtained in DMSO and the aqueous eluent is an indication of poor solubility 

(Pitkanen 2011). Although commonly used in polysaccharide characterization, SEC bears a 

few limitations: a poor separation resolution where differentiation of aggregates from 

individual polysaccharide chains is difficult, SEC columns can be easily blocked from 

insoluble analytes, thus in many cases, samples are filtered before measurement, which 

compromises the information of aggregates/agglomerates or other supramolecular structures 

(Podzimek 2011).  

Asymmetrical flow field-flow fractionation technique (AF4) has been reported to overcome 

these problems to a large extent. In AF4, the absence of a stationary column as in SEC allows 

for the injection of non-filtered samples without the risk of channel blockage. The separation 

occurs on a thin ultrafiltration membrane with an impermeable upper plate and a permeable 

lower plate, separated by a spacer, which controls channel thickness. Sample analysis is 

performed in three steps: sample injection, sample relaxation/focusing, and, elution. During 

the injection and focusing steps, the sample is injected to accumulate very close to the 

membrane surface via a perpendicular flow. During the elution step, the sample analytes 

elute along the channel with a transverse channel flow in increasing order of their diffusion 

coefficients (i.e., hydrodynamic sizes). The separation of analytes is obtained by applying a 

crossflow (Vx), which is perpendicular to the channel flow. With an appropriate Vx profile 

(linear or exponential) during elution, separation of high size disperse analytes can be 

achieved (Podzimek 2011). AF4 has been previously used to characterize aggregates of 
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cereal β-glucans (Zielke 2017), arabinoxylans (Pitkänen et al. 2011a), highly branched 

amylopectins (Perez-Rea et al. 2017), and high molar mass dextrans (Maina et al. 2014).  

2.6 Emulsions formation and stability by polysaccharides 

Emulsion formation from two immiscible liquid phases is thermodynamically unfavorable 

(Tadros 2017). Most emulsions exhibit a common feature, which is physical instability 

caused by the dispersed phase in order to reduce its Gibbs free energy. The total differential 

Gibbs free energy of an emulsion system is given by, 

                                    ∆𝐺 = 𝑉∆𝑃 − 𝑆∆𝑇 + ∑  𝜇𝑘  ∆𝑛𝑘 +  𝜎∆𝐴𝑘                            Equation 1 

where V is the volume, P is the pressure, S is the entropy, T is the temperature, 𝜇 is the 

chemical potential of individual components k, n is the number of the components, 𝜎 is the 

interfacial tension, and A is the interfacial area. The last term of the equation shows that for 

a given interfacial tension, Gibbs free energy increases with increasing interfacial area in a 

system. This means, emulsions with finely dispersed droplets have a high tendency to 

minimize their interfacial area, thus, these systems exhibit instability phenomena readily. 

Equation 1 also shows, in order to create new surfaces, interfacial tension needs to be 

reduced, which is commonly achieved by adding emulsifiers (Sjoblom 2005). A classical 

way is to add amphiphilic molecules or alternatively, solid particles can be used. The latter 

is referred to as Pickering-type stabilization (Pickering 1907). 

Polysaccharides, by nature, are not surface-active, thereby they attain amphiphilicity either 

from the presence of residual protein fraction or grafted non-polar groups  (McClements 

2016). Protein residues are attributed to the amphiphilic properties of natural polysaccharides 

such as gum Arabic, pectin, guar gum, and fenugreek gum, while grafted hydrophobic groups 

provide amphiphilicity to chemically modified polysaccharides such as cellulose derivatives 

and modified starch. Hydrophobic groups in these polysaccharides decrease interfacial 

tension between the oil and water phases and form a protective coating. Due to the 

polyelectrolyte nature of residual proteins, polysaccharides can stabilize emulsions by a 

combined steric and electrostatic stabilization  (Nakauma et al. 2008). The grafted 

hydrophobic side-groups effectively adsorb at the interface and induce steric stabilization 

(Bouyer et al. 2012) as illustrated in Figure 7A. Emulsion stability by polysaccharides 

depends on various conditions, such as polysaccharide nature, concentration, and the 

medium conditions such as pH, ionic strength, and other factors (Bouyer et al. 2012) because 

the medium conditions affect polysaccharide solubility (McClements 2016).  
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Solid particles, partly wetted by hydrophobic (oil) and hydrophilic (water) phases can 

stabilize oil/water interface by their adsorption (more accurately “adhesion interaction”). 

Adsorption of solid particles at the interface is thermodynamically favorable because of their 

high desorption energy, which is given by: 

                 Δ𝐸 =  𝜋 𝑅2 𝛾 (1 ± 𝑐𝑜𝑠𝜃)2                                              Equation 2 

where R is the radius of a spherical particle, 𝛾 is the oil/water interfacial tension and 𝜃 is the 

contact angle (usually defined by the aqueous phase). The “±” sign depends on whether the 

particle is being desorbed into the air (in foams)/oil (in emulsions) or water phase. The 

desorption energy for particles of a few tens of nanometers and for contact angles that are 

not close to 0° and 180° is already in the order of 103 kBT, where kB is the Boltzmann’s 

constant and T is the absolute temperature. In contrast, amphiphilic molecules have far less 

desorption energy (in the order of 100–101 kBT), which means they are able to desorb faster 

from the interface than solid particles (Deshmukh et al. 2015). Although Equation 2 infers 

an increase in desorption energy with particle size making adsorption of larger particles 

irreversible, increasing particle size has shown to increase the size of oil droplets in 

emulsion. The rule of thumb is, particle size should be smaller than the desired droplet size 

(Low et al. 2020). Additional to the desorption energy, recent models have attributed the 

stabilization of the particle-coated oil droplets to the capillary pressure exerted by the 

particles to the thin liquid film separating the oil droplets, which is directly and inversely 

proportional to 𝛾 and R, respectively. This means smaller particles confer better stabilization 

than larger particles. Capillary pressure also depends on particle arrangement and interfacial 

coverage (Kaptay 2006). Different types of organic and inorganic solid particles with 

varying morphologies have been studied to prepare Pickering emulsions (Ortiz et al. 2020). 

For particles to be used for Pickering-type stabilization of emulsions, they must be partially 

wetted by both phases at a contact angle of 15° < θ < 90° for O/W and 90° < 𝜃 < 165° for 

W/O emulsions (Kaptay 2006). Particles’ shape and charge have been found to govern their 

organization at the interface and, consequently, their ability to stabilize the emulsion. The 

desorption energy of non-spherical particles is higher than the spherical ones (Low et al. 

2020).  

A traditional description of Pickering stabilization involves the concept of a monolayer 

saturation of closely packed spherical particles around each droplet. However, alternative 

structural arrangements of particles can exist, as illustrated in Figure 7C-F (Dickinson 2017).  
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Figure 7. (A) Steric stabilization by amphiphilic polysaccharide with viscosity enhancing effect (B) 

stabilization due to viscosity enhancement in the continuous phase (C-F) different structural 

arrangements in Pickering-type stabilization. Adapted from Dickinson (2017). 

Polysaccharide-based particles such as cellulose micro-, nanocrystals, chitin, starch 

granules, chitosan have been reported to adsorb at interfaces and create physical barriers 

against emulsion destabilization. These polysaccharides have crystalline/semi-crystalline 

regions that act as hydrophobic surfaces with an ability to adsorb at an oil/water interface 

(Dickinson 2017; Lam et al. 2014). It has been observed that polysaccharides in the form of 

particles (e.g. microgels) confer higher emulsion stability from Pickering-type stabilization 

than when used in the polymeric form (Saavedra Isusi et al. 2020). A similar observation 

was made for non-surface active polysaccharides namely, gellan gum, agar, and curdlan with 

gelling abilities (Ishii et al. 2018). 

In the continuous phase of emulsions, non-adsorbing polymers or particles in excess amount 

can create a stabilizing effect known as depletion stabilization (Bai et al. 2018; Semenov 

2008; Xing et al. 2015). In the case of particles, this has been termed the nanoparticle haloing 

effect (Semenov 2008). Unadsorbed particles can prevent droplet mobility by acting as filler 

material in the continuous phase of emulsions (Dickinson 2017). Conversely, non-adsorbing 

polymers can also induce depletion flocculation in dilute systems. Emulsions can be 

stabilized by restricting the mobility of the dispersed phase with viscosity effects or gel 

formation in the continuous phase of emulsions (Figure 7B). Polysaccharides such as 

xanthan gum, carrageenan, alginate have been demonstrated to stabilize an emulsion by such 

effects (Bouyer et al. 2012).  

The composition and structure of the interfacial region are determined by the type and 

concentration of the adsorbed species prior to emulsion formation and by the events that 

occur during and after emulsion formation. The composition, structure, thickness, rheology, 

and charge of the interfacial region in emulsions are of particular interest to food scientists 

as they influence the physical stability, flow properties, and gastrointestinal fate of 

emulsions. Through careful design of the emulsion interface, events such as tailored delivery 
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of bioactive compounds, flavor release, and prevention of lipid oxidation can be controlled 

(McClements 2016).  

2.6.1 Emulsions stabilized by GGM 

The emulsion stability study of GGM for food applications was initiated by Mikkonen et al. 

(2009). In the pioneering study, O/W emulsions from GGM recovered from the effluent of 

TMP mills exhibited better emulsification ability compared with commercial mannans, 

namely konjac glucomannans, guar galactomannans, and locust bean galactomannans. More 

studies followed where emulsions were studied from GGM obtained from wood chips and 

sawdust using hydrothermal treatments, namely PHWE and BLN processes for their ability 

to maintain the physical stability and chemical stability in emulsions.  

Mikkonen et al. (2016b) reported efficient emulsification and stabilizing abilities of GGM 

compared to the other two food hydrocolloids, namely corn fiber gum and gum Arabic. 

Subsequently, Mikkonen et al. (2016a) attempted to correlate the stability of emulsions with 

their rheological properties, where dilute and concentrated emulsions up to 60 wt.% oil with 

a GGM to oil ratio of 0.2 were studied. Suggested emulsion stabilization mechanisms were 

a mixed effect of steric stabilization and Pickering-type stabilization arising from GGM 

assemblies in dilute emulsions while in highly concentrated emulsions, viscous continuous 

phase contributed to the stability. In addition to vegetable oils, GGM was able to successfully 

emulsify and stabilize highly viscous alkyd resin emulsions (Mikkonen et al. 2019). The 

study reported that GGM recovered from PHWE and TMP process had a better functional 

performance compared to GGM from the BLN process. This was attributed to a low phenolic 

content in the latter. 

All past studies have addressed the functionality of GGM in terms of phenolic residues. 

GGM has been assumed to be molecularly dispersed where co-extracted phenolic residues 

bound to polysaccharides anchor at the emulsion interface (Lehtonen et al. 2018). This could 

indeed be true as a recent study demonstrated that the phenolic residues in GGM could be in 

the form of LCC (Carvalho et al. 2020; Lahtinen et al. 2019). However, it has also been 

acknowledged that phenolic residues may not be able to solely explain the emulsion stability. 

Recently, Valoppi et al. (2019) suggested that lignin-rich particles could exist in GGM 

recovered from the PHWE process with the potential to stabilize emulsion via Pickering-

type stabilization. However, the presence of supramolecular structures in GGM, the affinity 

of GGM for the association, and their possible role in emulsion stability have not been 

discussed. 
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3. Aims of the study 

This doctoral thesis aimed to explore the hydrocolloidal properties of spruce GGM in 

emulsions using a bottom-up approach. The emulsion stabilization ability of GGM was 

explicated through understanding the solubility of GGM. The underlying hypothesis was 

that the solubility of polysaccharides influences their functionality as stabilizers.  

Spruce GGM can be recovered from wood chips prior to pulping or side-streams of forest 

industries such as sawdust, or by using hydrothermal treatments such as hot-water extraction. 

They can also be recovered from the effluent of mechanical pulping mills. This thesis 

included GGM recovered from pressurized hot water extraction, modified pressurized hot 

water extraction named as BLN process, and effluent of the thermomechanical pulping 

process. The former two processes utilized sawdust and wood chips. Furthermore, crude 

extract, as well as purified extract after the ethanol-precipitation, were studied. The detailed 

hypotheses were: 

1) Aqueous GGM exhibit associative properties—a behavior also observed in aqueous 

solution of other natural polysaccharides. 

2) Recovery approaches affect associative properties of GGM by influencing molecular 

associations between them or with co-extracted compounds.   

3) Associative properties of GGM influence interfacial features and emulsion stability. 

Solubility of spruce GGM obtained from different recovery approaches was studied in a 

biphasic system (aqueous state) and triphasic system (emulsion). The functionality of 

purified GGM from PHWE process was further studied in detail. The following were the 

specific aims of the study. 

1) To explore the differences in macromolecular features of GGM recovered using 

various biorefining approaches (Publications I and II) 

2) To reveal the effect of solution conditions on associative behavior of GGM 

(Publication III) 

3) To explain the emulsion stabilization mechanism of GGM (Publications I, IV, and 

unpublished work).  

4) To understand the functional performance of GGM in emulsion (Publication IV). 

It is expected that an improved understanding of these fundamental aspects opens doors of 

possibilities to utilize GGM in multiphasic systems, provides knowledge for their further 

derivatization if needed and a desired property-based biorefining approach can be identified. 
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4. Experimental section  

4.1  Materials  

In the study, GGM from Norway spruce (Picea abies) was recovered using PHWE, TMP 

and, BLN processes. 

The PHWE extraction was performed by Dr. Petri Kilpeläinen and coworkers at the Natural 

Resources Institute Finland (Luke) in a pilot-scale flow-through extractor according to 

Kilpeläinen et al. (2014). The extraction was performed on 96.9 kg (43.5 kg dry weight) 

spruce sawdust using only tap water for 70 min at 170 ºC at a flow rate of 20 kg/min. A 1050 

kg concentrate was collected, which was either used as such after spray drying or purified 

using ethanol using the conditions shown in Figure 8. The unpurified and purified extracts 

will be referred to as sPHWE GGM and ePHWE GGM, respectively in the thesis.  

 

Figure 8. Schematic illustration of the recovery of spray-dried GGM (sPHWE GGM) and ethanol-

precipitated GGM (ePHWE GGM) from the pressurized hot water extraction (PHWE) process.  

GGM recovered from the effluent of the TMP process was kindly provided by Prof. Stefan 

Willför and Dr. Chunlin Xu from Åbo Akademi, Turku, Finland. This GGM was recovered 

in industrial-scale isolation from a Finnish mill producing TMP by concentrating the process 

water with a series of filtration and ultrafiltration techniques. The resulting concentrate was 

either spray dried or purified using ethanol-precipitation using a concentrate: ethanol volume 

ratio of 1:9 v/v, followed by drying in a vacuum desiccator at 40 °C. The spray-dried GGM 

and ethanol-precipitated GGM from this process will be referred to as sTMP GGM and 

eTMP GGM, respectively in the thesis.   

BLN GGM was kindly provided by CH Bioforce Oy, Finland. BLN process used wood chips 

to obtain GGM. The process used pressurized hot water extraction of wood chips at 150–

160 °C according to a patent application by Schoultz (2015). The process was intended to 

obtain a highly pure hemicellulose fraction, thus, it differs from the PHWE by Kilpeläinen 
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et al. (2014) in some aspects. Contrary to the PHWE process, where the extract was collected 

after a continuous flow-through extraction, in the BLN process, the extract was recirculated 

multiple times through the biomass. By doing this, the aromatic residues in the extract were 

readsorbed back to the biomass intending to obtain extract free of aromatic residues such as 

lignins and extractives. According to the patent, about 96% of hemicelluloses and a trace 

amount of lipophilic compounds were obtained before the purification. Nonetheless, the 

sample used in this study was purified using ethanol precipitation at a concentrate: ethanol 

ratio of 1:3 v/v, separated by centrifugation at 2000 rpm, washed with ethanol further and 

dried in vacuum at 40 °C.  

The detailed analysis of total carbohydrate, phenolic content, and extractives was performed 

in a recent study (Mikkonen et al. 2019), which is summarized in Table 5 and Table 6.  

Table 5 Monosaccharide content (mg/g) of dry GGM samples (excluding free monosaccharides) and 

their sum after applying correction factors for hexoses, pentose, and uronic acids to compensate for 

the condensation reaction. Analysis performed by acid-methanolyis, silylation of samples in series 

followed by analysis in gas chromatography with flame-ionization detector (GC-FID). 

 Samples  Araf Rhap Xylp Manp Galp Glcp GlcAp MeGlcAp GalAp   Sum 

sPHWE 7.7 5.5 73.1 428.1 53.9 105.1 n.d 13.0 23.4 
 

710 

ePHWE 5.1 5.5 82.2 474.9 60.7 118.2 n.d 11.4 26.1 
 

784 

sTMP 21.5 6.8 8.3 361.8 84.8 147.6 5.8 1.3 22.2 
 

660 

eTMP 18.0 3.8 7.5 433.8 96.7 142.2 5.5 1.2 21.7   730 

BLN  3.0 0.7 50.8 501.2 92.1 142.1 n.d 4.1 1.4 
 

795 

*n.d– not detected   

Table 6 Total phenolic and extractive contents (mg/g dry sample) and degree of substitution (DS) of 

acetyl groups in GGM samples.  

Sample Phenolic content (mg/g) Extractives (mg/g) DS 

sPHWE  48.7 5.1 0.20 

ePHWE 15.8 0.14 0.21 

sTMP 19.4 9.1 0.24 

eTMP 5.1 0.89 0.19 

BLN 2.3 0.14 0.25 

* The total phenolic content analyzed by Folin-Ciocalteau assay reported as mg Gallic acid equivalent/g dry 

sample 

* Total extractives as a sum of dioc, fatty, resin, oxidized resin acids, simple phenolics, identified and 

unidentified lignans. Extractives analyzed by capillary GC-FID, gas chromatography-mass spectrometry after 

liquid-liquid extraction of sample with methyl tert-butyl ether.  

* DS calculated according to Xu et al. (2010) after alkaline hydrolysis followed by acetic acid analysis in High-

performance liquid chromatography.  
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In all GGM samples, primary monosaccharides of GGM namely, Manp, Glcp, and Galp were 

present (Table 5). Other softwood hemicelluloses such as arabinoglucuronoxylans, 

arabinogalactans, and pectic polysaccharides such as rhamnogalactans were co-recovered 

with GGM in minor quantities. The term “GGM” referred to in the thesis represented this 

amalgam of spruce non-cellulosic polysaccharides. 

Rapeseed oil from Keiju Bunge Finland Oy (Raisio, Finland), purchased from a local 

supermarket, was used as a dispersed phase in the emulsion study. Publications I and IV used 

different batches of rapeseed oil. During the study, the oil was protected from light and stored 

at 4 °C. Details of chemical reagents used in different sets of studies can be found in 

Publication (I-IV).  

4.2 Aqueous GGM preparation  

The first part of the study was about the understanding difference in solubility of GGM 

brought by different recovery approaches (PHWE, TMP, and BLN processes) and purity 

(Publication I and II) followed by studying the associative behavior of GGM under a range 

of solution conditions (Publication III). 

A 1% w/v GGM was prepared in a 25 mM sodium citrate buffer at pH 4.5 by mixing 

overnight under a magnetic stirrer at room temperature (RT). The original pH of the GGM 

in water ranged from 5–6. The chosen pH was close to the pH of most food products in our 

everyday consumption, e.g., yogurt. To investigate changes in the structural features of 

GGM during high-shear forces, the aqueous phases were treated with the same process 

applied during emulsion preparation, i.e., aqueous phases after overnight stirring were 

mechanically mixed using Ultra-Turrax (T-18 basic, IKA, Staufen, Germany) equipped with 

a disperser-type stirrer at 11,000 rpm for 5 min and further sheared in a Microfluidizer 110Y 

(Microfluidics, MA, USA) with three passes at 800–850 bar. First, turbidity analysis was 

performed to understand differences in sample solubility. The buffer was used as a control 

sample. Second, the size-based fractionation of samples was performed by AF4 followed by 

the analysis of the separated fraction for molar mass, radius of gyration (Rg), and 

conformational features (when applicable). Third, the structural features of GGM and their 

changes after the high-shear treatment were studied by using Small-angle X-ray scattering 

(SAXS). Selected GGM samples were also studied after heating to 70 °C, freezing to –80 °C 

and subsequent thawing. Based on the findings of previous studies (Lehtonen et al., 2018; 

Mikkonen et al., 2019), GGM recovered from the PHWE process were prioritized, thus, 
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colloidal structures in sPHWE GGM and ePHWE GGM were visualized using cryo-

transmission electron microscopy (cryo-TEM). 

In the next step, purified GGM from the PHWE process (ePHWE GGM) was studied under 

a set of different solution conditions (Publication III). A semi-dilute solution at 2% w/v 

ePHWE was mixed in a 25 mM citrate-carbonate buffer for 2–3 h at pH values of 3.6, 4.6, 

7.2, and 10 and two ionic strengths. For the latter, 50 and 100 mM NaCl was added to the 

aqueous phases at the acidic (pH 4.6) and alkaline (pH 10) conditions. The aqueous phases 

at pH 4.6 and 10 were also shear-treated under similar shear forces reported in the previous 

paragraph with slight modifications. Mechanical mixing in UltraTurrax was for 2 min at 

22,000 rpm and a continuous pass for 32 s was used in a microfluidizer. The time duration 

was equivalent to 4 passes (1 pass longer than applied in the previous paragraph). Thus, in 

this part of the study, a slightly higher shear force was applied. Differences in the sample 

solubility were studied by turbidity measurement and particle size analysis by DLS. The 

solutions were stored for 1–4 weeks at RT with 0.02% (w/v) sodium azide as a preservative 

against microbial spoilage. The colloidal (in)stability during storage was investigated by 

monitoring sedimentation kinetics, performing particle size analysis, and visualizing time-

dependent agglomerate formation using optical microscopy. 

In both sets of studies, zeta (ζ) -potential of aqueous phases was measured. The experimental 

summary of the first phase of the study is outlined in Figure 9. The experimental details are 

described in the upcoming section.   

 

Figure 9. Summary of experimental work on the solubility of GGM.  



42 

 

4.3 Turbidity and sedimentation kinetics measurement  

The turbidity analysis was performed by measuring the amount of transmitted light through 

a 20 ml GGM solution over the entire sample height using Turbiscan Lab expert 

(Formulaction, Toulouse, France), which uses near-infrared light source at 880 nm. Turbisoft 

version 1.2 (Formulaction, Toulouse, France) software was used to collect the data and 

perform further analyses. 

Samples were stored for 4 weeks at RT and light transmission was measured twice a day. 

Colloidal instability (sedimentation in this case) from particle size variation was analyzed 

by the integrated algorithm in the software that provided the Turbiscan Stability Index (TSI) 

for each sample. TSI is a unitless positive number obtained by summing up the changes in 

transmission and/ backscattering intensities measured over the entire height of the sample 

from the previous measurement. In this way, the evolution of TSI during storage was used 

as a basis to understand sedimentation kinetics. The latter was compared between the 

solutions under a different set of solution conditions. 

4.4 Size dispersity and conformational features analysis 

by AF4-MALS 

It was hypothesized that GGM existed as a mixture of molecular and supramolecular states. 

Polysaccharide analysis using conventional SEC requires sample filtration before 

measurement, which compromises the analysis of other possible structures. For this reason, 

AF4 was used, where multiple fractions in GGM could be separated only by changing flow 

conditions. The instrument details have been reported earlier in Sulaeva et al. (2019). AF4 

system was coupled with Azura UVD 2.1S UV detector (Knauer Wissenschaftliche Geräte 

GmbH, Berlin, Germany) at 280 nm, Wyatt Dawn Heleos II MALS detector with a 658 nm 

laser and band-pass filters installed on each second of 18 detectors, and a Wyatt TReX 

refractive index (dRI) detector in series. The separation was performed on a 275 mm long 

channel with 490 µm spacer and 3 kDa regenerated cellulose membrane from Merck KGaA, 

Darmstadt, Germany. An injection volume of 100 or 200 µl was used, samples were focused 

for a total of 10 min and an initial crossflow rate (Vx) of 3 ml/min was used. The Vx profile 

during elution can be found in Publication I and II. A constant outward/detector flow rate of 

1 ml/min was used. A detailed study behind the choice of several variables in AF4 can be 

found in Publication II, which is not included in the thesis. The MALS data was fitted to 

Zimm and Berry formalism, fit order 1 to obtain molar mass and Rg. Exponential fit with fit 

order 1–6 was used to obtain fitted molar mass values. The conformational plot was obtained 
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from molar mass and Rg data plotted on a log-log scale. The forward monitor in MALS 

detector was used to correct for the absorption and fluorescence effects most likely 

originating from the wood-derived aromatic residues in the samples. The total mass recovery 

% of the sample was obtained from the software, which takes into account the injected mass, 

specific refractive index (dn/dc) value samples, dRI calibration constant, flow rate, and 

elution time.     

4.5 Structural features studied by SAXS 

SAXS measurements were performed at Diamond Light Source Synchrotron (Didcot, 

Oxfordshire, UK) with the standard solution SAXS set-up of beamline B21 (bioSAXS robot) 

at 20 ℃. Sample and detector Pilatus 2M (Dectris, Baden-Daettwil, Switzerland) distance 

was 4.014 m and photon wavelength λ = 0.1 nm. Scattering vector is defined as 𝑞 =
4𝜋 𝑠𝑖𝑛 𝜃

𝜆
, 

where θ is half of the scattering angle and relates to distances in real space by 𝑑 =
2𝜋

𝑞
. The 

operating q-range was 0.032 to 3.8 nm-1 and 35 μl of the sample was injected. Measurement 

times were 1 second per data frame and 28 frames per sample. The calibration, normalization 

of data to an absolute scale, spherical averaging, merging, and correction for background 

(buffer) scattering were done by in-house software and ScÅtter program version 3.1. The 

data were inspected for radiation damage before merging. For shear-treated samples, 

merging and correction for buffer scattering were done using MATLAB (MathWorks Inc, 

Massachusetts, USA). 

4.6 Visualization of colloidal structures by cryo-TEM 

Sample preparation for cryo-TEM included vitrification on a freshly glow-discharged 

Quantifoil R1.2/1.3 copper grids covered by holey carbon film by plunging 3 µl aliquots into 

liquid ethane at –178 °C after 1 h of incubation at 22 °C. FEI Talos Arctica microscope 

operated at 200 kV was used for imaging. The images were recorded with a FEI Falcon 3 

camera operated in a linear mode at a nominal magnification of 22,000x. 

4.7 Particle size and zeta potential measurement 

Zeta potential and particle size analysis of aqueous GGM were measured at 25 °C using 

Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). For zeta potential analysis, 

appropriately diluted samples were loaded in folded capillary cells and equilibrated at 25 °C 

for 2 min before measurement. Next, three repeated measurements were obtained from at 
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least 30 continuous readings on each sample. Smoluchowski equation was used for zeta 

potential calculation. Measurements were performed in duplicate when zeta potential was 

close to zero. 

When associative behavior ePHWE GGM was monitored during storage, the particle size 

(in diameter) was obtained after sample filtration using a 30 mm syringe Glass Micro Fiber 

(GMF) filter of pore size 0.7 μm (Thermo Fischer Scientific, USA) on preparation day (Day 

1), after one (1W), and four weeks (4W) of storage at RT. Two replicates from each sample 

were measured three times. Independent sample t-test or one-way ANOVA followed by 

posthoc Tukey’s test was performed to differentiate the mean particle size of ePHWE GGM 

at different solution conditions at P < 0.05. SPSS Statistics 25 (IBM Corp, USA) was used 

for statistical analysis.  

4.8 Agglomerates visualization by optical light microscopy  

The time-dependent formation of ePHWE GGM agglomerates was visualized using an 

Axiolab optical microscope (Carl Zeiss, Oberkochen, Germany) equipped with Axiocam 305 

camera or Axiocam MRc (Carl Zeiss, Oberkochen, Germany). 

4.9 Emulsion preparation  

The second part of the study aimed to understand the stabilization mechanism of GGM 

recovered from GGM using different approaches and with different purity levels.  

Emulsions were prepared at 1 wt.% GGM at all times. The oil content varied in different sets 

of studies and was between 0.5–10 wt.%. Emulsions were prepared in two stages; using 

Ultra-Turrax to obtain coarse emulsions, followed by further disruption of oil droplets in a 

microfluidizer. For each study, aqueous phases and emulsions were treated under the same 

conditions, which is reported in section 4.2.  

It was hypothesized that the difference in their colloidal behavior would affect interfacial 

adsorption, interfacial structure, and emulsion stability. Emulsions were prepared at a 1 wt.% 

GGM and 2.5 wt.% oil to obtain a GGM to oil ratio of 0.4 (Publication I). The GGM were 

mixed in a 25 mM sodium citrate buffer at pH 4.5 by stirring overnight in a magnetic stirrer. 

Since the optimal GGM to oil ratio was unknown for all GGM, a high GGM to oil ratio was 

chosen to obtain a stable emulsion. Emulsions were prepared under the same conditions as 

described in section 4.2. The interfacial structure analysis and visualization were performed 
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by SAXS and cryo-scanning electron microscopy (cryo-SEM). The changes in oil droplet 

size and oil droplet morphology during 2-week storage at RT were measured by static light 

scattering and optical microscopy. The kinetic stability of emulsions was performed by 

Turbiscan. In this study, the emulsions from sPHWE GGM and ePHWE GGM were further 

studied with 0.5 and 5 wt.% oil to obtain a GGM to oil ratio of 2 and 0.2, respectively 

(Unpublished work).  

Subsequent studies in emulsions focused on understanding the functionality of 

polysaccharide fraction of GGM (Publication IV). Purified GGM recovered from the PHWE 

process, i.e., ePHWE GGM was studied. Emulsification and stabilization abilities of the 

ePHWE GGM was performed by expanding the GGM to oil ratio of 0.4 on both sides. In 

other words, a fixed 1 wt.% ePHWE GGM was used to emulsify 0.5, 1, 2.5, 5 and, 10 wt.% 

oil content to obtain GGM to oil ratio of 2, 1, 0.4, 0.2, and 0.1, respectively. The ePWHE 

GGM were mixed in a 25 mM sodium citrate buffer at pH 4.5 by stirring overnight in a 

magnetic stirrer. The emulsions were partitioned to obtain the adsorbed and unadsorbed 

fraction to understand the distribution of the GGM in each phase. Additionally, a long-term 

stability analysis of the emulsions was performed at an accelerated storage condition of 40 

°C for 9 weeks. Changes in the oil droplet size and oil droplet morphology were monitored 

periodically. In this study, rapeseed oil was used after purification by adsorption 

chromatography using an established protocol (Lampi et al. 1999) to eliminate the effect of 

any other naturally occurring surface-active compounds present in the oil.  

Thirdly, the effect of pH and ionic strength emulsification ability of the ePHWE GGM was 

investigated (Unpublished work). Emulsions were prepared at 1 wt.% ePHWE GGM with 5 

wt.% oil at pH 3.6, 4.6, 7.2, and 10. The ePHWE GGM were mixed in a 25 mM citrate-

carbonate buffer for 2–3 h before oil addition. A 100 mM NaCl was added to the aqueous 

phases at acidic (pH 4.6) and alkaline (pH 10) conditions and mixed for a further 30 min 

before oil addition. The emulsion preparation conditions were similar to that applied for its 

aqueous phase, which is reported in section 4.2. Droplet size measurement was performed 

on preparation day (Day 1), after 5 days (Day 5) and after 7 days of storage (Day 7) at RT. 

The droplet morphology of emulsions was visualized on the second day of storage. All 

emulsions were added with 0.02% (w/v) sodium azide as a preservative against microbial 

spoilage during storage.  

The experimental summary of the second phase of the study is outlined in Figure 10. 
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Figure 10 Summary of the experimental work on the emulsion study from GGM.  

4.10 Emulsion interface study 

4.10.1  SAXS 

To understand the interfacial features of GGM emulsions, SAXS was performed in the 

synchrotron facility in parallel with aqueous phases of GGM, reported in section 4.4.1. The 

measurement was performed on the 5–6th day of preparation. During this time, the 

emulsions were shipped to the facility and stored at RT before the measurement.  

The background-corrected data was fitted with MATLAB with a model comprising of a 

linear combination of one-dimensional scattering patterns of the background-corrected 

aqueous phase, oil, and a power law behavior given by,  

𝐼𝑓𝑖𝑡 (𝑞) = 𝐴𝑞−𝑝 + 𝐵𝐼𝑜𝑖𝑙 + 𝐶𝐼𝑎𝑞   Equation 3 

where A, B, C, and p are constants, q is the magnitude of the scattering vector,  Ioil and Iaq  

are the measured scattering intensities of the oil and the aqueous phase, respectively. Error 

analysis was done for the emulsions, aqueous phase, and oil by a Monte Carlo (MC) 

procedure, where 1000 data sets were generated based on the SAXS intensities. The fits were 

averaged and checked for outliers and standard deviations of fitting parameters are reported 

as a fitting error. 
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4.10.2  Cryo-scanning electron microscopy (cryo-SEM) 

Cryo-SEM was performed on selected emulsions primarily for oil-in-water interface 

visualization. First, emulsions were cryopreserved by high-pressure freezer (Leica EM 

HPM100, Leica Microsystems GmbH, Wetzlar, Germany) using 2 x 100 µm planchette. The 

sandwiched planchettes were mounted in a planchette holder under liquid nitrogen and 

transferred to a vitreous cryo-transfer shuttle (Leica EM VCT100, Leica Microsystems 

GmbH, Wetzlar, Germany). Emulsions were cracked, sublimated for 1 min at –90 ºC, and 

sputter-coated with Carbon/Platinum (Leica EM MED020, Leica Microsystems GmbH, 

Wetzlar, Germany). The coating was 6 nm thick. The coated emulsions were examined with 

a SEM (FEI Quanta 3D, Thermo Fisher Scientific, Massachusetts, USA) at an accelerating 

voltage of 2 kV. 

4.11 Emulsion characterization  

4.11.1  Droplet size distribution 

Mastersizer Hydro 3000 SM (Malvern Instruments Ltd, Worcestershire, UK) using static 

light scattering technique was used to monitor droplet size distribution of the emulsions after 

the preparation and during storage. The emulsions were diluted in MilliQ water for 

measurement to avoid multiple scattering effects. Refractive indexes of 1.33 and 1.47 were 

used for the water and rapeseed oil, respectively. A density value of 0.905 g/cm3 was used 

for rapeseed oil. Emulsions were gently mixed by turning upside down for homogeneity 

before analysis. 

4.11.2  Optical light microscopy 

To monitor the changes in oil droplets’ morphology due to coalescence or flocculation, 

emulsions were visualized under the same optical light microscope reported in section 4.4.4 

with Axiocam MR3 camera (Carl Zeiss Inc., Oberkochen, Germany). Emulsions were gently 

mixed for homogeneity before observation.  

4.11.3  Destabilization kinetics of emulsions  

TSI was obtained from emulsions using a similar method as sedimentation kinetics in section 

4.3. However, in contrast to destabilization in colloidal suspension which occurs mainly by 

particle aggregation leading to sedimentation, colloidal instability in emulsions largely 

originates from the changes in the oil droplets due to coalescence or flocculation. To predict 
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emulsion stability and kinetics of destabilization during prolonged storage, a non-linear 

regression was performed on the global TSI obtained from each emulsion given by,  

𝑇𝑆𝐼 = 𝑇𝑆𝐼𝑚𝑎𝑥(1 − 𝑒−𝑘∙𝑡)                                           Equation 4 

where TSImax is the maximum TSI reachable at infinite times, k is the rate constant, and t is 

time. The Levenberg-Marquardt algorithm was used to perform least-squares function 

minimization and the goodness of fit was evaluated based on statistical parameters of fitting 

(R2, P-value, standard error) and the residual analysis using GraphPad Prism v. 5.03 

(GraphPad Software, San Diego, CA, USA). To evaluate the statistical difference among the 

estimated regression parameters (TSImax and k) between samples, Bonferroni’s Multiple 

Comparison test was performed. All statistical analyses were performed at P < 0.05.  

4.12 Emulsion partitioning and analysis 

To understand the distribution of the adsorbed and unadsorbed GGM in the emulsions, they 

were partitioned by centrifugation. The method has been described in detail in Publication 

IV. Briefly, the cream and continuous phase was separated by high-speed centrifugation 

performed at 24,000 g for 30 min. The cream was collected and the remaining phase was 

centrifuged for an additional 30 min. The cream was separated again and mixed with the 

previously obtained cream. The continuous phase was lyophilized for further analysis. The 

cream was mixed with a 1% (w/v) sodium dodecyl sulfate (SDS) solution with a cream: SDS 

solution ratio of 1:10 (w/v) overnight under gentle stirring. The aim was to obtain the 

adsorbed fraction after SDS replaced GGM from the emulsion interface. The SDS-cream 

mixture was centrifuged for 30 min at 24,000 g. The adsorbed GGM which was replaced by 

SDS were collected from the lower part after centrifugation. This part  (adsorbed fraction) 

and the previously lyophilized continuous phase (unadsorbed fraction) were washed 

separately with heptane three times to remove any oil residues followed by drying in a 

vacuum oven at 25 °C for 1 h and stored for further analysis. The adsorbed and unadsorbed 

fractions were studied for total polysaccharide content using acid methanolysis, silylation, 

and subsequent analysis in gas chromatography according to Sundberg et al. (1996). The 

total polysaccharide content was calculated by adding the monosaccharides with correction 

factors: 0.88 for pentoses, 0.9 for hexoses and, 0.91 for uronic acids to compensate for water 

loss during condensation reaction. Measurement was performed in triplicates.
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5 Results  

5.1 Effect of recovery approaches and purity on the 

colloidal features of GGM 

5.1.1 Turbidity measurement  

In the first step, the turbidity of all of the aqueous GGM samples recovered from PHWE, 

TMP, and BLN processes was compared to observe differences in their solubility (Figure 

11) (additional data from Publication I). The light transmission (%) through these samples 

were measured together with visual observation.  

A B 

 

 

 

Figure 11. (A) Light transmission % as a function of vial height (from bottom to top) containing 

1% sPHWE GGM, ePHWE GGM, sTMP GGM, eTMP GGM, and BLN GGM in a 25 mM sodium 

citrate buffer at pH 4.5 on the preparation day and the buffer as control. Inset in panel A is the 

magnified transmission % of 1% sTMP GGM, eTMP GGM and sPHWE GGM. (B) Visual 

appearance of the samples on the preparation day.  

As displayed in Figure 11A, light transmission through aqueous phases containing GGM 

samples was lower than the buffer because they were turbid. The BLN GGM and ePHWE 

GGM, which were purified extracts, were less turbid than the rest of the samples and between 

them, the former was less turbid than the latter. The sPHWE GGM, sTMP GGM, and eTMP 

GGM were very turbid, as observed from their very low transmission (inset in Figure 11A). 

Visual observation suggested the same (Figure 11B). PHWE GGM (sPHWE GGM and 

ePHWE GGM) were brown, TMP GGM (sTMP GGM and eTMP GGM) were slightly 

yellow while the BLN GGM was close to transparent.  
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5.1.2 Size dispersity and conformational features analysis by AF4-MALS  

From the previous section, it appeared that all GGM samples could have supramolecular 

structures such as aggregates, particles, or agglomerates that were responsible for reduced 

transmission. In order to characterize these structures together with molecularly dispersed 

polysaccharide with the assumption that a size-based differentiation existed between them, 

AF4-MALS was used (Publications I and II). Using the method, sPHWE GGM, ePHWE 

GGM, sTMP GGM, and BLN GGM were studied except eTMP GGM. The latter had a large 

number of insoluble particles that could block the capillaries and sediment on the detectors’ 

cells. Samples were also studied before and after filtration with a 0.2 µm filter. Filtration 

was performed to obtain a proper signal to noise ratio for molar mass analysis of small-sized 

analytes such as polysaccharide molecules, as it helped concentrate them and also minimized 

the interference of large-sized analytes such as supramolecular structures (Figure 12).  

Based on dRI, UV, and light scattering (LS) signals, which provide information on the 

concentration, amount of UV absorbing compounds, and size of analytes, respectively, all 

GGM samples had more than one population of analytes with different size and proportions 

with UV signals accompanying each population.  

The sPHWE GGM had mainly three fractions (Figure 12A). The most abundant fraction, 

which consisted of about 80% of the total eluted mass, had a molar mass of about 104 g/mol, 

while the second and third fractions were about 107 and 1011 g/mol, respectively (Table 7). 

They constituted less than 15% (second fraction) and 10% (third fraction) of total eluted 

mass. Filtration could remove the third fraction of sPHWE GGM suggesting that they were 

larger than the filter pore size of 0.2 µm. In ePHWE GGM, the share of the first fraction was 

86% of the total eluted mass (Figure 12B). The sample also had a small amount (less than 

15%) of the large-sized fraction with a molar mass of about 108 g/mol. This suggested that 

ethanol-precipitation removed a large part of the compounds that were responsible for the 

formation of large-sized analytes (possibly the third fraction) in sPHWE GGM. The total 

sample recovery of both samples was 43–45% that suggested the proportion of small-sized 

analytes (first fraction) could be higher than the obtained value because very small-sized 

analytes could pass through the separation membrane at an initial Vx 3 ml/min.   

The sTMP GGM also exhibited a high size dispersity like sPHWE GGM (Figure 12C). As 

opposed to the latter, the first two populations in lower retention volume (first and second 

fraction) were convoluted in sTMP GGM. It was not possible to separate them with cross-

flow variations. The first fraction was the most abundant and constituted about 60% of the 



51 

 

total eluted mass. Molar mass of the fraction was around 2.4× 105 g/mol in the unfiltered 

sample, whereas it was ten times less in the filtered sample. The discrepancy was assumed 

to be due to co-elution of some supramolecular structures in the initial stage of elution, which 

was solved by sample filtration. The second and third fraction constituted about 35% and 

8% of the total eluted mass, respectively, with a molar mass of about 106 (second fraction) 

and 109 (third fraction) g/mol, respectively. Filtration removed a significant portion of the 

third fraction, suggesting that analytes in that fraction could be agglomerates because unlike 

in sPHWE GGM, a LS peak (that shifted towards low retention time) was observed (Figure 

12C). The total mass recovery was about 70%–higher than sPHWE GGM and ePHWE 

GGM, which indicated that sample loss was lower.  

The BLN GGM, which were also purified by ethanol-precipitation as ePHWE GGM, 

exhibited nearly a unimodal distribution of analytes (Figure 12D). More than half of the 

eluted mass consisted of analytes with molar mass 104 g/mol, similar to the first fraction 

observed earlier in sPHWE GGM and ePHWE GGM. However, this eluted fraction seems 

to be convoluted with large-sized analytes at the studied concentration of the sample. Upon 

filtration, one was able to get rid of the convolution. The sample consisted of a small portion 

of analytes with a molar mass of 5.9× 104 g/mol. The total mass recovery was close to 60%, 

which was between sTMP GGM and (sPHWE GGM and ePHWE GGM).  
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Figure 12. Differential refractive index (dRI) in refractive index unit (RIU), ultraviolet (UV) and 

light scattering (LS) signals in Volts; all units in absolute scale as a function of retention time in 

AF4 of 1% (A) sPHWE GGM and (B) ePHWE GGM (C) sTMP GGM (D) BLN GGM in 25 mM 

sodium citrate buffer at pH 4.5 as unfiltered (solid line) and filtered by 0.2 µm filter (dotted line). 

Applied cross-flow rate (Vx) during elution presented with dRI signal (blue line and squares). 

Molar mass from unfiltered (solid line) and filtered (dotted line) of separated fractions, 

differentiated by color gradient are presented with LS signals. Insets in panels B and D are 

magnified LS/UV signals. The mass recovery % of each fraction is normalized by total sample 

recovery and is only valid for unfiltered sample. 
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Table 7. Weight-average molar mass in g/mol, Z-average radius of gyration (Rg) in nanometers of the separated fractions of 1% sPHWE GGM, ePHWE 

GGM, sTMP GGM, and BLN GGM. When data was fitted, the exponential fit was used. Fit order and R-square (R2) of each fit are presented, when applicable. 

The total mass recovery % is the total mass of eluted analytes in the shaded region in Figure 12 (see section 4.4 for total mass % recovery calculation).   

Samples Molar mass (g/mol) Total 

mass 

recovery 

% 

          1st fraction 

     (fit order; R2) 

                         2nd fraction 

                        (fit order; R2) 

                  3rd fraction 

                (fit order; R2) 

unfiltered filtered unfiltered  Rg filtered Rg unfiltered Rg filtered Rg 

sPHWE 1.3× 104  

(3, 0.86) 

1.1× 104 

(3, 0.95) 

1.1× 107  

(6, 0.99) 

15.7 

(2; 0.94) 

7.2× 106 

(n/a) 

17.3 

(1; 0.99) 

9.8× 1010 

(n/a) 

440.8 

(n/a) 

4.8×107 

 (n/a) 

53.7 

(n/a) 

45.7 

ePHWE 1.0× 104 

(1, 0.82) 

1.1× 104 

(1, 0.93) 

9.4× 107  

(6, 0.98) 

n.d 1.2× 108 

(6, 0.99) 

n.d n.d 43.8 

sTMP 2.4× 105  

(1; 0.16) 

2.1× 104  

(1; 0.70) 

2.4× 106   

(2; 0.85) 

n.d 1.2× 106 

(4; 0.99) 

39* 

(n/a) 

6.7×109    

(n/a) 

230.7 

(n/a) 

4.9× 108  

(n/a) 

108.4 

(n/a) 

68.6 

BLN 8.9× 103 

(1; 0.58) 

1.0× 104    

(1; 0.93) 

1.2× 106  

(3; 0.79) 

n.d 5.9× 104  

(n/a) 

 n/a 

 

58.5 

*Represents the part of the fraction corresponding to the elution time 36-40 min (Figure 12C). 

n/a= Not applicable 

n.d= Not determined due to low signal to noise ratio 



 

 

54 

 

The first fractions of all GGM samples were assumed to be polysaccharide molecules 

considering the molar mass values, which were only 104 and 2.1× 104 g/mol. Rg calculation 

of this fraction was not possible as they did not exhibit angular dependency due to a small 

size. A conformational plot was built for the second and third fraction of sPHWE GGM and 

sTMP GGM by plotting their Rg as a function of molar mass. The molar mass of these 

fractions was in the range of 106–1010 g/mol (Table 7). Thus, the aim was to understand 

whether these fractions represented molecular or supramolecular states of polysaccharides.  

A B 

 

Figure 13.  Log-log plot of radius of gyration (Rg) versus molar mass of the second and third 

fraction from 1% (A) sPHWE GGM and (B) sTMP GGM unfiltered and filtered through 0.2 µm 

filter pore. Note: Rg calculation was not possible on the second fraction of the unfiltered sTMP 

GGM due to low signal to noise ratio. From the filtered sTMP GGM, the part of the eluted fraction 

corresponding to the elution time 36-40 min (Figure 12C) was used. 

In unfiltered sPHWE GGM, slopes of 0.77 and 0.27 were obtained for second and third 

fractions, respectively, while in filtered sPHWE GGM, it was 0.99 and 0.66, respectively 

(Figure 13A). Slope < 0.33 indicates compact structures like spheres while increasing slope 

values indicate the expansion of polymer chains due to rigidity or electrostatic repulsion. 

The third fraction of sPHWE GGM indicated a compact molecular structure, which was not 

present in the filtered sample. The second fraction displayed features of expanded polymer 

chains. In sTMP GGM, both fractions had slope < 0.33, representing compact structures.  

The conformational plot did not include some parts of the second fraction where Rg < 10 nm 

because it was considered unreliable. Additionally, conformational plots could not be 

obtained from the second fraction of unfiltered sTMP GGM, ePHWE GGM, and BLN GGM 

because reliable Rg calculation was not possible due to the low signal to noise ratio.  
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5.1.3 Structural features studied by SAXS  

The results from the previous section demonstrated that all GGM samples had 

supramolecular structures. SAXS was used as an advanced tool to identify the characteristics 

of structural features in GGM (Publications I and II). Scattering pattern from samples was 

collected in the length of 2–200 nm (in real space) (Figure 14). The stability of these 

structures under high shear was also studied. Shear forces applied were similar to what was 

used during emulsion preparation to resemble the features in emulsions. Selected GGM 

samples were subjected to heat, freeze-thawing treatment, and filtered (scattering patterns 

from these treatments not shown in Figure 14). 

A 

 

B 

 
C                                   

 

D     

    

Figure 14. Scattering intensity (I) as a function of scattering vector (q) from 1% (A) sPHWE GGM 

(B) ePHWE GGM (C) sTMP GGM and eTMP GGM (D) BLN GGM before and after high-shear 

treatment (indicated by –T in the legend).  

The sPHWE GGM exhibited a characteristic feature, which appears as a bump (indicated by 

arrow) the length scale of approximately 50 nm, corresponding to q ~ 0.15 nm-1 (Figure 
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14A). Ordered structures represented by the features were shear-resistant and heat-resistant 

(data not are shown). A combination of shear and heat treatment diminished the feature, 

yielding mass fractals with a fractal dimension of 2.78 (Table 8). A similar shear-resistant 

feature was also observed in ePHWE GGM (Figure 14B) but it was not as pronounced as in 

sPHWE GGM. Regardless of the treatment methods, sTMP GGM and eTMP GGM did not 

exhibit a similar characteristic feature (Figure 14C); instead, their scattering intensities 

exhibited a power law behavior. A fractal dimension of 2.7–2.8 in low q-region in the length 

scale of 60–160 nm was observed, which is indicative of porous objects with a morphology 

close to 3D structures in the respective length scale. Only eTMP GGM scaled with a fractal 

dimension of 1.6 at high q-region corresponding to length scale 6–20 nm, suggesting the 

existence of possible structures, such as porous networks of rod- or disc-like objects. 

However, the same could not be concluded for sTMP GGM as scattering intensity did not 

scale at high q. A slight reduction in the fractal dimension with different treatment methods 

(shear, heat, and freeze-thaw) suggested minor modification of the objects to more ramified 

structures. Amongst all methods, shear-treatment had the most dominating effect.  

BLN GGM neither exhibited any structural feature nor any change in scattering pattern upon 

shear-treatment. Low scattering intensity of BLN GGM suggested that they had either fewer 

scattering objects, small-sized objects or lacked ordered structures at all. 

Table 8.  Power law coefficient (p) of the 1% GGM in 25 mM sodium citrate buffer before 

(untreated), and after high-shear treatment (treated), after heating to 70 °C (heated) and freezing to –

80 °C and subsequent thawing (thawed) treatment. All measurements were performed at 22 °C. 

Power law fitting q-range and the corresponding size scale (nm) presented in the table.  

Samples puntreated ptreated q range Size scale (nm) 

sPHWE GGM-heated n/a -2.78 0.004–0.032 20–160 

sTMP GGM 

 

2.81 2.69 0.004–0.01 60–160 

sTMP GGM-heated 

 

2.66 2.64 0.004–0.01 60–160 

sTMP GGM-thawed 2.69 2.68 0.004–0.01 60–160 

eTMP GGM 2.73; 1.60 2.59; 1.65 0.004–0.01;  
0.026–0.105 

60–160; 
6–20 

eTMP GGM-heated 
 

2.66 2.48 0.004–0.01 60–160 

eTMP GGM-thawed 2.63 2.6 0.004–0.01 60–160 
n/a = Not applicable because scattering pattern had a characteristics feature.  
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Based on AF4-MALS and SAXS results, it was concluded that all GGM at the studied 

concentration existed in both molecular and supramolecular states. However, their 

proportion in the sample and macromolecular attributes were mainly dependent on the 

recovery approaches of GGM (PHWE or TMP or BLN). GGM from PHWE and TMP 

process exhibited unique features of the supramolecular fraction, which were not observed 

in BLN GGM. Sample purification by ethanol precipitation decreased the share of 

supramolecular fraction in PHWE-recovered GGM. However, even after purification, 

ordered structural features remained.  

To elucidate the nature of the supramolecular fraction, samples were visualized using 

electron microscopy (upcoming section). The study prioritized the following samples: 

sPHWE GGM and ePHWE GGM, as they had exhibited promising functionality in 

emulsions in previous studies.  

5.1.4 Visualization of colloidal structures  

The sPHWE GGM and ePHWE GGM were imaged using cryo-TEM (Figure 15) 

(Publications II and III).  

 

Figure 15. Visualization of colloidal structures in (1 a-d) 1% sPHWE GGM in 25 mM sodium 

citrate buffer at pH 4.5 and (2 a-d) 2 % ePHWE in 25 mM citrate-carbonate buffer at pH 4.6. 

Contrast and brightness in images were increased for clarity. Note: the light-colored round objects 

in the images are from sample holder. 
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In both sPHWE GGM and ePHWE GGM, supramolecular structures in the sub-micron range 

were observed (Figure 15, 1 a-b, and 2 a-d). They appeared as a relatively dense core 

surrounded by loose aggregates/agglomerates. In sPHWE GGM, well-defined colloidal 

particles with a dense inner structure and having a diameter in a sub-micron region were 

observed (Figure 15, 1 c-d). These particles were distinctly different from the agglomerates 

as they had a structured morphology compared to agglomerates.  

5.1.5 Zeta potential  

The zeta potential of samples was measured to observe the effect of surface charge on their 

associative behavior (Table 9) (Publication I). The results suggested that GGM had a minor 

surface charge in the studied medium. The zeta potential of eTMP GGM, sTMP GGM, 

ePHWE GGM were slightly higher (in absolute scale) than sPHWE GGM and BLN GGM.  

Table 9. Average zeta potential with a standard error of the mean of 1% GGM in 25 mM sodium-

citrate buffer at pH 4.5 after appropriate dilution.   

Samples ζ-potential (mV) 

sPHWE GGM -2.80 ± 0.22 

ePHWE GGM -6.87 ± 0.98 

sTMP GGM -8.57 ± 0.36 

eTMP GGM -7.51 ± 0.04 

BLN GGM -2.55 ± 0.08 

5.2 Behavior of ePHWE GGM 

The next set of studies contained a detailed investigation of the associative properties of 

purified GGM (Publication III). The ePHWE GGM was chosen for this set of study. Initially, 

the effect of external environmental conditions, namely, pH, the addition of NaCl at two 

different ionic strengths, and the effect of high-shear treatment on the solubility of aqueous 

ePHWE GGM was studied, followed by an investigation on their colloidal stability during 

4-week storage.  

5.2.1 Turbidity, particle size, and zeta potential analyses  

Turbidity was measured by light transmission through aqueous ePHWE GGM at different 

aforementioned extrinsic conditions (Figure 16).   
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Based on the increasing transmission values, it was observed that aqueous ePHWE GGM 

became less turbid as pH increased from acidic to alkaline condition (Figure 16A), 

suggesting an increased solubility with pH. The addition of salt at 50 mM NaCl (data not 

shown) and 100 mM NaCl did not appear to affect the turbidity (Figure 16B). High-shear 

treatment decreased the turbidity at both acidic and alkaline pH values (Figure 16C).  

A B 

  

C D 

 
 

Figure 16. Light transmission % as a function of vial height (from bottom to top) containing 2% 

ePHWE GGM in a 25 mM citrate-carbonate buffer measured on the preparation day (A) at 

different pH values, (B) after 100 mM NaCl addition to the aqueous phases at pH 10 and 4.6, (C) 

after high-shear treatment (indicated by –T in the legend) of the sample at pH 10 and 4.6, and (D) 

intensity-average particle size before (untreated) and after the high-shear treatment (treated). In 

panel D, the mean value of particle size and standard error of mean represented as horizontal line 

and vertical whiskers respectively were obtained from sample duplicates measured three times.  

The intensity-based particle size distribution (not shown in this thesis) of ePHWE GGM was 

polymodal at all solution conditions. The peaks were in the range of 70–250 nm and 300–
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2000 nm; however, large variations between the replicates were observed causing challenges 

in obtaining any statistical differences in the particle size incurred by pH and salt addition. 

A drastic difference in the particle size was observed only after the high-shear treatment 

(Figure 16D), indicating the de-structuration of assemblies in GGM at both pH conditions. 

This agreed with the turbidity data in Figure 16C. Subsequently, the zeta potential of ePHWE 

GGM at the studied solution conditions was studied (Table 10).  

Table 10. Average zeta (ζ) potential and standard error of the mean of 1% of ePHWE GGM in 25 

mM citrate-carbonate buffer at different pH values, after 100 mM NaCl addition and high-shear 

treatment (treated).  

Samples ζ-potential (mV) 

pH 3.6 -3.73 ± 0.35 

pH 4.6 -5.90 ± 0.46 

pH 4.6 100 mM NaCl -5.14 ± 0.20 

pH 4.6 treated -5.26 ± 0.22 

pH 7.2 -12.30 ± 0.5 

pH 10 -13.85 ± 0.22 

pH 10 100mM NaCl -8.42 ± 0.22 

pH 10 treated -11.20 ± 0.30 

Zeta-potential increased as the pH increased. Salt addition seemed to decrease the zeta 

potential at the alkaline pH; however, the effect may have been due to a decrease in the pH 

of the solution upon salt addition.  

5.2.2 Colloidal stability during storage 

Aqueous ePHWE GGM exhibited pH-dependent behavior, which suggested that the samples 

could exhibit associative properties during storage. Thus, colloidal stability of ePHWE GGM 

during storage was investigated through sedimentation kinetics, the time-dependent 

formation of supramolecular structures was visualized, and changes in the particle size 

during storage were monitored (Figure 17).  

Sedimentation kinetics was obtained in the form of TSI, as described in section 4.3. Based 

on the change in the slope of TSI during storage, two phases were distinguished; during 

Phase I, TSI increased rapidly within a few days of storage, which was hypothesized due to 

the rapid sedimentation of the existing supramolecular fraction. During this stage, it was 
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assumed that concurrent events of association and sedimentation could take place. Phase II 

followed when the slope of TSI decreased after cessation of rapid sedimentation. During this 

phase, it was assumed that sedimentation occurred from an increase in the mass of 

agglomerate due to the GGM association.  

The evolution of TSI during storage was pH-dependent (Figure 17A). Phase I was longer in 

GGM at the acidic condition and even the slope of Phase II was higher compared to aqueous 

GGM at natural and alkaline pH. This meant colloidal stability was lower in acidic pH 

conditions. This was assumed due to the fast kinetics of association. Agglomerates in acidic 

pH visualized after 48 h of storage were larger and appeared dense (Figure 17B, 1c, and 2c) 

compared to the ones at neutral and alkaline pH (Figure 17B, 3c, and 4c), which explains 

their faster sedimentation kinetics. Additionally, the particle size of GGM increased 

significantly after a week of storage at pH 3.6 (p = 0.01) and pH 4.6 (p = 0.03) compared to 

the particle size measured on the preparation day. In contrast to acidic pH, a significant 

change in particle size was not observed at pH 7 and pH 10 (Figure 17C).  

TSI was not affected by salt addition at acidic pH (pH 4.6), while at alkaline pH (pH 10), 

100 mM NaCl addition appeared to lower the TSI in the initial phase of storage (Figure 17D). 

However, the change was too small to make any conclusive remark. 
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Figure 17. Effect of pH on the colloidal stability of 2% ePHWE in 25 mM citrate-carbonate buffer 

at different pH values studied by (A) Turbiscan stability index (TSI) from samples stored for 1–4 

weeks at RT (B) Visualization of agglomerates after approximately 1, 4 and 48 hours (h) during the 

storage. Scale bar- 200 µm in images taken after 48 h and 50 µm in the rest. (C) Intensity-average 

mean particle size measured on the preparation day, 1 week (1W), and after 4 weeks (4W) of 

storage at RT. The mean value of particle size and standard error of mean represented by a 

horizontal line and vertical whiskers respectively were obtained from sample duplicates measured 

three times. (D) Effect of addition of 50 and 100 mM NaCl on TSI during 1-week storage at RT.  

In the previous section, the high-shear treatment appeared to de-structure the colloidal state 

of aqueous ePHWE GGM (Figure 16 C and D). The reassociation behavior was investigated. 

Based on the TSI and micrographs, it was observed that depending on the pH, de-structured 
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agglomerates appeared to re-associate, but at a slower rate after the high-shear treatment 

(Figure 18). TSI lowered at the acidic pH indicating a slower rate of sedimentation (Figure 

18A). A similar effect was not apparent in the alkaline pH. In the optical micrographs of 

treated samples, agglomerates appeared to form faster at the acidic pH (Figure 18B).  

A 

 

B 

 

Figure 18. Effect of high-shear treatment on the colloidal stability of 2% ePHWE GGM studied by 

(A) obtaining TSI from samples before and after high-shear treatment (indicated by –T in the 

legend) during 1-week storage at RT (B) Visualization of agglomerate formation on the treated 

samples after approximately 48 h during storage. Scale bar- 20 µm. 

From the current findings, it can be concluded that the colloidal state of aqueous ePHWE 

GGM and time-dependent associative behavior was highly influenced by pH.    

5.3 Emulsion study  

The findings from the first section of the study demonstrated that the solubility of GGM 

depended on the recovery approaches and purity of GGM. A detailed study on the purified 

GGM (ePHWE GGM) revealed that their self-associative properties were mostly pH-

dependent. The second part of the study was aimed at investigating how the observed 

solubility behavior of GGM affected emulsification and stabilization abilities.    
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5.3.1 Effect of recovery approaches on the interfacial features and 

emulsion stability 

5.3.1.1 Interfacial features studied by SAXS 

Previously in section 5.1.3, SAXS was used to study the structural features of GGM in an 

aqueous state. This technique was used further in emulsions to study their interfacial features 

(Publication I). 

The scattering intensities from all the studied GGM-stabilized emulsions with 2.5 wt.% were 

featureless (Figure 19). The difference in scattering intensities between emulsions was 

observed, which suggested emulsions differed in concentration, size, or packing of scattering 

objects. In emulsions with 0.5% and 5 wt.% oil content stabilized by sPHWE GGM and 

ePHWE GGM, scattering behavior remained unchanged (Figure 19A and B).  

A B C 

 
   

Figure 19. Scattering intensity (I) as a function of scattering vector (q) of emulsions containing (A) 

0.5. 2.5 and 5 wt.% oil stabilized by 1 wt.% sPHWE GGM and ePHWE GGM, (B) 2.5 wt.% oil 

stabilized by 1 wt.% sTMP GGM, eTMP GGM and BLN GGM.  

Emulsions followed a power law behavior in the low q-range (q < 1 nm-1) corresponding to 

a length scale larger than 6 nm. Scattering contribution from the aqueous phases and oil 

dominated the high q-region. Thus, information regarding the interfacial structures was 

available as a power law coefficient explaining fractal dimension characteristics of adsorbed 

species in the length scale > 6 nm (Table 11). 

The ePHWE GGM emulsions with 2.5 and 5 wt.% oil demonstrated near-perfect accordance 

with the Porod law (p ~ 4), which is indicative of smooth surfaces. Eight week-stored and 

thawed emulsions also displayed behavior akin to fresh emulsions. Emulsion with 0.5 wt.% 

oil had a lower p-value ~3.3, which indicated objects with surface fractal characteristics. The 

scattering curve of aqueous phase sPHWE GGM had features (Figure 14A) which were not 
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present in the emulsions (Figure 19A). Thus, modeling of scattering intensities from sPHWE 

GGM emulsions was not possible. Emulsion from BLN GGM also indicated close to smooth 

surfaces (p ~ 3.8). Contrarily, emulsions from sTMP GGM and eTMP GGM displayed a 

diffused surface (p > 4) in the measured length scale. Heating and freeze-thawing of 

emulsion from eTMP GGM decreased the p value to around 4 indicating modification of the 

diffused interface to smooth.  

Table 11. Estimated power law fitting coefficient (p) and the standard deviation of fitting parameters 

reported as a fitting error from emulsions containing 1 wt.% of ePHWE GGM, sTMP GGM, eTMP 

GGM, and BLN GGM and 2.5 wt.% oil. Some emulsions had 0.5 wt.% and 5 wt.% oil content, stored 

for 8 weeks (8W), and measured after heating (heated) and freezing to –80 °C and subsequent 

thawing (thawed). All measurements were performed at 22 °C. 

Samples Oil content % + conditions      p Fitting error 

ePHWE GGM 0.5  -3.2738 0.0016 

2.5 -3.8996 0.0019 

2.5 8W -3.9042 0.002 

2.5 thawed -3.8158 0.002 

5  -4.0057 0.0015 

eTMP GGM 2.5 -4.3799 0.007 

2.5 heated -3.9377 0.0044 

2.5 thawed -3.9483 0.0052 

sTMP GGM 2.5 -4.9436  0.0088 

2.5 heated does not fit 

2.5 thawed does not fit 

BLN GGM 2.5 -3.7993 0.0046 

Note: Measurements were performed on 5–6th day of emulsion preparation unless specified otherwise.  

The present findings suggested that two types of interfacial structure (smooth and diffused) 

existed in GGM emulsions. Similar information could not be obtained from emulsions from 

sPHWE GGM, which had exhibited peculiar solution properties in the first part of the study. 

To complement the findings from SAXS, cryo-SEM was employed to visualize interfacial 

structures in emulsions.   

5.3.1.2 Visualization of interfacial features using cryo-SEM 

Emulsions from sPHWE GGM, ePHWE GGM, and sTMP GGM were selected for the 

imaging based on the first part of the study on their aqueous phase behavior and SAXS result 
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from the previous section, it was hypothesized that these samples would represent three 

different types of interfacial structures (Figure 20) (Publication I).   

In sPHWE GGM stabilized emulsion, the surface of some oil droplets appeared rather 

smooth. For example, in 1a Figure 20, the droplet surfaces and the background were similar. 

While in 1b of Figure 20, the interface of a fractured oil droplet was visualized, where some 

objects appeared to be adsorbed at the droplet surface (indicated by arrow). Some high-

contrast dense objects, which were less than 100 nm embedded in thin strips of ice, were 

also visualized in the continuous phase of emulsions (Figure 20, 1d). While the oil droplets 

in ePHWE GGM stabilized emulsions appeared rather smooth (Figure 20, 2a-c), which 

supported findings from SAXS in the previous section. The droplets appeared to be 

embedded in a network. In 2d of Figure 20, which was from more than 1-year-old preserved 

emulsion, oil droplets appeared to be linked with white thread-like strips (indicated by an 

arrow). 
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Figure 20.   Cryo-SEM images of emulsions containing 1 wt.% (1a-d) sPHWE GGM (2a-d) 

ePHWE GGM and (3a-d) sTMP GGM and 2.5 wt.% oil. Panels 1c and 3d focused on the 

continuous phase of emulsions. Emulsions were mildly centrifuged to concentrate oil droplets. 

Centrifugation time: sPHWE GGM (2 min 30 s), ePHWE GGM (10 s), sTMP GGM (30 s). Scale 

bar– 1 µm in all images. Descriptions of arrows in images are provided in the text. Image contrast 

has been increased for clarity. 
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Conversely, emulsion from sTMP GGM appeared to have some aggregated structures 

adsorbed at the droplet interface (indicated by arrows in Figure 20, 3a-c). Similar structures 

were also present abundantly in the continuous phase of emulsions (Figure 20, 3d). These 

aggregated structures appeared compact with morphological variations, such as rod-like, 

platelet-like. 

Based on the present findings, it was concluded that the colloidal structures observed in the 

first part of the study indeed affected the interfacial morphology of emulsion. Subsequently, 

the effect of the latter on the stability of oil droplets and general stability of emulsions was 

studied (upcoming section).   

5.3.1.3 Droplet and emulsion stability 

The effect of interfacial structures of oil droplets on their stability was studied during storage.  

Surface-average D(3,2) and volume-average D(4,3) droplet size, which influences small-

sized and large-sized oil droplets, respectively in emulsions were monitored during 2-week 

storage (Figure 21) (Publication I).  

The emulsions from sPHWE GGM and ePHWE GGM had the smallest oil droplets of all 

(Figure 21). Their D(3,2) on the preparation day was below 100 nm, while it was 460–590 

nm in the rest of the emulsions from sTMP GGM, eTMP GGM, and BLN GGM. Their 

D(4,3) was below 400 nm while it was 4–10 µm in the rest of the emulsions. The sPHWE 

GGM and ePHWE GGM were able to maintain the stability of small-sized oil droplets 

compared to other GGM samples. The former (unpurified GGM) being relatively better 

(Figure 21 A). However, a reverse trend was observed in the case of large-droplets 

(represented by the D(4,3)) (Figure 21 B), which could be due to droplets’ flocculation 

(presented further). Between emulsions from sTMP GGM and eTMP GGM, the former 

exhibited a better stabilization ability of small-sized droplets (Figure 21 C). A reverse trend 

was observed in the case of large-sized oil droplets (Figure 21 D). Based on the droplet size 

data, emulsion from BLN GGM appeared to perform better than sTMP GGM and eTMP 

GGM. However, visual observation indicated that not all the oil was emulsified, suggesting 

bias in the obtained droplet size.  
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Figure 21. (A, C) Surface-average diameter D(3,2) and (B, D) volume-average diameter D(4,3) of 

emulsions containing 2.5 wt.% rapeseed oil stabilized by 1 wt.% (A, B) sPHWE GGM, ePHWE 

GGM (C, D) sTMP GGM, eTMP GGM, BLN GGM measured on the preparation day (1 D), after 1 

week (1 W) and 2 weeks (2 W) of storage at RT. Note: Different scale of D(3, 2) and D(4,3) 

between panels A, C, and B, D, respectively.  

Droplet stability was also studied in terms of changes in the oil droplets’ morphological 

characteristics during storage using optical microscopy (Figure 22). Emulsions from sPHWE 

GGM and ePHWE GGM exhibited well-dispersed oil droplets on the preparation day. Some 

flocs appeared during the storage from the association of oil droplets. The ones in emulsion 

from sPHWE GGM appeared clustered. On the other hand, in emulsions from sTMP GGM 

and eTMP GGM, oil droplets appeared in large clusters already on preparation day, which 

were also visualized in the stored emulsion. These clusters were present only in the top part 

of emulsions. In emulsion from BLN GGM, such clustered flocs were not visualized, but a 

high size-dispersity was observed amongst oil droplets.  

 

 

 



 

 

70 

 

sPHWE ePHWE  

Day 1  2 W  Day 1  2 W 

    

sTMP eTMP 

    

                                   

BLN   sTMP (6 W bottom) eTMP (6 W bottom) 

    

Figure 22. Optical microscopic images of emulsions obtained on the preparation day (Day 1) and 

after 2 weeks (2 W) of storage at RT. “6 W bottom” means sampling was conducted from the 

bottom part of the container after 6 weeks of storage. In the rest, emulsions were gently shaken. 

Emulsions were prepared by 1 wt.% sPHWE GGM, ePHWE GGM, sTMP GGM, eTMP GGM, 

BLN GGM with 2.5 wt.% oil. Contrast was enhanced in some images for clarity. All images have 

20 µm scale bar. 

Changes in the size of oil droplets due to coalescence and flocculation result in macroscopic 

changes in emulsions, such as creaming or phase separation. To determine the general 

stability of emulsions, in another set of experiments instability kinetics of emulsions was 

studied during 4-week storage at RT.  

All studied emulsions displayed an excellent to satisfactory stability during storage. In 

Figure 23A digital images of emulsions taken on the preparation day and after six weeks of 

storage are presented.  None of the emulsions broke down to transparent oil and aqueous 

phase during storage. A small layer of cream was noticed in emulsions except in the emulsion 

from BLN GGM where a transparent aqueous phase appeared at the bottom (indicated by a 

rectangle in Figure 23A). The thickness of the cream layer was slightly higher in emulsions 

from sTMP GGM and eTMP GGM. 
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Figure 23. (A) Photographs of the emulsion on the preparation day (Day 1) and after 6 weeks (6 w) 

of storage at RT (B) Turbiscan stability index (TSI) of emulsions containing 1 wt.% sTMP GGM, 

eTMP GGM, BLN GGM, ePHWE and sPHWE GGM and 2.5 wt.% rapeseed oil during 4-week 

storage at RT. 

The evolution of changes in the emulsions during 4-week storage was obtained in the form 

of TSI (Figure 23B), which was further fitted into a non-linear regression model as described 

in Equation 4. From each emulsion, the model generated TSImax and k, which were used to 

predict emulsion stability and instability kinetics, respectively. Based on TSImax, which is the 

maximum TSI reachable in infinite time, emulsion stability followed the order: sPHWE 

GGM = ePHWE GGM > eTMP GGM > sTMP GGM > BLN GGM. The rate constant k 

followed the reverse order of TSImax. Both TSImax and k suggested that in all emulsions except 

BLN GGM, kinetic changes were faster at the beginning of storage; however, the emulsions 

gained a steady-state subsequently. Between sPHWE GGM and ePHWE GGM, the overall 

stability was alike although the former was able to maintain droplet size better than the latter 

(Figure 21A), while between sTMP GGM and eTMP GGM, it was better in the latter 

(purified GGM), which was in agreement with droplet size result (Figure 21C). 

Table 12.  Estimated model parameters: TSImax, k with a standard error of the estimated parameters 

and R2 obtained using Equation 4 on the TSI of the emulsions containing 1 wt.% sTMP GGM, eTMP 

GGM, BLN GGM, ePHWE GGM, sPHWE GGM, and 2.5 wt.% oil.  

 sTMP eTMP sPHWE ePHWE BLN 

TSImax 30.15 ± 0.50a 20.86 ± 0.21b 14.76 ± 0.22c 15.58 ± 0.23c 48.33 ± 1.02d 

k 0.27 ± 0.02a 0.22 ± 0.01b 0.06 ± 0.00c 0.07 ± 0.00c 0.02 ± 0.00c 

R2 0.94 0.98 > 0.99 > 0.99 > 0.99 

All estimated model parameters are significantly different (P < 0.05).   

a,b,c,d: Estimated parameters with different letters in same row are significantly different (P < 0.05). 
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5.3.2 Comparison between sPHWE GGM and ePHWE GGM 

Results from the previous section indicated that both sPHWE GGM and ePHWE GGM 

displayed similar emulsion stability at the studied 2.5 wt.% oil content even after differences 

were observed in their aqueous phases and interfacial structures in the emulsion. For a better 

understanding of their functional performance, emulsions were prepared by varying GGM 

to oil ratio. A constant emulsifier, i.e., 1 wt.% GGM was used to emulsify 0.5 and 5 wt.% 

oil to obtain a GGM to oil ratio of 2 and 0.2 respectively (Additional data from Publication 

I). The ratio of 2 and 0.2 was chosen to observe the emulsion stability where excess and less 

of GGM was available, respectively. However, based on results presented in Publication IV 

(upcoming section), at the ratio of 0.2, a “surfactant-poor” regime was not expected. The 

result was compared with emulsions with 2.5 wt.% equivalent to GGM to oil ratio of 0.4 

from section 5.3.1.  

In both sPHWE GGM and ePHWE GGM stabilized emulsions, emulsification ability 

decreased as the GGM to oil ratio decreased, which can be observed from an increase in 

D(3,2) value (Figure 24A). This effect was more apparent as the ratio decreased from 0.4 

(2.5 wt.% oil) to 0.2 (5 wt.% oil). Despite this, both samples were able to preserve the 

stability of small-sized droplets in the emulsion during 2-week storage—sPHWE GGM 

being slightly better than ePHWE GGM. The D(3,2) value of emulsion from ePHWE GGM 

increased in the first week and remained stable afterward (Figure 24B), similar to earlier 

observation at GGM to oil ratio of 0.4 (2.5 wt.% oil) in section 5.3.1. However, the stability 

of large-sized droplets represented by D(4,3) values was poorer in the emulsion from 

sPHWE GGM. Based on microscopy images, sPHWE GGM emulsions showed a higher 

tendency towards flocculation during storage (Figure 24C), which may have resulted in 

variation in D(4,3) value at GGM to oil ratio of 0.2. (Figure 24B).  
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Figure 24.  (A) Surface average diameter D(3,2) of emulsions measured on the preparation day 

from emulsion containing 1 wt.% sPHWE GGM and ePHWE GGM and oil contents; 0.5, 2.5 and 5 

wt.% to obtain GGM to oil ratios of 2, 0.4, and 0.2, respectively (B) Surface-average diameter 

D(3,2) and Volume-average diameter (4,3) of emulsions from 1 wt.% sPHWE GGM and ePHWE 

GGM at GGM to oil ratios 2 and 0.2 measured on the preparation day (1D), and 2 weeks (2W) 

during storage at RT.(C) Optical micrographs of the same emulsions on the preparation day (Day 

1) and after two weeks of storage (2 W). Scale bar–20 µm in all images. 

5.3.3 Functionality of ePHWE GGM in emulsions  

5.3.3.1 Effect of GGM to oil ratio  

From the previous section, it was observed that the ability of GGM to produce small droplets 

decreased as GGM to oil ratio decreased in emulsions. Next, a study was performed to 

understand the effect of GGM to oil on the interfacial adsorption and emulsion stability 

(Publication IV). Compared to the previous section, a broader GGM to oil ratio was used.  

The study employed purified GGM, ePHWE GGM, to focus on the functional ability of the 
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polysaccharide fraction by eliminating the effect of co-extracted non-polysaccharide 

compounds as much as possible.  

The droplet size of emulsions increased as GGM to oil ratio decreased (Figure 25A). This 

meant, at constant input energy, the ability of GGM to emulsify decreased as the amount of 

oil increased in emulsion. This effect was noticeable as the ratio decreased from 0.4 to 0.1, 

i.e., when oil content increased from 2.5 to 10 wt.%. On the preparation day, emulsions with 

GGM to oil ratio 2, 1, and 0.4 had D(3,2) values < 100 nm, while it was 300–600 nm in 

emulsions at GGM to oil ratio 0.2, and 0.1. The stability of emulsions during storage 

followed the same trend.  Interestingly, a similar pattern of droplet stability observed in the 

previous sections was noticed. That is, droplets’ size increased during the first week of 

storage and remained steady afterward except in emulsion at GGM to oil ratio of 0.1, where 

an increase in droplet size during storage was progressive. The presented results are D(3,2) 

values as the interest was to monitor the formation and stability of small-sized droplets.  

The surface load of emulsions was estimated after obtaining the total polysaccharide content 

in the cream phase normalized by the total interfacial area of emulsions (Figure 25B). The 

surface load values decreased from 0.75 to 0.54 mg/m2 as the GGM to oil ratio increased 

from 0.1 to 0.2, and it remained 0.1–0.2 mg/m2 in the rest of the emulsions. In the former 

two emulsions, GGM appeared to be concentrated in a small interfacial area, because there 

was less number of large droplets. While in rest, the surface load followed the trend of the 

total number of droplets rather than the total interfacial area. In the lowest two GGM to oil 

ratios, although the total interfacial area was lower, there appeared to be an abundant amount 

of fine droplets, where GGM need to be partitioned, thereby lowering the estimated surface 

load.  

The stability of oil droplets was also monitored by optical microscopy technique. Optical 

micrographs of emulsions supported droplet size results (Figure 25C). An increase in droplet 

size was visualized with decreasing GGM to oil ratio (first row in Figure 25C) as well as 

with increasing storage period (top to bottom in each column in Figure 25C). The 

micrographs displayed coalescence and flocculation of oil droplets during storage. 

Coalescence was noticeable in emulsions at the two lowest GGM to oil ratios: 0.2 and 0.1. 

Oil droplets associated in the form of flocs was observed at all studied GGM to oil ratios. 

The flocs appeared to be more “compact” in nature in emulsions at GGM to oil ratios: 2, 1, 
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and 0.4 (indicated by circles in Figure 25C). In emulsions at lower GGM to oil ratio: 0.2 and 

0.1, flocs appeared to be more “open” in nature (indicated by rectangles in Figure 25C).  

A B 

 
 

C 

 

Figure 25. (A) Surface-average diameter D(3,2) of emulsions from 1 wt.% ePHWE GGM at five 

oil contents; 0.5, 1, 2.5, 5 and 10 wt.% to obtain GGM to oil ratios of 2, 1, 0.4, 0.2 and 0.1, 

respectively measured during a storage period of 9 weeks (W) at 40 °C. Inset in the figure focuses 

D(3,2) changes of emulsions with GGM to oil ratios of 2, 1, 0.4 (B) Estimated total interfacial (IF) 

area, number of oil droplets, and surface load of the above-mentioned emulsions on the preparation 

day (C) Optical micrographs of the emulsions during the storage. The objects with circles and 

rectangles distinguish the nature of “closed” and “open” flocs, respectively. Scale bar–5 µm in all 

images.  

1 W 

9 W 
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From the results, it was concluded that the emulsification and stabilization abilities of 

ePHWE GGM depended on GGM to oil ratio. The observed threshold of ePHWE GGM to 

emulsify and maintain the emulsified droplets suggested that there may be a limited amount 

of “active” fraction in the sample. 

5.3.3.2 Effect of pH and salt 

The functionalities of ePHWE GGM in emulsions were explored further. From section 5.2, 

it was observed that the associative properties of ePHWE GGM were pH-dependent (Figure 

16 and Figure 17). To determine whether this behavior influenced emulsions, they were 

prepared at four pH values that ranged from acidic to alkaline conditions (pH 3.6, 4.6, 7.2, 

and 10). Additionally, emulsions with 100 mM NaCl were prepared at acidic (pH 4.6) and 

alkaline (pH 10) conditions (Figure 26) (Unpublished work).  

 

Figure 26. Droplet size distribution of the emulsions containing 5 wt.% oil stabilized by 1 wt.% 

ePHWE GGM at pH (A) 3.6 (B) 4.6 (C) 7.4 (D) 10. At pH 4.6 and 10, 100 mM NaCl (salt) was 

added. Measurement performed on the preparation (Day 1), after 5 days (Day 5), and 7 days of 

preparation (Day 7).  

All emulsions displayed a bimodal droplet size distribution. The peak maximum of the first 

peak towards the smaller size class was lower in emulsions at neutral and alkaline pH on the 
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preparation day. The D(3,2) values were 340 ± 0.00 (pH 3.6), 288 ± 0.01 (pH 4.6), 128 ± 

0.00 (pH 7.2) and 172 ± 0.01 (pH 10). Based on these values, it was inferred that neutral and 

alkaline pH favored emulsification. However, stabilization ability was better in acidic pH 

compared to neutral and alkaline pH. This can also be observed in their droplet size 

distributions where the first peak showed very few variations after 5 days of storage i.e. Day 

5 (Figure 26A and B) compared to emulsions at neutral and alkaline conditions (Figure 26A 

and B). This meant, in acidic conditions, GGM was able to maintain the integrity of small-

sized droplets. As the presented distribution is volume-based, the second peak towards the 

higher size class could be a few large-size droplets or flocs of small-sized droplets, which 

could be observed in microscopy images presented further. A 100mM salt addition did not 

seem to affect the droplet size distribution of emulsion at acidic pH (pH 4.6). However, the 

effect of salt addition was evident at alkaline pH. The peak maximum of the first peak was 

shifted to a higher size class (Figure 26D), this meant, a slight reduction in the emulsification 

ability. However, the changes in the distribution upon salt addition were minimal after 5 

days of storage compared to emulsion without salt.  

The morphology of oil droplets during storage was visualized with optical microscopy. In 

agreement with micrographs of emulsions observed in previous sections, oil droplets in all 

the studied emulsions exhibited the tendency to associate to form flocs. However, this 

tendency was higher in emulsions at acidic pH compared to neutral and alkaline pH (Figure 

27A). A similar tendency was also observed when 100 mM NaCl was added to the emulsion 

at an alkaline pH (Figure 27D). 

From these results, it was concluded that pH had a major influence on the emulsification and 

stabilization abilities of ePHWE GGM. Acidic pH did not favor the emulsification ability. 

However, the oil droplets in emulsions at acidic pH remained more stable against 

coalescence compared to neutral and alkaline pH. The addition of 100 mM salt negatively 

influenced the emulsification only at alkaline pH. However, a slight improvement in droplet 

stabilization was observed. The tendency for droplet association was higher at acidic pH and 

alkaline pH after salt addition. 
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A B 
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Figure 27. Optical micrographs of emulsions stabilized by 1 wt.% ePHWE GGM containing 5 

wt.% oil at pH (A) 3.6 (B) 7.2 (C) 10 and (D) 100 mM NaCl at pH 10. Images were taken after 5 

days of storage at RT. Scale bar- 100µm in all images.  
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6 Discussion 

6.1 Behavior of aqueous GGM  

Solubility of polysaccharides in aqueous state is an interplay of interactions influenced by 

both intrinsic (polysaccharide-related) and extrinsic (solution) conditions (Guo et al. 2017). 

It was hypothesized that recovery approaches and purity of GGM influence their solubility. 

This was supported by turbidity and visual appearance of samples (Figure 11). Low zeta 

potential values of the GGM (< -10 mV) suggested that role of electrostatic repulsion in 

colloidal stabilization was very minimal. It was assumed that GGM could exist in both 

molecular and supramolecular states with a high size and conformational dispersity. This 

was confirmed by AF4-MALS experiments where multiple size classes were fractionated 

based on their hydrodynamic size (derived from diffusion coefficient) followed by their 

characterization using MALS. 

Based on AF4 results, all samples had more than one population of analytes. Based on the 

AF4-MALS analysis, the first fraction towards the lower retention time that constituted 60–

85% of total eluted mass was assumed to be polysaccharide molecules (Figure 12). The 

reason for this assumption was their low molar mass, which was 8.9× 103–1.1× 104 g/mol 

in sPHWE GGM, ePHWE GGM, and BLN GGM while it was about 2.2× 104 g/mol in 

sTMP GGM. These values agreed with previous studies (Kishani et al. 2018; Mikkonen et 

al. 2019; Mikkonen et al. 2016a; Mikkonen et al. 2016b; Valoppi et al. 2019) where molar 

mass was obtained using SEC in either aqueous-based eluent or DMSO. Therefore, it was 

assumed that supramolecular structures were represented by the second and third fractions 

in AF4 chromatograms (discussed further). 

GGM recovered using hydrothermal treatment; namely, PHWE and BLN processes 

exhibited a lower molar mass value of polysaccharide molecules than from the TMP process. 

The most reasonable explanation for this difference could be the extent of hydrolytic 

reactions that were more severe during the hydrothermal extraction compared to the TMP 

process, where mechanical defibrillation is the primary reason for the release of GGM from 

the woody matrix  

6.1.1 Recovery approaches and purity affect GGM solubility  

The proportion of molecularly dispersed polysaccharide and the supramolecular fraction in 

GGM and structural features of the latter were found to be highly dependent on recovery 
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approaches and purity of GGM. In this thesis, supramolecular structures were defined as any 

structure formed by either inter-/intramolecular association of polysaccharide molecules 

within themselves or with other compounds, e.g., co-extracted phenolic residues, extractives. 

The properties of supramolecular fractions of GGM samples were studied firstly by 

analyzing the relation between Rg as a function of molar mass often known as a 

conformational plot (Podzimek 2011). The slope from the plot provides valuable information 

about the conformation and architecture of polymer chains (Podzimek 2011). In sPHWE 

GGM, the slope obtained from the second fraction (about 15% of total eluted mass), 0.6–1, 

exhibited features of expanded polymer coils (0.6–1) or rigid rods (1). Comparing the molar 

mass of this fraction that was in the range of 106–107 g/mol and previously reported molar 

mass values of GGM that were 8.9× 103–1.1× 104, this fraction could constitute 

supramolecular structures possibly aggregates/agglomerates of varying morphology. The 

third fraction (about 8% of total eluted mass) with a slope of 0.27 represented compact 

objects (Podzimek 2011). This interpretation was supported by cryo-TEM images, where 

supramolecular structures as sub-micron sized agglomerates (Figure 15, 1a-b) and distinct 

sub-micron sized spherical particles (Figure 15, 1c-d) were visualized. The latter was 

assumed as lignin-rich nanoparticles as the sample being unpurified contained a high amount 

of phenolic content (Table 6). This assumption is supported by a recent study by Valoppi et 

al. (2019), where detailed chemical analysis of several fractions of this sample separated by 

centrifugation was performed. The possible presence of nanostructural features in this 

sample was investigated further by SAXS (Figure 14. A characteristics feature in the length 

scale of ~50 nm was observed, which was shear-resistant, but sensitive to shear combined 

with heat (Table 8)—commonly observed in lignin particles (Österberg et al. 2020). 

Nanostructures rich in lignin could be embedded in the agglomerates visualized in cryo-

TEM images (Figure 15, 1a-b). These results reflected the heterogeneity and complexity of 

sPHWE GGM originating from an amalgam of two biopolymers: GGM and lignins 

(discussed further). 

After purification of sPHWE GGM using ethanol precipitation, i.e., in ePHWE GGM, the 

share of the fraction consisting of polysaccharide molecules increased from about 80% to 

86% thereby reducing the share of the supramolecular fraction (Figure 12B). The latter were 

visualized as sub-micron sized agglomerates with a dense core surrounded by a loose 

network in cryo-TEM images (Figure 15, 2a-d). Spherical sub-micron particles observed in 

the sPHWE GGM were absent, which infers that these particles were soluble in ethanol 
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hence, discarded during ethanol-precipitation. However, the SAXS scattering curve of 

ePHWE GGM featured a similar characteristics peak as sPHWE GGM, which was indicative 

of the presence of nano-scale ordered structures (Figure 14B). The feature in the SAXS curve 

was not as prominent as in sPHWE GGM thus, the nanostructures could be less in amount 

or less ordered than in sPHWE GGM. 

In contrast, the unpurified GGM recovered from the TMP process: sTMP GGM exhibited a 

higher share of supramolecular fraction and different properties than sPHWE GGM. About 

40% of the total eluted mass in AF4 that included the second and third fraction was believed 

as a supramolecular fraction as opposed to about 22% in sPHWE GGM (Table 7). The 

conformational plot slope of 0.1–0.3 from these fractions inferred that they were highly 

compact. This was supported by SAXS results of this sample which exhibited mass fractal 

characteristics with porous objects of nearly 3D conformation (p-value~ 3). The 

supramolecular fraction of sTMP GGM was possibly composed of aggregates that add up 

and enlarge in size at higher concentrations. This assumption was further supported by AF4 

elution of this sample at 0.2% concentration (refer to supplementary data in Publication I) 

and from a similar observation in GGM in a former study by Kishani et al. (2018), where the 

particle size of GGM measured by DLS gradually increased in size with concentration. The 

SAXS curve of this sample was minimally affected by heat and high-shear, which inferred 

that aggregates/agglomerates were tightly packed and were indicative of particle-like 

characteristics. The minimal change in AF4 chromatograph of 1% sTMP GGM after shear-

treatment (refer to supplementary data in Publication I) supported the SAXS results. 

Interestingly, the large agglomerates most likely represented by the third fraction in AF4 

could be broken by shear forces applied during filtration (see filtered sample in Figure 12C). 

Thus, the effect of high-shear treatment performed in microfluidizer is worth investigating. 

Alternatively, the destructured agglomerates may have reassociated after the treatment, as 

SAXS analysis was performed after 4–5 days of treatment. The purified GGM from the TMP 

process: eTMP GGM, displayed similar structural characteristics in SAXS (Figure 14C; 

Table 8). Although detailed macromolecular profiling and analysis of this sample could not 

be performed in AF4-MALS, the turbidity and visual appearance of aqueous eTMP GGM 

(Figure 11) suggested that both eTMP GGM and sTMP GGM would have similar features.  

In contrast, the supramolecular fraction of BLN GGM was assumed as a conglomeration of 

polysaccharide molecules because it did not exhibit any ordered structural features. A 

hypothetical illustration of aqueous GGM is presented in Figure 28.   
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Figure 28.  Hypothetical illustration of the macromolecular state of GGM in the studied conditions 

(25 mM sodium citrate buffer at pH 4.5) (A) sPHWE GGM (B) ePHWE GGM (C) BLN GGM (D) 

TMP GGM. Different objects not made to the scale and exact proportion.  

6.1.2 Colloidal structures discussed in terms of compositional 

heterogeneity 

Recovery approach had a significant effect on the degree of co-extraction of non-

polysaccharide compounds in GGM (Table 6). A higher degree of co-extraction of phenolic 

compounds occurred during the PHWE process, which could have affected/originated some 

colloidal structures in sPHWE GGM and ePHWE GGM. 

Water in sub-critical conditions during PHWE acquires special physicochemical properties. 

The permittivity, viscosity, and surface tension of water decreases during the PHWE process 

(Teo et al. 2010), which may have resulted in the increased solubility of less hydrophilic 

compounds such as lignin/lignin-derived residues. A recent study reported the occurrence of 

bonds native to lignin and LCC in sPHWE GGM (Carvalho et al. 2020; Lahtinen et al. 2019). 

During the spray-drying process, a structured association of lignin, lignin-derived phenolic 

residues and LCC could result in the formation of spherical particles (Österberg et al. 2020). 

In this case, polysaccharides (GGM) bonded to lignin could have acted as hydrophilic 

moieties improving lignin particle dispersibility in an aqueous medium (Fritz et al. 2017; 

Westbye et al. 2007) because lignin as such is insoluble in aqueous solvents. Recently, lignin 

particles have garnered high interest in a diverse range of functional applications, e.g., in 

drug delivery, tissue engineering, biocomposites, and as antimicrobial agents (Beisl et al. 

2017; Iravani and Varma 2020; Österberg et al. 2020); thus, their presence together with 

GGM could be utilized for similar applications.  
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The colloidal features of sTMP GGM and eTMP GGM recovered from the TMP process 

were distinctive from the hot-water extracted GGM samples. The degree of substitution of 

acetyl groups, which play a pivotal role in GGM dissolution (Sjöström 1993), was similar in 

all GGM samples. Thus, in sTMP GGM and eTMP GGM, a high degree of intermolecular 

association could be between the linear segments of the polysaccharide chain without 

substituents because they prevent molecular association by implicating steric hindrances 

(Dumitriu 2004). This was also pointed out by Kishani et al. (2018), as GGM with a slightly 

higher degree of branching exhibited improved solubility. A high degree of aggregation of 

the polysaccharides without or little substituents can form what is proposed as “fringed 

micelle.” This concept has been used to explain the aggregates of cellulose and arabinoxylans 

(Dumitriu 2004; Ebringerova et al. 1994). Additional impurities such as wood extractives, 

fines, and cellulose contamination may promote the aggregation. The latter two can act as 

“nucleation” sites for structure expansion (Kishani et al. 2018).  

Ethanol/isopropanol precipitation is a common down-streaming process applied for the 

removal of co-extracted non-polysaccharide residues. Most of the naturally co-extracted 

phenolic compounds could be removed by ethanol precipitation, thus, evidently, in the 

purified GGM, i.e., ePHWE GGM, lignin-rich sub-micron particles were not observed. 

However, even after ethanol-precipitation, ePHWE GGM could retain lignin/phenolic 

compounds in the form of LCC. This argument is supported by a recent study, where LCC 

bonds were detected in nuclear magnetic resonance spectra of ethanol precipitated GGM 

fraction (Carvalho et al. 2020). The possible role of LCC in promoting association through 

intermolecular bonding of two polysaccharide molecules preventing molecular dispersion 

has been proposed by a few studies (Koshijima et al. 1989; Westbye et al. 2007). However, 

considering the heterogeneous chemical composition of the sample, the probable role of 

other co-recovered softwood polysaccharides cannot be ignored (discussed in the upcoming 

section).  

Lignin/lignin-derived phenolic residues in the form of LCC is one of the rational 

explanations behind aggregate formation in GGM. Košíková and Joniak (1978) visualized 

spherical aggregates adsorbed on the top of a fibrillar network isolated from beech wood, 

referred to in the study as lignin-hemicellulose complex. Westbye et al. (2007) concluded 

that even after delignification, residual lignin/phenolic residues in birch xylan formed 

aggregates. However, the role of LCC in self-association behavior of hemicelluloses has not 

been studied in details as self-associative properties of lignin (Fritz et al. 2017; Norgren et 
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al. 2002; Zhao et al. 2016). Although the present study did not explore whether LCC played 

a role in aggregate formation, lack of such structures in BLN GGM supports the role of 

lignin/lignin derived compounds. Other possible and additive reasons could be the 

association of polysaccharides via possible hydrogen bonding, van der Waals, and 

hydrophobic associations (Dumitriu 2004). Other softwood hemicelluloses, namely, 

arabinoglucuronoxylans and pectic polysaccharides co-recovered with GGM could 

contribute to their associative properties (Table 5). Intermolecular associations in cereal and 

wood arabinoxylans have been reported in studies (Ebringerova et al. 1994; Ebringerová et 

al. 2005; Sawayama et al. 1988). Additionally, uronic acids in arabinoglucuronxylans and 

pectic polysaccharides can promote inter-/intramolecular associations (Kohn and Kovac 

1978). 

6.1.3 Associative behavior of ePHWE GGM is pH-dependent    

Based on increasing turbidity and decreasing zeta-potential values with a decrease in pH of 

the ePHWE GGM solution, it was observed that their associative behavior was promoted at 

acidic pH. Anionic polysaccharides like pectin exhibit similar pH-dependent behavior. In 

pectin, molecular associations were enhanced when the uronic acids were fully protonated 

because electrostatic repulsions between the chains are minimal (Sawayama et al. 1988). To 

a large extent, a similar explanation can be sought for the observed pH-dependent behavior 

of ePHWE GGM. Although primary monomeric constituents of GGM lack acidic 

monosaccharides such as uronic acids, the latter can arise from the co-recovery of 

arabinoglucuronoxylans, which is another class of softwood hemicelluloses found in minor 

quantities (see Table 2). Indeed, the sample contained some uronic acids and dioic acids 

(derived from wood extractives) (Table 6), whose pKa falls between 3–3.5 (Kohn and Kovac 

1978; Moreno and Peinado 2012; ToolBox 2017); thus, a high molecular association in the 

acidic pH condition can be anticipated. However, the ePHWE GGM also contained some 

phenolic compounds whose pKa > 8 (ToolBox 2017), and hence a full deprotonation cannot 

be expected. This may explain why agglomerates were visualized at the neutral and alkaline 

pH. Additionally, deacetylation can also occur at alkaline pH, promoting aggregation 

tendency—a common observation in softwood and hardwood hemicelluloses (Dumitriu 

2004).  

At this stage, it is prudent to doubt whether the fraction which was presumed to be individual 

polysaccharide molecules in previous sections exists in this form because the study was 
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performed at acidic pH. The polysaccharide molecules can form molecular aggregates whose 

visualization would be beyond the resolution of optical microscopy, and in TEM they may 

not provide enough contrast.  

Natural polysaccharides have a tendency towards time-dependent association (Ebringerova 

et al. 1994). From a colloidal perspective, it is rational to believe this as colloidal stability is 

governed by the existing nature of interactions listed in Table 4. In ePHWE GGM, acidic pH 

seemed to favor time-dependent association which is likely due to low electrostatic 

hindrances (Table 10). In TEM and optical microscopy images, this was visualized as 

agglomerates with a relatively dense core and aggregates loosely bound around the dense 

core (Figure 15, 2a-d; Figure 17). Molecular association could occur between two 

polysaccharide chains forming an aggregate and the association can proceed further to form 

agglomerates. A large part of this agglomerate could be disrupted by high shear treatment 

(Figure 18), which suggested that the nature of the association was weak. However, even 

after shear treatment, only the dense core was visualized in cryo-TEM (data not shown), 

which suggests that some aggregates can irreversibly associate to form ordered 

supramolecular structures, as observed in SAXS scattering (Figure 14B). Time-dependent 

cluster formation has been previously observed in cereal arabinoxylans. Over the period of 

three years, the cluster of polysaccharide chains non-specifically aggregated to form very 

large clusters which only could be broken into small-sized sub-clusters by organic solvents 

(Ebringerova et al. 1994).  

6.1.4 Challenges in the characterization of crude polysaccharide extracts 

The present study preferred the AF4 technique to characterize the complex mixture of GGM 

polysaccharides, aggregates, and particles over the SEC, which is very commonly used in 

polysaccharide characterization (Podzimek 2011). Limitations of SEC such as mandatory 

sample filtration result in loss of valuable information of supramolecular structures. This is 

why preceding studies were unable to obtain a comprehensive overview of GGM. AF4 and 

SEC differ in the separation principle, thereby, separation resolution. In AF4, 

macromolecules achieve different velocities as they arrange themselves in different mean 

layer thickness based on their diffusion coefficients, while in SEC, separation is based on 

hydrodynamic volume as macromolecules pass through a porous column. Thus, AF4 can 

differentiate molecular chains from aggregates as both differ in diffusion coefficients, while 

in SEC, hydrodynamic volume of compact aggregates, which is a product of intrinsic 
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viscosity and number-average molar mass, is not very different from single chains. Thus, 

even after sample filtration, AF4 technique was able to detect supramolecular aggregates in 

cereal arabinoxylans fraction compared to SEC (Pitkänen et al. 2011a). Separation resolution 

is expected to suffer further when analyzing highly size dispersed samples such as unpurified 

polysaccharide extracts in SEC.  

Further, in AF4, separation of analytes occurs on an open channel made of ultrafiltration 

membrane as opposed to expensive columns in SEC, where shear degradation can cause 

alteration of structurally labile analytes such as loosely bound aggregates (Podzimek 2011). 

AF4 has been successfully used in the study of polysaccharide aggregates from β-glucans, 

protein aggregates, and nanoparticles, e.g., anisotropic gold nanorods, where in addition to 

size, a partial shape-based separation was also observed (Runyon et al. 2014). With 

increasing utilization of biobased resources, which have a high size and compositional 

diversity, AF4 coupled with detectors such as MALS, UV, fluorescence, and dRI detectors 

is a promising approach towards their characterization.  

Separation in AF4 is achieved by changing flow conditions, which in the present study, was 

a result of several preliminary trials (not presented in the thesis). Efficient separation of 

highly size disperse GGM samples was found to be largely influenced by Vx and spacer 

thickness (refer to Publication II for details). Separation resolution was improved with a 

spacer thickness of 490 µm (opposed to commonly used 350 µm) as non-ideal elution 

resulting from co-elution and steric elution effects were minimized (Podzimek 2011). The 

use of 490 µm spacer mandated the use of high Vx of 4 ml/min, which slightly compromised 

the sample recovery, as high Vx possibly pressed the minuscule analytes through the 

separation membrane out to waste. Thus, it is likely that the obtained mass recovery% of the 

first fraction, i.e., small-sized analytes is higher than obtained in the results (Table 7), 

especially in the case of sPHWE GGM and ePHWE GGM. Additionally, recovery 

calculation can also be affected by the dn/dc value, as different size classes in samples may 

not have similar dn/dc value due to heterogeneity in structure and chemical composition.   

6.2 Emulsion study 

6.2.1 Interfacial structures and stability of emulsions 

Recovery approaches and purity affected the share between molecularly dispersed 

polysaccharide fraction and supramolecular fractions in GGM samples, including the 
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structural features of the latter. This was observed as differences in emulsions’ interfacial 

structures. Two types of interfacial structures were primarily identified from SAXS results: 

“smooth” (p ~ 4) and “diffused” (p > 4) (Table 11). The latter is also understood as a 

“transient”, i.e., moving interface with length scales, whose theory has not been explored in 

detail (Beaucage 1995).  

Based on SAXS data fitting, a smooth interface was observed in emulsions from ePHWE 

GGM and BLN GGM (p-value close to 4). This was assumed to originate from the 

adsorption of polysaccharide molecules because these GGM samples had either a high share 

of polysaccharide fraction (ePHWE GGM) or did not feature ordered supramolecular 

structures (BLN GGM). Cryo-SEM images of ePHWE GGM emulsion supported SAXS 

results (Figure 20, 2a-c), where a smooth droplet surface was visualized. As contrast in SEM 

is based on specimen’s density, visualization of individual polysaccharide chains at the 

interface is not feasible. Interestingly, SEM images also displayed a network where oil 

droplets appeared to be embedded. A similar microstructure has been earlier observed in the 

gellan gum solution (Rupenthal et al. 2011). Since GGM does not exhibit gelling ability even 

up to 12 wt.% (Mikkonen et al. 2016a), the observed microstructure could originate from the 

self-association of unadsorbed GGM in the continuous phase, possibly induced by cryo-

freezing during sample preparation. Cellulose hydrogels where gelation (self-association of 

cellulose fibers) was mediated by freezing had shown similar microstructure (Chang et al. 

2010). 

In contrast, emulsion from sPHWE GGM appeared to have both adsorbed and unadsorbed 

colloidal particles as observed in SEM images (Figure 20, 1a-d); thus, in this case, co-

adsorption of both supramolecular and polysaccharide molecules could have taken place. 

However, the latter may dominate the interfacial adsorption because of their higher share in 

the sample and faster diffusion due to small size (~1.0× 104 g/mol) thus, the low energy 

barrier for adsorption as opposed to colloidal particles (Tcholakova et al. 2008). However, 

in turbulent conditions employed during high-pressure homogenization, colloidal particles 

can surpass the energy barrier for adsorption hence, under the condition that they have 

suitable wetting properties (determined by contact angle < 90 ° for O/W emulsion) their 

adsorption is entropically favorable (Lam et al. 2014). An analogous explanation has been 

given for preferential adsorption of high molar mass species when polydisperse 

hydrophobically modified starch was used as an emulsifier (Nilsson et al. 2007). Adsorption 

of high molar mass polymers/particles requires high emulsification energy for efficient 
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droplet disruption, which is supported by the fact that ePHWE GGM exhibited easier droplet 

breakdown (low D(3,2) value) with increasing oil content in emulsion (Figure 24A and B). 

While, in emulsions from sTMP GGM and eTMP GGM, the “diffused” interface type most 

likely originated from the domination of colloidal structures at the droplet interface 

(observed in SEM images in Figure 20, 3a-c), which could be due to their higher share in the 

sample. An abundant amount of non-adsorbing colloidal objects were also visualized in the 

continuous phase of emulsions (Figure 20, 3d), which suggested a low affinity of 

supramolecular fractions from sTMP GGM for interfacial adsorption.  

When polysaccharides are used as emulsifiers, their interfacial adsorption is determined by 

the hydrophobic groups available for adsorption at the oil/water interface. The adsorbing 

polysaccharide fraction in sPHWE GGM and ePHWE GGM was possibly enriched with 

hydrophobic residues that were able to effectively reduce interfacial tension and aid droplet 

disruption. This also explains why BLN GGM with similar molar mass showed inferior 

emulsification properties (Figure 21). A similar observation was earlier made by Mikkonen 

et al. (2019) when sPHWE GGM and ePHWE GGM was able to emulsify highly viscous 

alkyd resins while BLN GGM was unable. In sTMP GGM and eTMP GGM, it was evident 

that supramolecular fraction was not efficient at droplet disruption. Either they required 

higher energy to drive them to the interface because of large size (desorption energy being 

proportional to the square of particle radius) or due to morphological variations. Colloidal 

objects of varying morphology ranging from platelet-like to spherical were visualized in 

SEM images from sTMP GGM emulsion (Figure 20, 3d). Although shape-anisotropic 

Pickering particles (e.g., fibrillated cellulose) have shown a higher degree of interfacial 

stabilization than spherical particles due to their large surface coverage (Madivala et al. 

2009), in the present case, morphological variations may have affected their adsorption and 

packing at the interface. A hypothetical illustration of interfacial structures in the emulsion 

is presented in Figure 29. 
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Figure 29. Hypothetical illustration of interfacial morphology of emulsions stabilized by (A) 

sPHWE GGM (B) ePHWE GGM (C) sTMP GGM and eTMP GGM (D) BLN GGM. Different 

objects are not made to the scale and exact proportion. 

Emulsion stability is derived from both adsorbed and unadsorbed species in emulsions. In 

the present study, emulsions from sPHWE GGM and ePHWE GGM were the most stable 

amongst all studied emulsions. The adsorbed fraction in these emulsions was rather stable 

during storage as well as freeze-thawing, which can be observed from p-values from SAXS 

fitting (Table 11). Between sPHWE GGM and ePHWE GGM, emulsion from the former 

was relatively stable than the latter, which could be attributed to an extra stabilizing effect 

provided by colloidal particles in the interfacial/near-interfacial region. This is supported by 

a recent study (Valoppi et al. 2019), where, upon removal of these particles emulsification 

ability was maintained, however, emulsion stability during storage was reduced. These 

particles may contribute to preventing droplet coalescence inferring emulsion stability; 

however, they also appeared to induce a higher degree of droplet flocculation than from 

ePHWE GGM which can be observed in microscopy images of emulsions in Figure 24C. 

The observed flocculation could be from the depletion flocculation effect, which occurs due 

to attractive forces induced by unadsorbed species in the continuous phase (Tadros 2017; 

2018). Increasing the viscosity of the system either by increasing emulsifier concentration 

or by adding gelling polysaccharides or particles is expected to minimize this effect (Bai et 

al. 2018).  

Emulsions from sTMP and eTMP GGM were relatively unstable because of coalescence and 

a high degree of inter-droplet aggregation. Coalescence was most likely due to insufficient 
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interfacial saturation and flocculation appeared to be induced by colloidal aggregates. The 

latter can originate either from bridging or depletion flocculation, which arises due to 

insufficient interfacial saturation and unadsorbed species in emulsions, respectively 

(McClements 2007). Indeed, both phenomena could be observed in cryo-SEM images of 

sTMP GGM emulsion (Figure 20). In these emulsions, a rapid creaming occurred in the first 

few days of storage, which could be the population of oil droplets bridged by large colloidal 

aggregates while another population of oil droplets appeared relatively stable (Figure 22). 

Based on droplet size data, the emulsion from eTMP GGM, which is the purified sample 

exhibited slightly better stability than the unpurified sample, sTMP GGM (Table 12). This 

could be due to a higher share of colloidal aggregates in the latter, which may have caused 

an antagonistic effect on emulsion stability. On the other hand, emulsion from BLN appeared 

to progressively destabilize due to coalescence, most likely due to insufficient droplet 

saturation and lack of any colloidal structure. 

6.2.2 Increased association improves emulsion stability   

The purified GGM, i.e., ePHWE GGM exhibited a pH-dependent associative behavior in the 

aqueous phase (section 5.2.1). It was hypothesized that this behavior could affect interfacial 

adsorption and emulsion stability. At acidic pH, the emulsification ability of ePHWE GGM 

was lower compared to neutral and alkaline pH (Figure 26). A possible explanation is, 

hydrophobic groups responsible for interfacial adsorption were less available at acidic pH 

probably due to their involvement in aggregate/assembly formation, as discussed previously. 

In biopolymers such as in sugar beet pectin, soybean-derived polysaccharides, and gum 

Arabic, where protein residues are responsible for interfacial adsorption, changes in the 

molecular structure of biopolymers with pH were the main reason behind alteration in 

emulsification ability rather than the reduced affinity of protein residues for interfacial 

adsorption (Nakauma et al. 2008). Alternatively, interfacial adsorption could be hindered 

due to the low surface charge of GGM at acidic conditions (see ζ-potential values, Table 10). 

Interestingly, emulsions at the acidic pH displayed higher stability compared to neutral and 

alkaline pH. As a result of molecular association, multiple layers of adsorbed species could 

form at the interface or complex at the near-interfacial layer that could deliver emulsion 

stability. A similar hypothesis was drawn in a previous study on the behavior of citrus pectin 

at varying pH (Verkempinck et al. 2018). The pectin molecules attained an extended 

conformation at pH > 3 (pH > pKa of carboxylic groups) resulting in reduced surface packing 
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at the interface and reduced emulsion stability. Similarly, in another study, compact 

molecular aggregates formed by crosslinking ferulic acid groups in sugar beet pectin 

increased emulsion stability (Jung and Wicker 2012). Molecular complexes of GGM can 

also provide a stabilizing effect in the continuous phase of emulsions by acting as fillers 

preventing droplet coalescence (Dickinson 2017).  

Salt addition (with monovalent or divalent cations) has shown to negatively affect the 

emulsification ability of anionic polysaccharides such as pectin or anionic groups grafted 

particles such as carboxylated cellulose nanocrystals due to electrostatic charge screening 

(Mikulcová et al. 2018). In the present study, the addition of 100 mM NaCl did not affect 

emulsification and stabilization at acidic pH (Figure 26B and D). This agreed with the 

findings in section 5.2 on the ePHWE GGM solution. Conversely, emulsification ability was 

negatively affected upon 100 mM NaCl addition at alkaline pH. A tentative explanation is, 

reduced interfacial affinity of hydrophobic groups due to charge screening and/ increased 

molecular association. Although the latter was not apparent during the ePHWE GGM 

solution study (section 5.2). Increased molecular association upon salt addition may also 

have resulted in a slight improvement in emulsion stability (Figure 26D).  

Interfacial adsorption of biopolymers has been understood as a complex process, where 

several types of reversible/irreversible/time-dependent conformational changes could occur 

upon their adsorption (MacRitchie 2012). This is more apparent in proteins than 

polysaccharides due to the complex nature of the former. In the present study, emulsion at 

acidic pH incurred fewer variations in droplet size after some initial changes in the first few 

days (Figure 26). This could be interfacial/near-interfacial rearrangement in the emulsion, 

which was less apparent in emulsions at neutral and alkaline pH. A similar observation was 

made in other sections of the present study where ePHWE GGM was used as well as in other 

preceding studies where GGM was used (Lahtinen et al. 2019; Lehtonen et al. 2018; Valoppi 

et al. 2019). Valoppi et al. (2019) described this change as a structural rearrangement of 

lignin-rich particles in sPHWE GGM at the emulsion interface. Lehtonen et al. (2018) 

observed a similar change as a decrease in phenolic content at the interface in the first week 

of storage. As the rate of colloidal instability was higher in acidic pH conditions, the 

rearrangement could be time-dependent molecular associations at the interfacial/near-

interfacial regions. This also explains a higher rate of oil droplet flocculation in the emulsion 

in acidic pH conditions (Figure 27A) which was also observed in other sections of the study 

(Figure 24 and Figure 25).   
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6.2.3 Interfacial adsorption behavior of ePHWE GGM  

Natural polysaccharides exhibit high size and compositional diversity. When referring to a 

certain natural polysaccharide, it is important to consider that it contains an amalgam of other 

related polysaccharides specific to their source (BeMiller 2019b). It is well known that 

polysaccharides have limited surface activity (Dickinson 2003) since only a small fraction 

could be the “active” emulsifying component in the amalgam. In many surface-active 

polysaccharides such as gum Arabic and pectin, the “active” fraction is the protein-bound 

polysaccharide fraction (Ngouémazong et al. 2015; Sanchez et al. 2018). Analogously, 

previous studies have attributed bound phenolic residues to GGM polysaccharide as the 

“active” emulsifying component (Lehtonen et al. 2018; Mikkonen et al. 2019). To 

understand the interfacial adsorption behavior of GGM, their emulsification and stabilization 

abilities in a wide range of oil content (referred to as GGM to oil ratio) was studied by using 

purified GGM: ePHWE GGM. By using purified GGM, it was expected that the role of 

polysaccharide fraction minimizing the effect of other phenolic compounds and impurities 

could be understood.  

The surface load of emulsions at GGM to oil ratios of 0.1 and 0.2 was 0.5–0.8 mg/m2 as 

opposed to 0.1–0.2 mg/m2 in emulsions at GGM to oil ratios of 0.4 and 1 and 2. Comparable 

with present findings, Mikkonen et al. (2016b) reported a surface load of 0.8 mg/m2 from 

GGM emulsions at a ratio of 0.2. The decrease in surface load with increasing GGM to oil 

ratio can be partially explained by the increased number of emulsified droplets and a limited 

amount of “active” fraction. During turbulent conditions during the emulsification process, 

collision frequency between newly created surfaces are high, thus if new surfaces are not 

saturated with emulsifiers, they coalesce during the process resulting in increased droplet 

size of emulsions. However, with increasing oil content at constant energy of emulsification 

droplet breakdown could have been impaired due to an increase in overall viscosity of the 

system (McClements 2016). However, surface load value did not associate with emulsion 

stability because GGM emulsions with a higher surface load at GGM to oil ratio of 0.1 and 

0.2 exhibited a higher degree of coalescence and flocculation while emulsions with lower 

surface load values were stable during storage. This was also observed in the study by 

Mikkonen et al. (2016b) where emulsion stabilized by gum Arabic with a surface load of 2.5 

mg/m2 exhibited inferior stabilization abilities than GGM. Surface load values can be biased 

by the molar mass of adsorbing biopolymers and it does not consider the surface coverage 

and conformational features of biopolymers at the interface. In a study by Nakauma et al. 
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(2008), gum Arabic with a compact conformation exhibited a higher surface load (6 mg/m2) 

compared to sugar beet pectin (1.6 mg/m2) and soluble soy polysaccharides (3.5 mg/m2), as 

the latter two was assumed to orient with an extended conformation at the interface.  

The low surface load value of GGM in comparison with other hydrocolloids is likely due to 

their low molar mass and confirmation at the interface. GGM being small could orient 

parallel to the droplet size preventing the adsorption of other surface-active species. It is 

likely that when droplet size increase beyond a certain number, GGM molecules, being small 

in size, is unable to completely cover the interface. This may have led to bare/ insufficiently 

covered regions in droplet surface resulting in bridging flocculation in emulsions at GGM to 

oil ratios 0.2 and 0.1 supported by the observation of “open” flocs (McClements 2007) 

(Figure 25C). Flocs were also observed in emulsions at higher GGM to oil ratios, however, 

they appeared more compact “closed” in nature assumed to originate due to depletion 

flocculation due to unadsorbed GGM in the continuous phase of emulsions (McClements 

2007). The abundance of unadsorbed GGM may have contributed to emulsion stability in 

emulsions, where a low surface load was observed.  

When emulsions were partitioned followed by quantitative analysis of total polysaccharide 

content of partitioned fractions, adsorbed fraction represented only about 10 wt.% of initial 

polysaccharide content  (data only presented in Publication IV) inferring an unequal 

partitioning between phases. This was in agreement with a previous study where eTMP 

GGM was used (Mikkonen et al. 2016b). This supports the assumption that unadsorbed 

GGM play important role in emulsion stability by complexing at the near-interfacial region 

or in the continuous phase of the emulsion. Although, phenolic residues have been assumed 

to be the active component in GGM, based on Lehtonen et al. (2018) observation less than 

0.1% of the total phenolic content of the sample is adsorbed at the emulsion interface. This 

suggests that preferential adsorption based on the chemical composition of phenolic residues 

could occur in GGM. To improve interfacial adsorption, identification of “functional” GGM 

in the amalgam can be performed. However, it is anticipated that non-adsorbing GGM would 

still be required for improved emulsion stability.  

6.3 GGM and other food hydrocolloids  

Natural polysaccharides are exhibit high compositional and structural diversity that dictate 

their solubility. They have been categorized mainly into three classes: easily soluble, 

intermediate-soluble and poorly insoluble (Dumitriu 2004; Goff and Guo 2020). Presently 
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studied wood-derived GGMs differ from high molar mass storage polysaccharides from 

tubers: konjac glucomannans and seed: galactomannans (guar gum and locust bean gum) 

although they share a similar chemical configuration with GGM. These mannans are mainly 

used as thickeners in food products —the same function many hydrocolloids perform. 

Mannans’ solubility has been mainly ascribed to the degree of substitution by acetyl groups 

and galactose units which create steric hindrances between two polymer chains preventing 

intermolecular bonding (Davé and McCarthy 1997; Pitkänen et al. 2011b). Explanation of 

origin of observed supramolecular fraction in GGM due to intermolecular bonding can be 

borrowed from mannans. Alternatively, the role of co-recovered phenolic 

residues/extractives was also assumed. Analogous understanding has been also realized for 

soluble polysaccharides such as gum Arabic and cereal β-glucans from their role in 

molecular association (Apolinar-Valiente et al. 2019; Zielke 2017).  

Hydrocolloid emulsifiers have been understood to form thick interfacial layers creating steric 

layers after anchoring of hydrophobic moieties, i.e., protein residues to the oil phase and 

protruding hydrophilic side to the water phase (Dickinson 2003). This mechanism is strictly 

applicable to soluble molecules, such as pectins, gum Arabic. While in another category are 

semi-soluble/insoluble polysaccharides such as, cellulose, chitosan/chitin, starch 

particles/granules, which mainly stabilize emulsions from Pickering-type stabilization (Lam 

et al. 2014; Sarkar and Dickinson 2020). New kinds of soft particles include self-assembly 

of proteins and polysaccharides from jack fruit (Jin et al. 2019), mucilages (Nikbakht 

Nasrabadi et al. 2019), and microgels (Ishii et al. 2018; Saavedra Isusi et al. 2020). Even 

with gum Arabic and pectins, aggregates of the proteinaceous part induced by controlled 

aggregation using heat, enzyme-mediated aggregation of pectin molecules resulted in 

improved functional performance in emulsions compared to starting material. In GGM, 

phenolic residues most likely bound to GGM and colloidal lignin-rich nanoparticles are 

possibly the functional anchoring species. Steric stabilization at the interface assisted by 

Pickering-type stabilization from a supramolecular fraction (aggregates, agglomerates, 

particles) at the interface/near-interfacial regions is likely the stabilization mechanism. 

Precise understanding with further studies is necessary to comprehend the role of the 

supramolecular fraction.  
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7 Conclusion  

The present study aimed to explore hydrocolloidal properties of spruce GGM in emulsions 

through an understanding of their solubility. GGM recovered from three different recovery 

approaches that were characterized to explicate the difference in their solubility. Irrespective 

of recovery approach and purity, the macromolecular state of GGM in aqueous media was a 

mixture of molecularly dispersed polysaccharides and supramolecular fractions. The molar 

mass of polysaccharides was about 104 g/mol when hydrothermal treatment (PHWE and 

BLN processes) was used for GGM recovery, while it was twice as much for GGM recovered 

from the effluent of the TMP process. This difference was attributed to a higher degree of 

hydrolytic reaction incurred during hydrothermal treatment using pressurized hot water.  

For comprehensive details on the supramolecular fraction, AF4 together with SAXS and 

cryo-TEM were employed. The share of supramolecular fraction and their structural features 

depended on recovery approach and sample purity. GGM from PHWE process contained a 

mixture of either colloidal aggregates, agglomerates or spherical sub-micron sized particles 

or both, that constituted about 15–20% of the total eluted mass in AF4. Conversely, GGM 

from TMP process had a higher share of supramolecular fraction (about 40% of total eluted 

mass) with colloidal aggregates and agglomerates that exhibited fractal characteristics. In 

contrast, GGM from the BLN process, which was designed to obtain a pure hemicellulose 

fraction, did not exhibit ordered features. In BLN GGM, the supramolecular fraction was 

assumed to be loosely associated polysaccharide molecules. Several aspects related to 

sample recovery, its effect on intrinsic characteristics of GGM, and sample purity that may 

have originated such distinct features are discussed in the study. Though supramolecular 

association in natural polysaccharides are common, their characterization is not elementary. 

Methodologies employed in the study can facilitate their characterization.  

The effect of solution conditions (pH and ionic strength) on the associative behavior of 

purified GGM from the PHWE process (ePHWE GGM) was explored. It was found that 

acidic pH promoted the GGM association. However, GGM was not fully dispersed either in 

neutral or alkaline pH conditions. Unlike other charged polysaccharides, the addition of 

NaCl at 50 and 100 mM did not seem to affect the associative behavior of GGM. It displayed 

a time-dependent association, with faster kinetics at acidic pH compared to neutral and 

alkaline pH conditions. Findings from this study provided a general overview of the effect 

of solution conditions on the macromolecular state and colloidal stability of GGM combining 

multiple techniques, namely, turbidity, sedimentation kinetics, and optical microscopy. 
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Whether the time-dependent association is initiated at a molecular state was not deducible 

within the experimental framework. Associative properties of GGM can be utilized to 

architect complex microstructures either exclusively, or in conjunction with other 

compounds for further functional applications, preceded by further studies using, e.g., 

molecular dynamics, where interaction potential of different structural features and chemical 

composition of GGM extracts can be calculated to elucidate contributing factors of 

association.  

In the second part, the effect of the macromolecular state of GGM was studied in emulsions. 

Interfacial morphology of emulsions stabilized by GGM with both molecular and 

supramolecular fractions depended on structural features of dominating fraction at the 

interface. When polysaccharide molecules dominated at the interface, a “smooth” type 

interface was observed. This was noticed in emulsions stabilized by purified GGM recovered 

from PHWE and BLN processes. Some colloidal particles in sPHWE GGM which could 

compete with polysaccharide molecules co-adsorbed at the interface. Supramolecular 

fraction in sTMP GGM and eTMP GGM appeared to dominate at the interface, resulting in 

a “diffused” type interface. Emulsion stability was a compound effect of high interfacial 

saturation and the presence of colloidal structures in interfacial/near-interfacial regions. 

However, the same in abundant amounts also caused droplet aggregation. These findings 

were novel since the existence of different interfacial structures in GGM emulsions and their 

effect on emulsion stability was not addressed previously.   

When emulsions using purified PHWE GGM, ePHWE GGM, were prepared at varying pH, 

reduced emulsification however, enhanced stabilization abilities were observed. Addition of 

100 mM NaCl had no impact on this behavior. Similar behavior was observed at alkaline 

pH, but only upon the addition of 100 mM NaCl. This was attributed to the enhanced 

associative behavior of GGM in these conditions observed in the first part of the study. These 

findings suggested that the emulsion stabilization ability of GGM will be higher in food 

products that are usually acidic and salt addition will have a minor effect on its functionality. 

The latter offers advantages compared to polysaccharides and proteins that are 

polyelectrolytes. GGM exhibited an upper limit of the GGM to oil ratio for efficient 

emulsification and stabilization. It was assumed that the “active” component in the amalgam 

was limited. After identification of the “active” fraction and their enrichment in the emulsion, 

the functional performance of GGM could be comparable to low-molecular weight 

surfactants.  
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8 Outlook 

Increasing demand and utilization of bio-based materials mandate increased exploration and 

understanding of bio-based resources. The concept of “Wood to food” may sound peculiar 

to many, however, humans had and have been consuming tree components in some forms, 

e.g., sweetener xylitol derived from wood xylans, flavor vanillin from wood lignins, and 

microcrystalline cellulose that are used as structurants in food and pharmaceuticals. 

Hydrocolloids are widely employed in the food industry as functional ingredients for 

preparing and stabilizing O/W emulsions. Currently, there are only a limited number of 

hydrocolloids suitable as primary emulsifying agents, thus, the addition of GGM to the 

family of hydrocolloids offers a plant-based, sustainable as well as cost-effective option. The 

factor sustainability arises from the fact that trees are renewable that do not demand optimal 

weather conditions thus, can be grown in barren lands. Due to increased demand and with 

limited options, the prices of existing hydrocolloids are expected to rise in the future. In that 

aspect, GGM can be a cost-effective alternative. Rough cost estimation of 1.16 €/kg GGM 

with a potential for further reduction to 0.28 €/ kg GGM was provided in a recent study 

(Thuvander et al. 2019). In comparison, the approximate price of gum Arabic, pectin is about 

three to ten times higher than the initial estimate of 1.16 €/kg GGM (Wüstenberg 2015).  

From an economic point of view, hemicelluloses’ valorization will add a new revenue stream 

to forest industries as they can be extracted as a byproduct of existing operations in pulp and 

paper industries. Paper and pulp mills aspiring to transform into biorefineries can benefit 

from the study findings. Based on the intended applications and their current setup, a suitable 

recovery approach can be adapted. The study findings support preceding studies where GGM 

from the PHWE process was favored for their utilization as hydrocolloids. Naturally-derived 

supramolecular fractions in these samples can be utilized exclusively or with other 

compounds for applications such as bioactive delivery in food products. BLN process, 

designed to obtain pure GGM can find applications where such purity is paramount, e.g., 

biofuels. BLN GGM will be suitable when the chemical derivatization of GGMs for their 

functionalization needs to be performed. GGM recovered using the TMP process, even 

though sub-optimal for direct use as emulsifiers, can be used as fillers to improve the stability 

of dispersed systems. The soluble fraction of TMP GGM can be separated from the 

supramolecular fraction and used as additives to paper to improve their mechanical 

properties. Thus, the research findings are also relevant to the existing operations of paper 

and pulp industries. 
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